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off -axis and tilt factors analyzed in this paper. The experimental results

concerning the optimum coupling design, the off -axis characteristics, and

the off-axis tolerances have been presented and agree well with the

theoretical analysis.

I. INTRODUCTION

o PTICAL transmission systems using laser diodes and

single-mode silica optical fibers are valuable as optical

transmission systems with large capacity and long repeater

spacing for low-loss and low-dispersion characteristics.

Especially in the 1– 1.8-pm wavelength region, a zero dis-

persion wavelength exists where the wavelength dispersion

for single-mode fiber disappears. Because of the wide-band

characteristics at wavelengths close to the zero dispersion

wavelength, the repeater spacing is restricted mainly by the

fiber loss and coupling loss of optical devices, such as the

laser module and optical connector. Reductions in fiber

loss and coupling loss are significant ways of extending the

repeater spacing. Therefore, in order to realize the above

system, not only is the reduction in fiber loss important.

Equally critical is the reduction in coupling loss for optical

devices inserted in the optical transmission line.

Many optical device construction methods have been

proposed [1]. In one such method, microoptic devices have

been employed using a square law medium in many cases

[2], [3], in order that they maybe small, have low loss and

be easy to produce. In considering optimum optical device

construction, it is necessary to accurately understand the

off-axis and tilt characteristics for coupling efficiency, such

as those between fiber and square law medium. However,

until now only experimental investigations in many reports

[4] have been accomplished and no theoretical investigation

has been reported.

On the other hand, many analyses of square law media

have been reported [5], [6], [7]. However, no analysis of a

Gaussian beam passed through a square law medium of an

incident beam with off-axis and tilt factors has yet been

reported. But there has been Gaussian beam analysis [8] of

an incident beam with only the off-axis calculated, using

the input-beam mode-expansion technique and the

Fresnel–firchhoff integral. In the above analysis, the cou-

pling efficiency calculation seems to be very complex, as

the Gaussian beam which has passed through the square

law medium is expressed as a summation.

The purpose of this paper is to theoretically and experi-

mentally make clear the coupling characteristics between a

single-mode fiber and a square law medium when the

output beam from a single-mode fiber which is off-axis and

tilted is incident at another single-mode fiber through two

square law media. In analyzing theoretically the coupling

efficiency between a single-mode fiber and a square law

medium, the Gaussian beam in the square law medium

excited by the output beam from a single-mode fiber is at

first expanded in- an infinite series with the help of the

modes of the square law medium. Next, the Gaussian beam

in the dielectric passed through the square law medium is

expanded in an infinite series with the help of the modes of

the dielectric. These infinite series can be evaluated with

the help of one of the generating functions of the Hermite

polynomials. Therefore, the coupling efficiency can be

-analytically obtained even when the output beam from a

single-mode fiber is off-axis and tilted. As the result of this

analysis, it is made clear that the ray matrix analysis used

previously agrees with the analysis without the off-axis and

tilt factors analyzed in this paper. Finally, experimental

coupling results which agree well with the above theoretical

analysis are presented.

II. GAUSSIAN BEAM IN SQUARE LAW MEDIUM

As shown in Fig. 1, a square law medium is placed

between dielectric # 1 and dielectric #2. The optical axis

is equal to the z-axis. The refractive index of the square law

medium is expressed by

rr,q(x, y)=n,{l -g~. (x*+y~)}”2 (–l, <,<0)

(1)

where n, is the refractive index of the square law medium

on the optical axis. The square law medium modes are

Hermite-Gaussian functions. The general mode solution of

the square law medium is

+j~)(x,y,~)=+~j(x,y)exp(–jy~)z) (–l, <Z<O)

(2)

.exp{–(x2–y2)/w:} (3)

and

~(l~=)l$ko–(p+q+l)g
P,

w,= (2/?z$kog)’/2

k.= 27r/A0 (4)

where g is the focusing parameter of the square law medium,

w, is the radius of the eigenspot size in the square law

medium, and AO is a wavelength in free space, Hp(x)

represents p th-order Hermite polynomials and is given by

* dP
H,(x) =(–l)pex -e-x’. (5)

The authors assume that the refractive index values in

dielectrics # 1 and #2 are n ~ and n ~, respectively.

