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Single-Mode Fiber Design for Long Haul Transmission,,

LUC JEUNHOMME

Abstract–By using simple yet accurate approximations for the propa-

gation characteristics of a single-mode optical fiber, we obtain a simple

model for the total loss and chromatic dispersion of single-mode fiber

transmission lines as a function of the operating conditions such as splice

offset, microbendbrg loss, benda, etc. This model is then applied to typi-

cal cases of terrestrial and submarine systems and we obtain singie-mode

fiber designs which are stable with respect to slight operating condition

changes for both 1.3 and 1.55 pm wavelengths. It appears that the same

fiber can be used at 1.3 pm for both terrestrial and submarine systems,

and even for 1.55 urn terrestrial systems if monochromatic sources

become available at this wavelength. A general comparison between

the two wavelengths is carried out and shows under which conditions

the 1.55 pm wavelength is of practical interest. It is emphasized that

the availability of monochromatic sources at 1.55 ~m would make a

major breakthrough for the repeater spacing.
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I. INTRODUCTION

T HE achievement of very low loss single-mode optical fibers

and the improvements in the knowledge of light propaga-

tion inside these fibers make them very attractive for long

distance transmission in the telecommunication network. This

means that system designers begin to be practically interested

in implementing single-mode fiber based systems. At this point

several questions are raised among which are the following:

1) For a given application and given operating conditions,

what are the optimum parameters for the single-mode fiber

structure (namely core radius and index difference). This ques-

tion obviously stems from the fact that many transmission

characteristics of the fiber depend on these basic parameters

in a complicated and apparently opposite way (e.g., micro-

bending losses and splicing losses).

2) Between the two well-known low attenuation windows
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(1.3 and 1.55 flm center wavelengths) what are the respective

advantages and drawbacks, and in which case or tinder whith

conditions is it better to choose one or the other.

This paper describes a general optimization procedure of the

basic parameters of the single-mode fiber with respect to given

operating conditions, and the possibilities of this procedure

are illustrated by typical examples which, at least partially,

answer the above questions.

Section II is devoted to getting simple models for the intrinsic

fiber loss, microbending loss, splicing loss, curvature loss, and

chromatic dispersion from existing models, which usually re-

quire the use of large scale computers. We start here from these

existing models and find analytical approximations which can

be worked out on a scientific pocket calculator, thus making

the optimization procedure much more easy to handle.

Section III describes the optimization procedure itself and

shows some results for given operating conditions, which are

then discussed with respect to the questions asked above. Sec-

tion IV draws some general conclusions based on the typical

results shown above.

II. PROPAGATION MODELS

We are concerned here with finding simple yet accurate

models for the various transmission characteristics of the single-

mode optical fibers such as intrinsic fiber loss, microbending

loss, splicing loss, curvature loss, and chromatic dispersion.

For a step-index single-mode fiber, the structure is entirely

described by any two parameters such as the core radius a, the

core-cladding index difference An, the normalized cutoff fre-

quency V, or the cutoff wavelength of the LPI ~mode kc. Well-

known relationships hold between the parameters

V= 2rr~ (2rs2An)li2
A

V=2.4~

(1)

(2)

where 1 is the light wavelength in vacuum and n2 is the clad-

ding index of refraction which will be taken as 1.45 (silica re-

fractive index) in the following.

For the model to be developed here, we chose to use An

and AC as the set of parameters describing the single-mode fiber.

Since generally, single-mode fibers do not exhibit a perfect

step-index profile in the core, the parameters used here should

be understood as those characterizing the step-index equivalent

to the actual refractive index profile (e.g., [1]).

A. Intrinsic Fiber Loss

The intrinsic fiber loss ~i is mainly composed, in the wave-
length range of interest here, of residual IR and (OH-) ions ab-

sorption and of Rayleigh scattering. The former is almost in-

dependent of the dopant concentration and thus, of the index

difference An, provided proper manufacturing conditions are

used [2]. We assume a value of 0.05 dB/km for the residual

absorption, independent of wavelength as H? absorption is

more important at 1.55 ,um than at 1.3 #m, whereas (OH-)

ions absorption is less [3].

For the Rayleigh scattering, we used measurements carried

out at 0.9 ~m as a function of Ge concentration in multimode

fibers [4] to draw a linear relationship asa function of An, and

thus, we get the total intrinsic loss as

~i = 0.05 + (0.75 + 66 An) ~-4 (3)

ffi in dB/km, h in ~m.

This relationship agrees well with many published results on

low loss single-mode fibers (e.g., [3] , [5]).

