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Propagation in Doubly Clad Single-Mode Fibers

MICHEL MONERIE

Abstract—General propagation properties and universal curves are
given for doubly clad single-mode fibers with inner cladding index higher
or lower than outer cladding index, using the two parameters: inner
cladding/core radii ratio and inner cladding/core index differences ratio.
LPO1, LP11, and LPO2 cutoff conditions are examined. It is shown
that dispersion properties largely differ from the singly clad single-mode
fiber case, leading to large new possibilities for low-loss dispersion-free
fibers at any wavelength between 1.3 and 1.7 um.

I. INTRODUCTION

HIS paper results from calculations made on doubly clad
R fibers. We observed experimentally that the cutoff prop-
erties of LP11 and LPO2 modes did not always match the
values predicted by the weakly guiding singly-clad fiber theory
and calculated with data issued from other experiments (re-
fracted near-field pattern and preform measurements). The-
oretical results on doubly clad fibers with depressed inner
cladding have been previously published [1]-[3], but we
experimentally study low-index inner cladding and high-index
inner cladding as well. We then wanted to extend the theory
to all types of doubly clad fibers. Some developments of our
calculations led us to pay more attention to the dispersion
properties of such structures. Kawakami and Nishida [1] al-
ready reported some features of the anomalous dispersion of
W-type fibers, principally the theoretical possibility to cancel
the glass dispersion at a wavelength of 1 um, but with fiber
specifications hardly very obtainable in practice. However,
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we show here that another part of the dispersion curves of
W-type fibers allow us to obtain free dispersion operation with
very low doping levels, contrary to singly clad fibers which
require high doping levels. Now it has been demonstrated that
particular attention should be paid to minimize the amount of
germanium dopant required for any fiber design, in order to
reduce loss [4]. This leads us to propose a new low-loss fiber -
structure with zero total dispersion at any wavelength between
1.3 and 1.7 um,

The purpose of this paper is then to study the inner claddmg
effect on the propagation properties of the first guided modes
of doubly clad fibers: cutoff, normalized propagation param-
eter, dispersion properties. We solve numerically the Maxwell
equations without trying to find analytical formulas approach-
ing the exact solution. However, as far as possible we give the
physical meaning of some unusual results, especially when
they differ from those of the singly clad fiber case.

Section II of this paper is devoted to the mathematical for-

‘mulation of the problem: field solutions, dispersion equation;,

and its resolution.

Section ITI deals with results concerning the cutoff condi-
tions for LPO1, I.P11, and LPO2 for some practical cases. We
show that a very simple general formula gives the condition for
a nonzero LPO1 cutoff in the case of depressed inner cladding.

Universal curves giving the normalized propagation param-
eter B are shown in Section IV for various cases of doubly clad
fibers. We deduce from these data the LPO1 modal dispersion
properties of these fibers and review the possibility to obtain
low-loss dispersion-free fibers in the range 1.3 to 1.7 um.

We study ‘the structure shown in Fig. 1: a weakly guiding
fiber has a core radius @ and a core refractive index n;. The
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Fig. 1. Refractive index variation
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doubly clad weakly guiding fiber.

inner cladding has a radius b and a refractive index n,. The
refractive index of the surrounding medium (outer cladding)
is n.

II. MATHEMATICAL RESOLUTION
We note (see Fig. 1) that

An=n; - n,
An'=n, - n

V=V, =k,a(n? - n*)? =k, a[2n(An+ An')] /2
Vo =kob(Ind - n* )2 =k, b[2n|An' ]V

where k,, is the vacuum wave number.

We also introduce the two main parameters R = An'/An and
S =b/a. It will be shown further that propagation character-
istics depend only on R, S, and V. Note that R >-1 for
mathematical guiding (propagation constant § > k, n). In this
work we limit ourselves to An > 0; An <0 means a dip in the
inner cladding but this does not correspond to a practical
fiber. It rather describes a single-mode fiber with a dip in the
core, the inner cladding (with Ar’ > 0) becoming the core.

A. Eigenfields
B being the mode propagation constant, we define the usual
normalized propagation parameter B

_ BE-Kin*  B-kyn
kKi(n? - n?) k,(An+An")

(wéakly guiding case).

Our purpose is to complete B(¥V) and the mode dispersion
parameters d(VB)/dV and V(d%(VB)/dV?) for various values
of R=An"{An and S = b/a.

