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OPTICAL WAVEGUIDE TRANSMITTING LIGHT
WAVE ENERGY IN SINGLE MODE

Matter enclosed in heavy brackets [ ] appears in the 5
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made
by reissue.

CROSS-REFERENCE TO RELATED 10
APPLICATION

“The present application is a continuation-in-part ap-
plication of an earlier application Ser. No, 476310 filed

on June 4, 1974 now abandoned. | 18

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates 1o an optical wave-
guide, and more particularly to an optical waveguide ,,
transmitting light wave energy in a single mode for
optical communication made of transparent dielectric
materials such as glass. |

2. Description of the Prior Art

The important things for an optical waveguide for ,¢
optical communication are that the reduction of light
energy in transmission, i.e. the transmission loss of light
energy is low, it has a wide band signal frequency re-
sponse, and the launching of light in the waveguide, 1.e.
the connection between a light source and a waveguide g5
or the connection between waveguides is casy.

To date various ones have been proposed as the opti-
cal waveguide among which a singly cladded optical
fber is known as an effective one as for optical commu-

nication. This optical fiber 1s composed of a transparent ;5
central dielectric body, i.e. a core having a high refrac-

tive index and a covering layer, i.e. & cladding consist-
ing of a material having a lower refractive index.

The optical characteristic of this singly cladded opti-
cal fiber is determined mainly by the parameter €x- 4,

pressed by the formula

;= 28% \[;2_ p2
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where a is the radius of the core, A is the wavelength of
light, n1 and nz are the refractive indices of the core and
the cladding, respectively, and the parameier v will
hereinafter be referred to mainly as the normalized
frequency though ordinarily it is called in various ways. 50
In the range of the value of v no larger than
[2.4083] 2.40483 the propagation mode of light in the
optical waveguide 18 single, while a plurality of propa-
gation modes occur in the range. of v higher than that

value. 55
For the optical waveguide with the value of v higher

than [2.4083] 2.40483 the band width of signal fre-
quency is narfowed by the difference in the group delay

for modes.

Consequently, for the optical waveguide for optical 60

communication requiring a wide band the value of v has
to be designed so that light is propagated in a single
mode. To this end the radius (2) of the core 0f the differ-
ence between n| and n; has to be made small. However,
thare is a certain limitation to making the difference 63
between ny and n small from the problem of manufac-
ture or the bending loss. Consequently, the radius of the
core has been very small. This makes 1t very difficult 10

2

connect a light source with an optical waveguide or to
interconnect optical waveguides. |

Further. even in an optical waveguide transmitting
light in a single mode, when a light signal has a wide
spectral width, a group delay difference occurs in the
spectral region {0 Rarrow the signal frequency band

width.

SUMMARY OF THE INVENTION

Consequently, an object of the present invention 1is to
provide an optical waveguide effective for optical com-
munication. |

Another object of the present invention is to provide
an optical waveguide having a wide band signal fre-
quency response.

A farther object of the present invention is to provide

an optical waveguide enabling light to be propagated 1n

a single mode and having a large radius of the core.

A still further object of the present invention is to
provide an optical waveguide which is low compared
with a conventional optical waveguide in transmission
loss occurring when the optical waveguide is bent and
which has 8 wide band signal frequency response in a
large acceptable angle multimode transmission.

In order to achieve these objects the present inven-
tion is characterized in that unlike a conventional singly
cladded optical fiber composed of a core and a cladding

.a layer of a transparent material having a refractive

:ndex lower than that of the cladding is interposed be-
tween the core and the cladding.

The above and other objects, features and advantages
of the present invention will become more apparent
from the following detailed description of the preferred
embodiment of the present invention when taken in
conjunction with the accomanying drawings.

BRIEF DESCRIPTION OF THE DRAWING

FIG. 1A is a perspective view of a part of a conven-
tional optical waveguide showing the structure thereof.

FIG. 1B is a diagram of the distribution of the refrac-
tive index on a cross-section of the optical waveguide of
FIG. 1A.

FIG. 2 is 8 mode characteristic diagram for explain-
ing the signal frequency response of an optical wave-
guide.

FIGS. 3A, 3B and 3C are a side view of a part of, a
cross-sectional view of and a refractive index distribu-
tion diagram of an optical waveguide according to the

“present invention, respectively.

FIGS. 4A and 4B are a cross-sectional view of a part
of and a refractive index distribution diagram of a slab

~ waveguide, respectively, for explaining the principle of

the present invention.
FIG. 5 is a diagram of the light energy distribution in

" an optical waveguide.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

As a preparation for a description of the present in-
vention a description of a conventional singly cladded
optical fiber or optical waveguide will first be made.