B. Microbending Loss

For evaluating microbending losses, we use the results of [6]

and more specifically, (48) of [6] , which compares the micro-

bending induced loss in single-mode and multimode fibers.

However, for the purpose of being consistent with the calcula-

tions concerning splicing losses, we use the Gaussian approxi-

mation definition of the mode radius WOto e-2 in intensity [7] .

After correcting by a factor 2112, accounting for the change

from e-2 to e-: itensity between [7] and [6] , there still re-

mains a small d~iference between the two definitions. However,

it has been shown [8] that the difference is quite small and

should not impair the present results. Considering as a refer-

ence the microbending induced loss QMM on a multimode

optical fiber with a 50 ~m core diameter and a 0.2 NA we ob-

tain for the single-mode fiber

&SJ,f ‘2X 10-4 W: A-4 CYMM (4)

where WO and A should be expressed in ~m and both the multi-

mode and the single-mode fiber should have the same outside

diameter.
For WO, we obtain from [7] by using (1) and (2)

W.
[

(:cy+oq:r]= AC(An)-1/2 0.145 + 0.097 —

(5)

n2 = 1.45 has been used in (l).

practically, ci!M~ should be understood as including drawing

induced waveguide defects, cabling induced microbends, as

well as effects of abrupt changes of curvature [9] .

C. Splicing Loss

Splicing losses are due to structural parameter fluctuations

from fiber to fiber, lateral offsets between the cores, and tilts

between the fiber axes. Using the results of [7] , we observe

that structural parameter fluctuations induce a loss of 0.05 dB

for 8w0/w0 = 11 percent. Using (1), (2), and (5) and designat-

ing the terms within brackets in (5) asf(l/AC), we obtain

where f ‘(x) is the derivative off(x) with respect to x.

As will be seen in Section III, the interesting results all lie

within the range 1.1< l/AC <1.6 which leads to

ha 8(An)
— < +5 percent and —
a An

?iWo
<10 percent * — <11 percent. (7)

W’o

We can thus consider that 18a/a[ <5 percent and I i5(An)/
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An I <10 percent are a (reasonable) tolerance which ensure a

splicing loss due to structural parameter fluctuations of less

than 0.05 dB. We will thus fix this loss component to 0.05

dB in the following. Again, using the results of [.7] we ‘can

then write the total splicing loss with a lateral offset d and an

axes tilt O(in m?) as

“=00’+434[(&r+(Ye)21‘B ‘8)
Practically, the transmission line is composed of single-mode

fiber cable pieces spliced together. We can assume that there

is a mean distance between successive splices, called L~, and

obtain thus an equivalent distributed splicing loss

~SD = ~ dB/km. (9)
s

D. Curvature Loss

We treat here only the loss caused by constant curvature, as

the loss due to abrupt changes of curvature can be treated as

in Section II-D [9]. From [9], we get the constant curvature

loss as

ac = CR-112 exp - DR (10)

where R is the radius of curvature, and D and C are related to

the guide parameters

4AnW3
D=

3aV2n2

c=;(~)’”[VK:WJ2

(11)

(12)

where U and W are the usual transverse propagation constants

in the core and in the cladding, respectively.

Using (1) and (2) and the best known approximation for W

[1OJ, [n], wegetfor DR

[

A3
DR = 7.1 X 105 ~ (An)3/2 2.743-0.996 ~ 1 (13)

c

with R in m and A in pm.

This approximation gives an accuracy of better than 3 percent
for 0.8< X/hC <2. For C, a detailed study of the behavior of

the exact function W-3/2 [U/ VK1 ( W)] 2 shows that it can be

approximated to within 10 percent by 3 ,7( XC/X)2 for X/AC =

1-2. Thus,

()
~ 3/2

CR-112 = 3.0X 107 (An)114 (AR)-112 ~ dB/km (14)

with R in m and A in #m.

E. Chromatic Dispersion

Starting from [12] - [14] , it is easy to show that the total

chromatic dispersion C = derivative of the group delay with
respect to wavelength can be written as

( –)- (~=M ~ +&d(VB) An d2(VB)

)

_ ~ d(VB)
2 ~v—————

n2 dV dV2 dV

(15)

where f142( A) is the material dispersion coefficient of silica, B

is the normalized propagation constant [12], c is the ‘right

velocity in vacuum, and P is the profile dispersion parameter

[13]. The only approximations in [15] are that it is to first

order in An and second, that the group index of silica has been

taken equal to its refractive index in the second term of the

right-hand side after derivation of the exact formula (namely,

N2 An/n2 has been replaced by An, which gives an error of

less than 2 percent on this very small term [14]).