We define mode parameters

u=a(kyni - g2)'/*
u'=b(kin} - g7)'?
o' =b(B* - kZn3)"?
v=h(B% - K2n*)\/2.

For the azimuthal order m, the radial dependance Y (r) of
the axial fields components are expressed as [5]

¥
Y] =A0Jm (u;>
for r<a

Ir Ir
t]/=A1Jm <u E)+A2Ym<u 'Z;)
for a<r<b if g<k,n,

’
Y =A43K,, <vg>
forr=b (€))]
and as
Y=AyT, (u-’—)
a
for r<a
! Ir ! Vr
V=41, <v ;) +A2Km(v ;)
for a<r<b if B>k, n,
, r
l]/=A3Km <U'l_)‘)
for r=b @)

where J,,,, Y, I,,,, and K,,, are the usual Bessel and modified
Bessel functions. A, and A, are normalization coefficients.
Analytical expressions for A,, A,, A5 and Ay, A5, A5 are
given in Appendix I. The field components are derived as
usual from ¢ [5].

B. The Dispersion Equation

We find the dispersion equation by matching  and § /87 at
interfaces between core, inner cladding, and outer cladding. In
the limit of a weakly guiding fiber (all relative index differences
<<1), this continuity is equivalent to the continuity of the
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transverse components [6]. This leads to a (4 X 4) matrix
which determinant must be equal to zero to ensure a nontrivial
solution.

For 3 <k,n,, we have

U @) = T @' Ky () - T, )]
U @) = T @'O)] (K ) = By ()]
- Tm+1®'€) Y @)
Jm+1(u') Ym+1(ulc) ’
For 8 >k, n, , we have
Vi 1) = Ky @'O)] [Ky @) + 1, (0)]
Vo @) + I @')] [K @) - K @)]
10 Ky @)
y - (U’) K1 (U’C)

3)

4
where

Zy (%)
me +1 (x)

(Z representing the Bessel functions J, Y, I, or K) and

2 (x) = (5)

c:

L |

a
b
III. CuUTOFF PROPERTIES

A. Cutoff Equations

At cutoff, 8 =k,n. The radial propagation constants take
the values

u=V r<a
u' =Vy(An'>0) or v'=V,(An'<0) a<r<b
v=0 r>b.

Q]

Close to cutoff, the radial propagation constant v decreases

to zero. We find the cutoff conditions by calculating the limit-

ing form of the dispersion equation for v->0. We use the
limiting form of K, (v) for small arguments [7]

for v=>0, K,(@®)~-ln()

2Mm71(m)
——.

Ky (v) ~ (M

1) For An' >0, the LPO! mode is always guided. IemA(v) is
equivalent to 1/2m (m > 1), and the brackets containing K,,, (v)
in (3) become -J,,_;(V3)/2mJ,,.1(V,) at numerator and
Y1 (V) 2m Y, (V,) at denominator. We then have the
cutoff conditions for higher order modes (m > 1)

In ) = Ty (V20 _ Jner (Va0) Yy (V2)
TN =Ty (Vae)  Yemea (Vo) i (V2)

®

2) For An'<0, the LPO1 mode may be leaky. K, (@) is
equivalent to -ln (v) and the terms containing K,, (v) cancel
out. Form >'1, they becomel,,_(V,)/2m I,,.,(V,) (numes-
ator) and K,,,_,(V,)/2m K,,.,(V,) (denominator). Finally,
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taking into account the formal identities I_, (x) =7, (x) and
K_;(x)=K,(x), we obtain for An'<0 and for all cases
(m=0andm=1)
In) =Ky (V20) _ I (V2K (V)
I M)+ 1, (Vac)  Kma1 (V201 (V)

®

B. Cutoff Curves

Equations (8) and (9) contain V, V,, and V,¢, which can be
expressed as functions of V=%k,a/2n(An+ An"),R = An'/
An,and S = b/a, since ¢ = 1/S and V, = VS(JR|/1 + R)V?. We
deduce relations f,,, (V. , R, S) = 0 for modes with azimuthal
order m, V,,, being the normalized frequency at cutoff.