A conventional optical waveguide is composed of a-

core 1 having a high refractive index and a small radius

a and a cladding 2 covering the core 1 and having a
refractive index lower than that of the core 1 as shown
in FIGS. 1A and 1B.

Generally, the mode characteristic of a wave in a

waveguide is expressed, if no attenuation is assumed to
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occur, by eflw/—82 where w is the angular frequency of
light, t is time, 8 is the phase constant, and z is the
position in the pmﬁagation direction. Here, what s
important to the charactenistics of the optical wave-
guide is the phase constant 8 the value of which is
determined by the aforementioned pﬁmmeter

4n12 — ny? .-

¢ = na
A
Since the radius a of the core 1 and the refractive indi-
ces oy and nj of the core 1 and the cladding 2 are deter-
mined if the optical waveguide is given and since the
relation 27r/A =w stands, the normalized frequency v is
a function of the angular frequency w. Consequently,
the relation between the phase constant 3 and the nor-
malized frequency v is expressed by the relation be-
tween the phase constant 8 and the angular frequency
w. It is known that this relation is as shown in F1G. 2. In
F1G. 2 the ordinate is the phase constant 8 and the
abscissa is the normalized frequency v. Two asymptﬁtes

81 and B;represent the propagation constants of light in
the media having the refractive indices n; and nz, re-

spectively. Since the difference between the refractive
indices nj and n3 is very small, the angle between the
two asymptotes 8 and 8; is very small. However, for
easy observation the angle is shown magnified in FIG.
2. Dot-dash or chain lines represent the characteristics
of a conventional optical waveguide, while solid lines
represent the characteristics of the optical waveguide
according to the present invention which will be de-

scribed below in detail.
The curve 3 is the transmission characteristic of the

mode HEj, the curve 4 is the transmission characteris-
tics of the degenerate modes HE2;, TMoy and TEqgj, and
the curve 5 is the transmission characteristics of the
degenerate modes EH, |, HE3; and HE. In fact there
are a further number of curves as the angular frequency
w increases. However, since they are directly unneces-
sary for a description of the present invention, a descrip-
tion thereof will not be made for the sake of simplicity.

As is evident from these transmission characteristics,
each component mode approaches the asymptote S as
the normalized frequency v becomes large, while it
terminates at the asymptote 8: when the normalized
frequency v is small. This terminating point is calied the
“cut of . The curve 3 does not have the “cut off”. For
this reason the curve 3 is convex downward at the range

jower than v|.
At the range lower than v; only the curve 3 exists.

This fact indicates that the mode in the waveguide 1s
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4
single, It ts known that the value of v at this time is
§2.40837] 2.90483.

FIGS. 3A to 3C show the structure of the optical
waveguide according to the present invention. This
structure is such that a third transparent dielectric layer
ts interposed between the core 1 and the cladding 2 of
the singly cladded optical fiber of FIG. L. That is, this
structure consists of a core 6 of a first transparent di-
electric material and second and third transparent di-
electric layers 7 and 8 cladding the core 6, the refractive
index of the first dielectric material 6 being higher than
that of the third dielectric matenal 8, and the refractive
index of the second dielectric material 7 being lower
that that of the third dielectric material 8.

The thickness and the refractive index of the second
layer 7 vary depending on the frequency of light, the
diameter of the core, the difference between the refrac-
tive indices of the first and third dielectric materials 6
and 8, and the use of the optical waveguide. The thick-
ness of the second dielectric layer 7 effective for the
purpose of the present invention is 0.05 to 5 times the
radius of the core.

As the dielectric matenal glass is at present most
desirable from the standpoint of loss. However, it is
evident that high polymers may be used as well.

The characteristics, effect and advantages of the opti- '

cal waveguide according to the present invention will
next be described.

The solid curves 3, 4 and.§ in FIG. 2 represent the
mode characteristics of the optical waveguide accord-
ing to the present invention. The curve 3 is the transmis-
sion characteristic of the mode HE ), the curve 4 1s
those of the degenerate modes HE21, TMyp; and TEo;,
the curve 5 is those of the degenerate modes EH;yy,
HE3; and HE 3. Though these transmission characteris-
tics can be theoretically derived, its calculating formula
is very complicated. Hence, these transmission charac-
teristics will be derived referring to a slab type optical
waveguide having qualitatively the same propertics as
those of a cylindnical one.