The transmitted field in the square law medium is con-

sidered for a Gaussian beam Q( x, y, z ) radiated from a

single-mode fiber incident from dielectric # 1 on a boundary

plane (z= – 1,) of the square law medium. The fiber axis

is tilted by O rad on the x – z plane and is displaced by h.

on the x – z plane and by hY on they – z plane from the axis

of the square law medium. The reflected field at z = – 11is

ignored. The Gaussian beam, which is incident on a point

(hX, h~, – 1,) of the boundary plane z = – 11 with the

smallest spot size w. at z = — z, and a direction cosine



834 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-30, NO. 6, JUNE 1982

Dielectric #1 Dielectri

nl nz

.Z=-Z5
-z

Z--II .z~o
(a)

c #2

Square law Y
Dlelectrlc #l Dielectric #2

n2

/
/

1

E

-z
z= -Xs

Z=-1, x= o
(b)

Fig, 1, Conflguratlon of a square law medmm and a single-mode fiber
(a) s-: plane (b) ~,- z plane.

(0. 0,1 – 02/2) is given by

@(x$ y,z)=
E.XP[-(*+JW

(( x–A,-l,o-: e)2+(y-J2,)’)

–jn,kO{f3(x -hY–i,O)+( l–0’/2)z+ (l+6’/2)~,}

{ }]

2(:+Z$)
+Jtan-l (z<-l, )

n, kow$’

and

~= W[l+{2(Z +z. )/nlkow:}q’2

(6)

R=(:+zJ[l +{n1kO#2(z+zJ}’] (7)

where w and R are the spot size radius and the radius of

curvature of the wavefront for the incident Gaussian beam,

respectively [9].

The transmitted field F’ in the square law medium can

be expanded in an infinite series with the help of the modes

of the square law medium given by (2)

The expansion coefficients CP~ have been determined at

z = – 11, with the reflected field at z = – 11 being ignored.

Using the orthogonality of the modes. we obtain

The integral in (9) can be solved with the help of the

integral tables of Gradshteyn and Ryzhik, with the result

that

W<{(P+4)L?

~p(~.y)~q(py)exp( – j~~qll

Cpq=m

) (10)

and

I.exp jnlkO{Ohx+ (1+02/2)(11- z,)}

‘jtan-’{2:i:~)}-(1+

(11)

where W(l and RI, are w and R at z = — 11, respectively.

The field distribution at any arbitrary point in the square

law medium can be expressed from (8) and (10) by the

equation

.exp{–(xz+y2)/W~}

(9) (12)
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The infinite series can be evaluated with the help of one of

the generating functions of the Hermite polynomials given

by

,: O;(; )P%(X)%(Y)

=(l– Z2)-’l’exp

We thus obtain

2xYz–(x’+Y’)z~

1–22 1

(13)

rF’(x, y,z)= –2 5exp{–j(n,k0 –g)(~l+ ~)}
T w,

.(l-{exp{2jg(l, +z.)})-’

1.exp _ (X’+v’)(l+{exp{zjg(l,+z)})
w~(l-{exp{2jg(i, +z)}) 1

. exp

-exp

Zfexp{jg(l,+z)}g(p x+, ~

w, x“ ?“

l–(exp{2jg(11+ z)}

-(p~+p~)(exp{2jg( l,+z)} 1l–J’exp{2jg(l, +z)}

Figs. 2 and 3 show examples of calculated results regard-

ing ~ield distribution in ‘the square law medium. - The

parameters of the single-mode fiber used in the calcula-

tions are a 10-pm core diameter, 1.46 refractive index, and

0.24-percent relative refractive-index difference between

the core and cladding. The g, n,, and 11 for the square law

medium used in calculations are n/10 mm–’, 1.58, and 10

mm, respectively. Radius w, of the spot size of the single-

mode fiber at z = – z, is given by [10]

w, =a(0.65+ 1.619/V’ s +2.879/Vb)

~=k ~ noa@ (15)
o

where a is the core radius for a single-mode fiber, A is a

relative refractive-index difference between the core and

cladding, and V is the cutoff normalized frequency. Fig. 2

shows the field distribution [F 1I along the x-axis ( y = O) in

the square law medium, which has been normalized by [F’ I
at z = — 9 mm, when the radiated Gaussian beam from a

single-mode fiber is incident at the boundary plane (z =

– 11) of the square law medium with the single-mode fiber

being off-axis. The off-set parameter ht along the x-axis is

400 pm, hp along the y-axis is O pm, and the distance

(z, – 1,) between the single-mode fiber and the square law

medium is 100 pm. The center axis of the field distribution

IF’ I gradually brings the optical axis of the square law

medium closer while transmitting in the z-direction. IF’ I is

the Gaussian beam which is almost symmetrical with re-

spect to the optical axis of the square law medium at
z = —5 mm, and is expanding in the negative x-direction

while propagating in the z-direction. Fig. 3 shows the field

1.0

.0

z’ 6
u-—

.4

2

m

-?
“,”