1) LPOI Mode: As pointed out by Kawakami and Nishida
[1] and Sammut [3], the fundamental mode has not neces- .
sarily a nonzero cutoff as soon as An’ <0. The refractive
index gap must be large enough (b/a >>>1 or |An’| >~ An) for
the field to be modified. Fig. 2 shows the limit between guid-
ing and leaky areas for the LPO1 mode in the (b/a, An'[/An)
diagram. This curve is the exact one, computed numerically
from (9).

However, it is possible to find in a simple way the equation
of this curve. Kawakami and Nishida [1] speak of the average
index effectively seen by the wave. Using a stationary expres-
sion allows us to quantify this idea and effectively leads to the
exact equation, but we prefer here to give a direct demonstra-
tion. We shall look at the condition leading to ¥ = 0 at cutoff
of the LPOl mode. Starting from (9) and taking its limiting
form for ¥V~ 0, we have

To(N)~2V2, K,(Vae) ~-In(Vac), T,(Vae) ~2(Vac)™

the right term being equal to ¢*. We then obtain

c? +<—K)2=1 or 2=<|An,|>_1/2
V2 ’ a An )

This is the equation of the curve shown in Fig. 2. As a mat-
ter of fact, this is the condition for the LPO1 mode to have
no cutoff, but it does not give the cutoff value of ¥ when it is
different from zero.

It must be well understood that we speak here of the mathe-
matical cutoff, defined as § = k,n. Obviously, the LPO1 mode
will be physically guided whatever An’ may be, as soon as b/a
is sufficiently large, its attenuation being very low [2].

2) LPOI, LP11, and LP02 Modes: We show in Figs. 3 and 4
the cutoff characteristics of the first propagating modes. Fig.
3 represents the V, value of the normalized frequency ¥ at
cutoff as a function of An'{An for two values of b/a. Curiously,
one can see that if b/a is sufficiently large then there is a range
of positive An'/An for which the LP02 mode is guided, whereas
the LP11 mode is still leaky. This seems easily understandable
since the LP02 mode takes advantages of the core index dif-
ference {maximum field value for r =0), whereas the LP11
mode is principally affected by the inner cladding refractive
index (slightly above cutoff, the oscillating part of the field
spreads up to r = b).

Fig. 4 shows V, versus b/a for various An'/An for the LP0O1
and LP11 modes.

(10)
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IV. NORMALIZED PROPAGATION AND DISPERSION
PARAMETERS
A. Normalized Propagation Constant B(V)

It is possible to express u, u', v, and v as functions of B,R =
An'[{An, and S = bja. We have from Section 1I-A

u=V(l- B2

R 1/2
-B
a7
U'=VS<B‘

R 1/2
1 +R>
v=VSVB.

It is thus possible to compute B(V) for given values of R and
S. Fig. 5(a)-(c) shows the curves B(V), respectively, for b/a =
1.5, 2, and 5, for various values of An'/An. The curvature
sign change around V=3 (Fig. 5(c), LP11 mode, An'>0)
approximately occurs for the V value for which the oscillating
part of the field spreads in the inner cladding.

u'= VS(

B. Normalized Mode Dispersion Parameters d(VB)/dV
and V(d*(VB)/dV?)

Defining the group delay of the LPO1 mode as 7 = df/dw,
we obtain the derivative of the group delay with respect to the
wavelength A as (see Appendix IT)

d(VB)] _NA [

av Ac av? dav

dfM[”A, d (VB)_pd(VB)}

an

where N =n -~ A(dn/d}) is the group index of the outer clad-
ding, M =(1/c) (dN/dX) its material dispersion, p the mean
profile dispersion parameter, and A the relative core index
difference (An+An')/n. It is then necessary to compute
d(VB)[dV and V(d*(VB)/dV?) to know how to cancel the
total (material + modal) mode dispersion. For An'/An=0
(singly clad fiber) simple enough analytic expressions are known
for these two quantities [8]. As the similar expressions for
the doubly clad fibers must likely be quite complex, we merely
did a numerical computation of d(VB)/dV and V(d*(VB)/
dV?) from B(V) for three neighboring values of V. The rela-
tive accuracy on B is 107¢, and the computed mode dispersion
parameters for An’ =0 are within 107> compared to the exact
analytical results in the case of the singly clad fiber. However,
some numerical difficulties appear close to cutoff, when the
LPO1 has a nonzero V. In this case, the B(V) curve is strongly
affected and its derivatives vary very rapidly. It can be shown
easily that at cutoff, for all guided modes, d(VB)/dV and
V(d?(VB)/dV?) tends to zero when V approaches V.