FIGS. 4A and 4B are of a slab type optical wave-
guide. Materials 6, 7 and 8 are the same materials as
those 6, 7 end 8 in FIG. 3B, respectively. The refractive
indices of these materials 6, 7 and 8 are denoded by n, gn
and pn, respectively. It is assumed that this wavegude
is uniform in the Y direction and light is propagated in
the Z dire ~tion. In such a waveguide there are the trans-
versal eler tric (TE) modes and the transversal magnetic
(TM) modes. However, since there is no essential differ-
ence between the transmission characteristics of the
two modes, a description will be made below of the TE

mode. -
The electric field Ey of the TE mode in the Y direc-

tion is assumed to be
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(1)

iix
=i(33cxp( ::) :t:C;ch.p(-—E— vee =l + )< x < ~2

u2

=iC'4eJtp(-“ ‘I:fl )---(l+5)ﬂ<|1|'

where Ci to Caare unknown coefficients, and uj, uzand 20

u3are eigen values at 6, 7 and 8, respectively, in FIG. &
The sign

o008

sin )

and the double sign = correspond to the even and odd
~odes. If the boundary conditions corresponding to the
structure of FIG. 4 are applied to Formula (1), the
following characteristic equation results

2}
uz 4 uj tanh 8uy (

tan _
H1 (—cm ) “1 = %3 + uy tanh Suz o

On the other hand, for Formula (1) to satisfy the
wave equation the following formulae have to be satis-

fied

(3)

where

ka="'2i?_.)u

the wavelength of light in air.
Here, as is usually the case with a dielectric optical

waveguide the normalized frequency is defined as fol-
lows:

vltu|1+u32=(l -—pz}nlk.,zaz (4}

From Formaulae (3)

usl=Adu 24 Blus? (5)

where
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A2=_L._i—
i~ p?
gaera

Here, since p is ordinarily of a very near value to 1
(for example, 099 to 0.999), assuming that
1-p<L <L i —{,

A=B

and Formula (5) becomes
m=Av

The cut off of the mode will next be considered. The
cut off point is given by u3=0. If the value of v at the

cut off point is denoted by v,

(6)

when SA is higher than about 2. From the above for-
mula it can be seen that the cut off exists for the lowest

degree of mode TE, when 5A2> 1. Consequently, un-
less § is very small, the cut off ordinarily exists for the
mode TE, when the condition 1 -p<<l—q stands.

Assuming that A is larger than 1, from Formula (6)
the cuf off v of the mode TE2m is given approximately
by vex(2m+1)72—-1/A (m=0, 1. 2, . .. ) and the cut
off v. of the mode TEym—1 is given by v.=mmTl/A
(m=12,...) |

Consequently, the single mode region of the TE
mode is given by

T | . 1
T <V T Y

On the other hand, for a slab type waveguide corre-
sponding to a conventional singly cladded waveguide

Jacking the layer 7 the single mode region is
O<v<r/l .

Consequently, the upper limit of the single mode region
for the waveguide having the structure of FIGS. 4A

and 4B can be made
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(2-5r)

times as high as that of the conventional waveguide.
When A is large, it 1s 2 times.

In the above the transmission characteristics are de-
scribed referring to a slab type waveguide. However,
even if it is transformed to a cylindrical one, stmilar
relations stand qualitatively as shown in FIG. 2.

This relation is approximated by the equation:

01 (7)

2amrn :

where jo.j ‘and j;.1 are first roots of Bessel functions
JAx)=0 and J;())=0, respectively, and jo1= [2.4083]
240483 and 3.:,=0[3.8327] 3.83171. As descnbed
above, when 1 —p< <1 —gq, i.e,

0. 1 21
—jg—' > > LT > 1.

=2 1 -

I — g 0

j1.1/B < < 1. Thus, equation (7) result as follows:

2,m33<r(=-3—”5‘:ﬂ- N -—pl) < 1817}

Consequently, in the optical waveguide according to
the present invention the cut off occurs for the lowest
degree of mode HE; and the single mode region be-
comes vi' to v2' to magnify the upper limit of the lowest
degree of mode.

Next, the advantages resulting from the charactens-
tics of the optical waveguide according to the present
invention becoming as shown by the solid lines in FI1G.

Z will be described.
First, the diameter of the core of the waveguide capa-

ble of performing single mode transmission can be ex-
tended. For example, since the cut off normalized fre-

quency

ri g
vr — l

N2 — ny?

changes from [2.408] 240483 around [3.8317]}
3.8317), the radius a can be extended by about 60%

vghen

2

A

qu — n2?

IS constant.
Second, when the single mode transmission is per-

formed, the single frequency band width can be ex-
tended compared with the single mode transmission by
a conventional optical waveguide.

The factor to determine the single frequency band
width of the waveguide is the group velocity character-
istic of light in the waveguide. The group velocity is
expressed by dw/df as is well known. The group veloc-
ity of signal light generally varies depending on the
frequency of the light. When the spectral width of the
signal light is wide, a delay distortion occurs due to the
difference in the group velocity therein to narrow the
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8

transmission capacity of the waveguide and hence the
signal frequency band width.