-503 0 500
x-axis (pm)

Fig 2 Calculated results of the field distribution IF’ I along the x-axn
( I = O) in the square law medmm, normalized by IF’ I at:= – 9 mm,
when the radiated Gaussian beam from a single-mode fiber is incident

at the bounda~ plane ( z = – [1 ) with a single-mode fiber being off axis
(/7, =400 pm)
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Fig. 3. Calculated results of the field dntnbution I F“ I with an angle
@= – 2° in addltlon to the condition of I F’ I in Fig. 2.

distribution IF’ I with an angle O= – 2° in addition to its

condition in Fig. 2. IF’ I is already expanding in the

negative x-direction at z = —5 mm (which corresponds to

1/4 pitch).

III. GAUSSIAN BEAM PASSED THROUGH SQUARE

LAW MEDIUM

Consider that the Gaussian beam F’ in the square law

medium is radiated from the boundary plane (z= O) to

dielectric #2. The reflected beam at z = O is ignored. The

Gaussian beam F’ excites the transmitted Gaussian beam

F’ propagating in the positive z-direction in dielectric #2.

It is assumed that the Hermite Gaussian function is an

eigen function ~~’~( x, y, z) of dielectric #2. The trans-

mitted Gaussian beam F’ in dielectric # 2 can be expanded

in an infinite series with the help of $~~~(x, y, z).

The transmitted Gaussian beam F’ can be expressed by

Fc(x, y,z)= ~ Lmnt/#;(X, y,Z) (z>()). (16)
t?l.n

The transmitted expansion coefficients tmnare given by

(17), using the orthogonality of the modes
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The Hermite Gaussian function ~~~~, which is the ei-

genfunction for dielectric #2, is given by

-(m+iz+l)@,(z)

1]

(18)

and

[
.}2]1/2

W1(Z)=W2 1+{2(~—W~2hW

@,(:)=tan-’{2(~–~2)/~2~ow;} (19’)

where Wzis the radius of the smallest spot size of ~~2~(x, y, z )

and Zz is the distance between the boundary plane (z = O)

and the beam waist of ~~~~(x. y, z).

The transmitted expansion coefficients t,,,,,are given by

w,(o) 1
t }>111= lwg ,t,, (1-{exp(2jg~1))-’

{2 m+fln~!~!

“(1, +X2)-’

K: I?2)(’’’+””2

lytically with the help of the generating functions of the

Hermite polynomials (13) by

{

2 w% w,(0)
F’(x, y,z)=2 – -—

~ WI w,(z)

(1- fexp(2jg11))-’( f1+jf,J’

(1-((,+ jL)exp{2j(d3(z) -0,(0))})-’

-exp{–(x2+ y2)/w, (z)2]

“(P,.y”.+P,,”J’)-(P?..+P;y+2(x’+J’’w,(z)2j2j

1

[

2&(w, (0)/ w,)p.rexp(jg~l) /[1-( {,+j(4)exp {2j(@,(z) -@l(0))}]

1

(22)
. HW,

1 – {exp (2 jgl, )

“{( Jl+l(2)(J, -2+j{2)} -’/2

1

{((1+~t2)(f,-2+j{2)}-”2 1
~

I i’ew(2jdl)(P3+pt).exp —
1 – (exp (2 jgll)

[

2(w, (o)2/wf)

“ 1- (~,+j{2){l-{exP(l~g~i)}
)1

and

[({I+ .X2)({,‘2+ j{,)]-’’”. (23)

o exp[–j{(m +n+l)+, (o)+(nlko–g)~l}] (20) The transmitted Gaussian beam F* contains unknown

where
quantities of wl and Z2. In general, the unknown quantities

of }t’~ and Zz can be obtained by maximizing the fundamen-
w,(o) 2n2ko

~1+ j{2=l+}v, (0)2/w~- j ~R (o) tal mode expansion coefficient absolute value I1001, that is

1 alfOolno
+ 2W,(0)2 / w:

ieXp(2d1). (21)
aWZ

l–Jexp(2jg11)
alfool no

The transmitted Gaussian beam F’ can be expressed ana- az2
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Fig 4 Absolute value I too I of the transmitted expansion coefficient of

the fundamental mode versus W2 and :2, when the radiated beam from

a single-mode fiber IS mcldent on the square law medium without

off- and tdt.
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Fig 5. Calculated results of the transmitted Gaussian beam
the same conditions as those in Fig 4.