Fig. 6 shows what occurs in the vicinity of B=0 for R =
~0.5. The left vertical scale B, =8~ k,n,/k,(ny - 1y) =
B(1+R)- R is associated with the lower horizontal scale
Vi = V(1 +R)Y? and is valid for the broken line, showing
the normalized propagation parameter without outer cladding.
The right horizontal scale B, associated with the upper hori-
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Fig. 5. (a) B(V) for various An’fAn for b/a = 1.5, (b) b/a =2, and (c)
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zontal scale V, is valid for full lines and shows B(V) for b/a =
1.5 and 5. It is clear that B will vary rapidly the larger b/a is,
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leading to very fast changes of d(VB)/dV and V(d*(VB)/dV?).
Roughly speaking, there will be a sharp peak for d2(VB)/dV?
when ¥V, will approach the asymptotic value of the curves
V.(b/a) in Fig. 4. This limiting value corresponds to the
crossing between B, (V),) and the V axis in Fig. 6.

Figs. 7 and 8 show d(VB)/dV (a) and V(d?(VB)/dV?) (b),
respectively, for b/a=1.5 and bja=2 for various An'/An.
One can see the above-mentioned curve features, especially the
high values of d*(VB)/dV?* when V, is close to its asymptotic
value for bjg — oo,

C. Zero Total Mode Dispersion

To obtain a zero total dispersion at a wavelength between
1.3 and 1.7 um, it is necessary to have a high negative modal
dispersion to cancel the high positive material dispersion coef-
ficient M of silica (22 ps/nm/km at 1.55 um, 31 ps/nm/km
at 1.7 um). V(d*(VB)/dV?*) has a maximum value of 1.4
for singly clad single-mode fiber, leading to high core/cladding
index differences for dispersion-free operation: An = 10.1072
at A=1.55 ym, An=15.10"% at A= 1.7 um [9]. These high
values lead to excess propagation loss, since the scattering
losses increase with increasing dopant concentration in ger-
manium doped silica fibers [4], [10]. Using doubly clad
fibers avoids this drawback. It would not be advisable to use
the very high obtainable peak values of V(d%(VB)/dV?) since
tolerances would be very stringent. Moreover, the cutoff
region would bring extra bending losses. However, it seems
possible to ensure V(d2(VB)/dV?)=2-3 without disadvan-
tage. It would then not be convenient to work at the top of
the curve, but rather on a side in order to relax the manufac-
turing parameters by taking advantage of compensation phe-
nomena between different successive fibers. Of course, we
shall choose the right side to avoid cutoff. Many combinations
between An, An'/An, and b/a can be found to cancel the total
mode dispersion. We shall not give exhaustive relations be-
tween these three parameters, but only some results concern-
ing the “best” fibers having the minimum total loss taking into
account microbendings, bends, lateral and angular misalign-
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Fig. 7. (a) Dispersion parameters d(VB)/dV and (b) V(d 2(VB)/dV?)
for b/a = 1.5 for various An'/An values. Crosses indicate the limits of

single-mode operation.

ments at splices, absorption, and scattering. The best equiva-
lent step-index singly clad fiber has a core/cladding index
difference equal to 6.5 107 when working at 1.55 um (opti-
mization for terrestrial and submarine applications), this result
being not affected by the Vvalue for 1.6 < V<24 [11].

From the equivalence relations established by Matsumura
[12], we compute the W-fiber equivalent to this best step-
index singly clad fiber. For An'/An=-0.5 and b/a = 1.5, this
leads to An=12.6 1073, For An'/An=-025 and bla=20,
we obtain An =7.7 10*. Using (12) and curves of Figs. 7 and
8 we find that NA V(d*(VB)/dV?*) must be equal to 10.107°
for A=1.55 um and 16.10™ for A =1.7 um, leading to the
following results for zero total dispersion (dr/d\ = 0):

An'

b
— =-0.50, —=1.5,
An a

An+An' =63107°

d*(VB) _ _
N=LSSum= VI =16, V=18
2(VB
x=17 um=>vITB o5 yoi6s

dav?

An'

b
—=-0.25, —=2,
An a

An+An' =58107%:

d*(VB)
A=1.55um= V'—dl;;—=l.7, V=1.55
d*(VB)
=1.7 =>V——==28 V=13
A Hm av?