The differential d(dw/df)/dw of the group velocity
with respect to the frequency will hereinafter be re-
ferred to as the dispersion. For this dispersion there are
the dispersion due to the refractive index characteristic
of the matenal of the waveguide (hereinafter referred to

as the matenal dispersion) and the dispersion due to the
characteristic inherent in the propagation mode (herein-

‘after referred to as the mode dispersion). The combina-

tion of both dispersions will hereinafter be referred 1o as
the overall dispersion.

The dielectric, the material of the ordinary wave-
guide, decreases in the refractive index with the in-
crease in the waveguide of light at the wavelength
range of from 0.6 to 1.06 micron. Consequently, the
material dispersion depending on the refractive charac-
teristic of the material is negative.

On the other hand, the mode dispersion is aiso nega-
tive due to the fact that the curve 3 shown in FIG. 2 is
downwardly convex at the range 0 to @) corresponding
to the range 0 to vy, i.e. at the single mode region. Con-
sequently, the negativity is further amplified for the
overall dispersion. For example, the overall dispersion
at the near infrared region of a wavelength of 1 micron
for borosilicate glass is about —10—8 meter. If a light
pulse having a spectral width of 100 angstroms is trans-
mitted through such an optical waveguide, there occurs
a pulse widening of about 3 ns per 1 km. That is, even

for an optical waveguide of the single mode the signal
frequency band width is considerably limited for the

‘transmission of a light signal having a spectral width.

However, in the optical waveguide according to the

present invention the characteristic of the single mode

region has the cut off as shown at 3 m FIG. 2 so that the
mode dispersion is positive. Consequently, the positiv-
ity of the mode dispersion and the negativity of the
material dispersion compensate for each other to dimin-
ish the absolute value of the overall dispersion. For this
reason the Jimitation due 10 the group velocity disper-
sion is moderated and the signal frequency band width
is extended. |

The optical waveguide according to the present in-
vention has a further advantage compared with a con-
ventional waveguide that the energy of light is more
concentrated in the core.

As described above, since, in the optical waveguide
according 10 the present invention, the upper limit of
the single mode region is magnified, the eigen value u;
is augmented, so that the energy distribution is as shown
in FIG. 5. In FIG. § the abscissa is the radial direction
of the waveguide and the ordinate is the intensity of
light which is normalized to 1 at the center of the wave-
guide. Such a concentration of the energy of light 1n the
core provides the advantage that the loss due to the
bending of the waveguide is reduced and the acceptable
angle of the waveguide is increased. Considering the
contribution of the transmission loss of the material of
cach layer composing the waveguide to the loss of the
waveguide, the latter is almost determined by the loss of
the core material. Consequently, as the layers other
than the core, materials having a larger loss than con-
ventional ones can be employed, so that the manufac-
ture of the waveguide is easier than a conventional one.

We claim:

1. An optical waveguide transmitting light wave
energy In a single mode comprising:
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a solid body of a first transparent dielectric material |
| 240483 -1 2amn 2 J.R317E -
having & uniform refractive index n and a circular <TX I -q < 1.

cross-section having a radius dimension 2; } - I — g2

a layer of a second transparent dielectric material ..  is an optical wavelength , p is smaller than 1

formed coaxially on the solid body and having 2 and g Is Sm“ff” than p. _ , ,

2. An optical waveguide according to claim 1 1p

which the thickness of the layer of the second dielectric
_ _ _ | material is 0.05 to 5 times the radius of the solid body of
a layer of a third transparent dielectric material sur-  ¢he first dielectric material.

3. An optical waveguide according to clamm 1 in
which said three transparent dielectric materials having
a following relationship:

refractive index gn and a thickness &g; 10

rounding said layer of the second transparent di-

. : | : . 15
electric material and having a refractive index pn;

and
L2 0.1 and 240483 < 252 N1 = 22 < 3.83173

said three transparent dielectric materials having 2 l—q
- 20

following relationship: * % & ¥ %
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NQ. : Re. 32,475
DATED : Aug. 18, 1987
INVENTORI(S) : Nishida et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby
corrected as shown below:

IN THE TITLE PAGE:

Block [73], delete "Assignee: Hitachi, Ltd., Tokyo, Japan"”

and insert --Assignee: Hitachi, Ltd., Tokvyo, Japan, one-
half interest; and Shojiro Kawakami, Sendai-shi, Japan,

one-half interest--

Signed and Sealed this
Twentyv-fourth Dayv of January, 1989

Artest:

DONALD 1. QUIGG

Attesting Officer Commissioner of Patents and Trademarks
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