IF’ I under

However, the transmitted Gaussian beam F’ can be

obtained, even when Wz and Zz have any value, as the,.
transmitted Gaussian beam contains all of the mode. Fig. 4

shows the absolute value ItOOI of the transmitted expansion

coefficient of the fundamental mode when the radiated

beam from a single-mode fiber is incident on the square

law medium without being off-axis and tilted. In Fig. 4, it

is seen that ItOOI is 1 at Wa( = 30 pm) and Zz ( = 9.5 mm),

and that only the fundamental mode is excited. Fig. 5

shows the calculated results for the field distribution of the

transmitted Gaussian beam IFt [ under the same conditions

as those in Fig. 4. In Fig. 5, the field distribution of the

transmitted Gaussian beam IFt I is symmetrical with re-

spect to the z-axis and has a beam waist at about z = 10

mm and then expands.

Fig. 6 shows the absolute value [tOOI of the transmitted

expansion coefficient of the fundamental mode, when the

radiated beam from a single-mode fiber is incident on the

square law medium with a 10-pm off-axis of a single-mode

fiber. In Fig. 6, 1100I is only about 0.42 as a maximum

value, and the variance in ItOOI versus Wz and Zz is very

complex. Therefore, the transmitted Gaussian beam F1

contains higher modes. Fig. 7 shows the calculated results

for the field distribution of the transmitted Gaussian beam

IF’ I at the same conditions as those in Fig. 6. In Fig. 7, the

transmitted Gaussian beam IFt I is almost symmetrical

10

.8

.6 [

hz=Io}m

o,oo~
50

22(%

Fig. 6. Absolute vafue I too I of the transmitted expansion coefficient of
the fundamental mode versus W’2and :2, when the radiated beam from

‘ a single-mode fiber is incident on the square law medmm with a

single-mode fiber off-axis quantity of 10 pm.
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ii-
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0 l-n-

5

0
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0---
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Fig 7. Calculated results of the transmitted Gaussian beam IF’ I under
the same conditions as those m Fig. 6.

with respect to the optical axis of the square law medium

on the boundary plane (z = O). Accordingly, the center axis

of IFc I expands in the negative direction of the x-axis, as

the beam transmits in the z-direction.

IV. IUY MATRIX ANALYSIS

The ray matrix analysis of a coupling system between a

single-mode fiber and a square law medium was made in

order to make clear the relation between the ray matrix

analysis and the electromagnetic field analyzed in this

paper.

In general, analysis by complex beam parameter Q han-

dles the transformation of beam, parameter (such as beam

width and plane wavefront curvature) by lens system [11].

Complex beam parameter Q is expressed with spot size w

and the radius R of beam curvature by

(25)

On the other hand, there is, in general, a linear relation

between the input quantities (position xl and slope x{ of

the ray in the input plane) and the output quantities

(position x, and slope x: of the ray in the output plane)

which can be written in matrix form as

(26)
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Complex beam parameter Qz in the output plane is

given by

AQ1+B
Q2 =

CQ1 + D
(27)

where Q1 is the complex beam parameter in the input

plane. The ray matrix from the output plane (z= – z, ) of

a single-mode fiber to the position : = zjY of the beam
waist in the transmitted Gaussian beam in dielectric #2, as

shown in Fig. 8. is given by

F]g, X. Radius W>, and position :2. in the beam waist for the trans-

mitted Gaussian beam in dielectric # 2

()[AB=
{ (

{Cos(gl, )-nys,,gsirt(gl,)} ((~, -l, )+~h)cos(gll)+ &- n,gz,r(z, –11)) sin(gl,)

CD q. (28)

{-gn,sin(gll)} {-n,g(zf -l, )sin(gl, )+cosigl, )}

By substituting (25) into (27),

where A is wavelength in dielectrics # 1 and #2, n, ~ n z n 1

and Wz, and R2, are the beam waist radius and the radius

of curvature in the beam waist for the transmitted Gauss-

ian beam. When R z, in (29) is infinite, that is, the real part

of complex number expanded on the right side of (29) is

zero, as a result of substituting (28) into (29), then the

beam waist position Zz, is given by

[
z,, = (A/m-w~)2(z, -ll){sin’(gll)- cos2(g 11)}

.cos(gll)sin(gll)

I

/[(g2n~+ (~/flW~)’n~g2(z$ -i, )2]sin2(g11)

+( A/mv_?)2cos’(g/, )-2( A/mw:)2

.n,g(zy –ll)cos(gl, )sin(g~l)]. (30)

As the imaginary parts of both the right and left sides of

(29) are equal, radius Wly for the beam waist is given by

Therefore, the transmitted beam passed through the

square law medium is a Gaussian beam given by

{

21
L“t(~>Y> z)= —

-)~ Wo”t( .