Practically, we have Mz (1.3 ~m) = 2.6 ps/nm . km and M2

(1.55 #m) =22 ps/nm ~km[14] ;P(l.3 #m) = 0.06 andP(l.55

Mm) = 0.1 for Germanium doped fibers [13] . Again, there

exist analytical formulas for d( VB)/d V and Vd2 (VB)/dV2

[15] , but they cannot be handled with a pocket crdculator.

For d(VB)/dV, we start from the approximation given in

[10] and obtain

d(VB)

()

i’
‘= 1.306-0.172 ~ .

dV c.
(16)

This approximation gives an accuracy better than 3 percent

from h/AC = 1-1.8 [11].

Now there is no satisfactory approximation for Vd2 (VB)/

dV2 [1 1], but empirically, we get

v d2(VB)

( )
—~ 0.08+ 0.549 2,834 -2.4 ~ 2.

dV2
(17)

This approximation gives an accuracy better than 5 percent

from X/AC = 1-1.8.

III. OpTrMr z.4’rroN PROCEDURE AND RESULTS

In the preceding section, we have established all the formulas

which are useful to optimize the basic parameters lC and An

of the single-mode fiber for a given application. The param-

eters characterizing the application which are needed are the

operating wavelength A, the drawing, cabling, and curvature

changes induced loss a~~ in a multimode fiber (core diameter

50 urn, NA = 0.2), the typical offset d and tilt 6 at splices, the

mean distance between splices L~, and the curvatures encoun-

tered by the fiber once it is laid in place.

A. Optimization Procedure,

Starting with these parameters and the formulas of Section II,

we compute the total loss ~T in dB/km for the fiber laid in

place as a function of A/AC and An and draw the corresponding

surface. This surface exhibits an absolute minimum a T~i~ for

a given set of Xc and An values, which are thus the optimum

basic parameters of the fiber for this application. However,

optimizing a fiber for only one set of application parameters

would lead to dangerous conclusions because of the uncertainty

on these application parameters, and may also be expensive in

terms of the variety of products to be manufactured.

In other words, we try slightly different application param-

eters and find a common choice to all these cases and when

possible, a common choice to different wavelengths. This is

done by considering not only the absolute minimum for each

case, but by accepting all the parameters kc and An which

lead to a loss ~T exceeding ~Tmin by less than 10 percent. We

saw in Section II-C that 16a/a I <5 percent and (8(An)/An) <
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10 percent seem to be reasonable and acceptable tolerances for

the fiber structural parameters. From (1) and (2) we get

~(A/Xc) _ a~ 1 XA~)— .-— —.
h/hC a 2 An “

(18)

This defines a “certainty surface” around a nominal point

(X/AC, An), which is shown in Fig. 1.

Finally, by imposing that the fiber remains single-mode and

that the total loss does not exceed the absolute minimum loss

by more than 10 percent in all the global certainty surface, we

obtain for each set of application parameters a usable surface

which includes all the acceptable nominal values of Ac and An.

The optimum choice is then defined as the common point (s)

between several usable surfaces corresponding to different cases.

When possible, we then consider the value of the chromatic

dispersion for defining the correct choice.

Another approach can be to require the chromatic dispersion

to be zero and then find the lowest loss among the possible

points. This can be used especially for 1.55 Urn which will be

treated separately (see Section III-D).

B. Terrestrial Systems

For terrestrial systems, we considered

tions:

1) h= 1.3 and 1.55 pm.

2) &M~ = 0.15 dB/km which seems to

the following situa-

be a reasonable and

well-established figure for state of the art drawing and cabling

technology.

3) Lateral offset d = 2 and 1 Mm, the former corresponding

to almost state of the art technology.

4) Tilt angle 0.2° as it seems to be readily feasible.

5) L. = 2.5 km which should be attainable in the trunk net-

work.

6) A continuous bending of the fiber in the cable with a

radius of 20 cm (it turns out that this has no effect) and a

localized bending of the fiber in the splicing pots with a radius

of 5 cm. This last bending is assumed to be attained smoothly

and without abrupt change from the cable bending and it affects

0.1 percent of the fiber length between splices. We thus have

a!c = ac(lzc) + @c(R,) x 10-3 (19)

where RC and R~ are the radius of curvature in the cable and in

the splicing pots, respectively, and Qc(R ) is computed from

(10)-(14).