These fibers will have very similar total attenuations for a
given wavelength since they correspond to the same equivalent
step-index singly clad fiber (same Veq and w,eq for the same
wavelength)., The second data set (for b/a = 2) will perhaps
even show less scattering losses since the germanium doping
level is lower in the core than for the singly clad fiber. Fig. 9
shows the three structures and their dispersion properties
(their attenuations being very close) as seen above.

This particular 'example shows the very large possibilities
offered by the doubly clad fibers in order to obtain low-loss
dispersion-free fibers between 1.3 and 1.7 um. The upper part
of Fig. 9 gives an idea of what can be done with W-type fibers.
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Fig. 8. (a) Dispersion parameters d(VB)/dV and (b) V(di( VB)/dV?)
for b/a = 2 for various An'/An values. Crosses indicate the limits of
single-mode operation,

We did not take into account the dopant contribution to ma-
terial dispersion because various solutions can be found for
a same index profile (pure silica, germanium or fluorine and/or
phosphorus-doped silica). In all cases the dispersion contribu-
tion of the dopants will be less than 2 ps/nm/km between
1.2 and 1.9 um. We also ignored the dispersion contribution
of profile imperfections; for example, a core dip only has a
very small effect on waveguide dispersion. Finally, the disper-
sion curves of Fig. 9 are correct within a few ps/nm/km, the
correction depending on the exact dopant concentration and
on the real profile.

V. CoNCLUSION

By using the weakly guiding approximation, we solved nu-
merically the dispersion equation of all doubly clad fibers with
core index higher than inner cladding index. We gave universal
propagation curves B(V) for LPO1 and LP11 modes and cutoff
properties as well.

Concerning the important point of dispersion, we show how
it is possible to obtain dispersion-free propagation with opti-
mum doping levels lower than those required by dispersion-
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Fig.9. (b) and (c) Possible low-loss dispersion-free W fibers. (a) shows
the “best” singly clad fiber [11]. The upper part shows the total
dispersion for the three types of fibers: a) step index, core diameter
20=6.5 um, b) bla=1.5 bl: 24=6.5 um b2: 2¢=6.6 um, ¢)
b/a=2.0 cl:2a¢=57um c2:2a=5.4um.

Ansan= 6.5 10°

free singly clad fibers, This seems to be attractive, especially
at 1.55 pm (theoretical and experimental minimum attenua-
tion for high silica fibers), where state of the art laser diodes
operate monochromatically only with great difficulty when
modulated. This new possibility could avoid the use of an
external modulator, thus léading to an improved link power
budget.

APPENDIX 1
THE F1ELD COEFFICIENTS

Ay, Ay, A5 as functions of 4, are found from (1) by solving
the system below:

Jn@)  J,@'e) Y @'c) 0
ul,, (W) u'ed,,(w'c) u'cY,u'c 0
0 Jm(u’) Ym(u,) K., (v)
0 ulJ, @) u'Y,u') vK,,@©)
A,
-4, %
-4,
A3

where Z' = dZ/dr (Z Bessel function).
Using the classical Bessél functions properties [7] , we have

(AlznAo

[0 Tona1 (1) Yo (') = ¢ c Ty () Vipar ()]

2
7TA - '
< 4, = S U T (') Ty (€)= e Tny () T (')

Az = ﬁ (A1, )Y +A4, Y, @)].
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Differentiating with respect to the wavelength gives
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where M = 1/c dN/d \ is the material dispersion.

Introducing the classical mean profile dispersion parameter
p=MNAdA/d\ (p=0.1 at A= 1.55 um for germanium doped
graded-index fibers [14]) and using again (A.Il-1), we obtain

(12)

Michel Monerie was born in France, on July 14,
1948. He received the diplome of Engineer
from Ecole Polytechnique, Paris, in 1971, and
from Ecole Nationale Supérieure des Télécom-
munications, Paris, in 1973, and the Doctorat
d’Etat from the University of Paris XI in 1977.
Since 1973 he has been with the Centre Na-
tional d’Etudes des Télécommunications, Lan-

dr d(VB) NA. 42 (VB) d(VB) nion, France, working in the fields of integrated
3_): =MIll+A 7 - )\— a7 -p v . optics and laser diodes. Since 1979 his research
‘ c . interest has been propagation in single-mode

fibers.