We get the following:

~T ‘~~ + ~S~ +tiSD +~~. (20)

A typical result for X = 1.3 pm and c1= 2 Mm is shown in

Fig. 2 where the shaded area is the usable surface as defined

in Section III-A. The general shape of the surface is quite

similar for the three other cases with displacements of the

usable surface.

Before discussing the other cases, let us analyze the general

shape of the surface; the very sharp rise for high h/he and small

An is due to the curvature in the splicing pots and not in the

cable. The less pronounced rise for small A/AC and small An

is due to microbending losses whereas the general increase for

high An is due to both the Rayleigh scattering and the splicing

loss. For high An values, there is a relative maximum notice-

t–

8(A/At)

A/Ac
+lOYO

*
An

.10%

Fig. 1. “Certainty surface” for L/& and An around a given nominal
point.

a ~ (d B/’Km)

2

1

“

Fig. 2. Total loss A!T of the fiber laid in place as a function of A/kc and

An for k = 1.3 pm, d = 2 pm, terrestrial system. The shaded area cor-

responds to the usable surface as defined in Section III-A.

1.4

able around h/k C = 1.3, which is due to splicing loss as this

value of l/XC minimizes WO for a given An.

Going to the other cases, we find that the optimum choice

for X = 1.3 pm common to d = 2 Mm and d = 1 ~m corresponds

to a rectangular surface defined by

4.5X 10-3 <An< 5.5X 10-3.

Looking now at the chromatic dispersion we find that it is

less than 2 ps/nm . km (a residual value which can be easily

compensated by a tolerable wavelength shift [14] ) for

Xc= 1.18,um; 4.5 X 10-3 <An< 5.5X 10-3

kc = 1.08 #m; An =4.5X 10-3.

Looking now at the 1.55 urn wavelength and concentrating

on the loss without care for the chromatic dispersion at this
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wavelength, we find that a common possible choice for all the

terrestrial systems assumed here (A= 1.3 or 1.55 ~m; u! = 2 or

1 #m) is

Ac=l.18flm, 5x 1O-3<AZ<5.5’X 10-3.

(Again these are the’nominal parameter values and the tolerances

assumed in Section III-A can be accommodated for.)

The mean value of the transmission characteristics in the

certainty surface around these nominal parameters is

A=l.3~m (@)= -0.8 ps/nm. km

(aT) (d = 2 Mm) = 0.90 dB/km

(aT)(d= 1 Vm) = 0.63 dB/km

1= 1.55pm (~)= 16.5 ps/nm . km

(aT) (d = 2 pm) = 0.63 dB/km

(aT)(d= 1 pm)= 0.42 dB/km.

Obviously, at 1.55 Vm the fiber can only be used with mono-

chromatic sources with or without heterodyne detection as the

pulse broadening with a linewidth of 5 nm (three longitudinal

modes in a semiconductor laser) would be intolerably high for

long distance high bit rate transmission. Noticeable is the fact

that improving the splicing technology for moving d from 2 to

1 pm is as interesting as ‘moving the wavelength from 1.3 to

1.55 #m with the state of the art splicing technology (it is even

more interesting if one takes dispersion into account). Fig. 3(a)

summarizes the relative distances between repeaters, based on

the total loss for the various cases.

C., Submarine Systems

For submarine systems, we consider the following situations:

1) 1= 1.3 and 1.55pm.

2) a~~ = 0.15 and 0.3 dB/km as the submarine cable prop-

erties are not yet well known, especially about the effect of

tight buffering of the fiber.

3) Lateral offset d = 2 Vm and tilt angle 0.2°.

4) L~ = 20 km as continuous fibers of much greater lengths

have been produced in laboratory (e.g., [5]).

5) Continuous bending of the fiber in the cable: 5 cm as

some cable designs may require such a fiber bending for sup-

porting the high cable elongation during cable layout and

recovery.

A typical result for X = 1.55 ~m and a~~ = 0.3 dB/km is

shown in Fig. 4 where the shaded area corresponds to the usable

surface as defined in Section III-A. The circle indicates a point

with zero chromatic dispersion at 1.55 ~m.

The conclusions are as follows:

The fiber with Ac = 1.18 Mm and An = 5.5 X 10-3 defined

for terrestrial systems can be used for the submarine systems

at 1.3 pm (with the above assumptions). It can be used at

1.55 ~m only when a~~ = 0.15 dB/km, and if the tolerances

can be more tightly controlled.

A fiber usable for all the submarine systems considered here

at both 1.3 and 1.55 pm corresponds to

An =6.5 X 10-3; lC=l.18#m. ~

This fiber can also be used in terrestrial systems at 1.55 urn

(cZ= 2 or 1 Mm) and at 1.3 #m (d = 1 pm). The corresponding

performances are also shown in Fig. 3(a). This fiber has a dis-

(a)

‘ ~(dBAn), 0.3 0,15 0.3 015

(b)

5’?7

Fig. 3. Relative distances between repeaters based on loss. (a) Terres-
trial systems. (b) Submarine systems. *: & = 1.18 Mm; An = 5.5 X

10-3. 0: AC= 1.18 Wm; An =6.5x 10-3. ❑ : AC=0.97Mm; An=
1.1 x 10-2.

!Q’(d’fim’ A +’*T (dB/Km)

Fig. 4. Total loss q- of the fiber laid in place as a function of l/& and
An for k = 1.55 pm, a~~ = 0.3 dB/km; submarine system. The
shaded area corresponds to the usable surface as defined in Section
III-A. The circle indicates a point with zero chromatic dispersion at
1.55 pm.

persion of -1.5 ps/nm . km at 1.3 Mm and 15 ps/nm ‘ km at

1.55 flm. The loss performances of this fiber in submarine sys-

tems are

L=l.3flm

c!T(~~~ = 0.3 dB/km) “ 0.59 dB/km

~T(CYMM = 0.15 dB/km) = 0.56 dB/km

A= 1.55flm

ffT(~J,fM = 0.3 dB/km) = 0.39 dB/km

CYT(UMM = 0.15 dB/km) = 0.34 dB/km.

Fig. 3(b) shows the relative distances between repeaters, based

on loss, for submarine systems for the two fibers of interest.

Again, at 1.55 pm these fibers can be used only with mono-

chromatic sources with or without heterodyne detection.

It is therefore interesting to study a dispersion-free fiber at

1.55 flm.
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D. Dispersion-Free Fiber at 1.55 ~rn

Comparing all the total loss surfaces at 1.55 Mm as a function

of A/hC and An with the chromatic dispersion surface shows

that the general optimum choice when I (? I <2 ps/nm . km is

imposed is the following:

Arz=l.l X 10-2 Ac = 0.97pm.

We do not change the tolerances considered up to now and we

compute its mean dispersion in the certainty surface, which

shows a value of

(~)=- 0.7ps/nm “ km.

The loss performances of this fiber in the various systems en-

visaged here are shown in terms of relative distance between

repeaters in Fig. 3(a) and (b).

It appears from this figure that this fiber should be used only

if monochromatic sources at 1.55 ~m are not available as it

generally degrades seriously the advantage of moving from 1.3

to 1.55 pm, and as its feasibility with ultimately low intrinsic

loss as assumed by (3) is uncertain [2]. Furthermore, it is

shown that this fiber presents no advantage over 1.3 ~m fiber

in terrestrial systems if a?= 2 #m.

IV. CONCLUSION

By using accurate yet very simple approximations for the

propagation characteristics of a step-index single-mode optical

fiber, we have been able to provide a simple model for evaluat-

ing the influence of the structural parameters on the total loss

and dispersion characteristics of a cabled, spliced, and laid

down single-mode fiber transmission line for given operating

conditions. This model has. been applied to some terrestrial

and submarine systems and the overall parameter optimization

has been made by also taking into account economical aspects.

The major results can be summarized as follows: starting from

a state of the art technology which provides a splicing offset

of 2 pm and no monochromatic sources at 1.55 Km, it is seen

that there is no advantage in moving from 1.3 to 1.55 #m in

terrestrial systems. In submarine systems, the same fiber as in

terrestrial systems can be used for 1.3 urn but operation at

1.55 pm provides an increase of about 50 percent in the repeater

spacing, provided the dispersion-free single-mode fiber at 1.55

#m can be reproducibly manufactured with the ultimate low
loss assumed here.

Improving the splicing technology to yield a lateral offset of

1 pm makes the 1.55 pm wavelength also of interest to terres-

trial systems as it provides an increase of 30 percent in the re-

peater spacing over the 1.3 Urn wavelength with the same tech-

nology. Even at 1.3 ~m the improvement between 2 and 1 ~m

splicing offset is about 40 percent.

The major breakthrou@, however, would be to obtain mono-

chromatic sources at 1.55 #m. It is seen that this makes the

1.55 ~m wavelength interesting in all cases without the need

for compensating dispersion. It can also be noticed that for

each wavelength, the same fiber can be used in both terrestrial

and submarine systems, or the 1.55 pm terrestrial systems could

use the same fiber as that designed for 1.3 #m.
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