.exp{–(x2+ y2)/wOU,(z)2}

.exp
[

– j{koz -

_ jko(x~+yq
2ROU,(Z)

and

%.t(~)}

(32)

[ {(
2 1/2

Wout(z) = W2Y 1+ 2 z – z2y)/kow;y }]

ROU,(z) =(z-z27)[l +{kOw;y\2(z–z2J}’]

{12( Z–Z2Y)
@OU,(z)= tan-’ ~ w, .

0 57
(33)

The transmitted Gaussian beam F’, analyzed by electro-

magnetic field analysis, is compared with the transmitted

Gaussian beam ~OUtanalyzed by ray matrix analysis. As-
suming that the transmitted Gaussian beam in (22) is not

J 1 -n,g(z, -~,)z,,

[[ [

=w, {cos(gl, )-n,, z2,gsin(gl,)}’ +( A/nw~)2 {(z, -l, )+z,y}cos(gl,)+ ~~
2

w~ ~

~ 11

sin (gll )
.,

[
/ {cos(gl, )–n,g(z, –ll)sin( gll)}{cos(g~, )–n,zzygsin

[ {
+gn, sin(gll) {(z, –11)+z2y}cos(g11)+ *–n, g(zy -

S

1,/2

II )Z2Y

I 111sin (gll ) . (31)
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off axis and tilted, (22) is given by

r

2 1 w,(o)

m w, ww({’+ ~{’)
F’(x, y,z)=4 –——

[

. ~xp _ (~2+Y2) (1-[? -{6’)

w,(z)’ “ {(1-(5)2+1:} 1

. exp

1{

–j n’koz–+t(z)

(

n2k0 2&6/w1(z)2

+ 2R,(Z) + {(1–{5)2 +1:}
)

.(x2+ y’)+ n,koz, - gfl

+@, (0)–tan-’

and

4=[(:)’-1+(+

2( Z,–l, )

n ~kOw~2
.

(34)

,{(l+:)2+(*j2\

{( .;)2+(*j2].2 =nlkOw~/R[l/ 1+ ~

A3=Alcos(2gli) –A2sin(2g11)

A4=Aisin(2g11) +A2cos(2g11)

~,=l+N!L’(l-
W;

{2=2 $A4/{

~i-4V{@A3) 2+4}

l–A3)2+ A~}–n2kOw1(0)2/2 R,(0)

{,=(, COS2{@,(Z)-@i(O)}- I, Sin2{@i(Z)-@L(0)}

(6=t3sin2{0,(z)-@,(o)}+14cos2{@z(z)- @z(o)}

(35)
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Fig. 9 Ray matrix analysis results of position Z2, of the beam waist

versus the distance ( z~ — 11) between a fiber and a square law medium

as a parameter of the square law medium length 11.
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Fig. 10. Ray matrix analysis results of the radius W2, of the beam waist
versus the distance ( z~ –/1 ) between a fiber and a square law medium
as a parameter of the square law medium length /,.

Fig. 9 shows the ray matrix analysis results of position

Z2Y of the beam waist versus the distance (z, – 11) between

a fiber and a square law medium as a parameter of length

11of the square law medium. In Fig. 9, when the square law

medium length is 5 mm (1/4 pitch), the position Z2Y of the

beam waist is as far from the square law medium, as the

distance (z, – 11) between the fiber and the square law

medium is large. At a distance (z, — 11) of about 75 pm, Z2Y

is the largest value of about 28 mm. Then, the position Zzy

gradually brings the square law medium closer. In Fig. 9,

there is almost no change in the maximum value of Z2Y,

even if length 11of the square law medium changes. Fig. 10

shows the ray matrix analysis results for radius W2Yof the

beam waist versus the distance (z, – 11) between a fiber

and a square law medium as a parameter of length 11of the

square law medium. In the case where 11=5 mm (1/4

pitch) in Fig. 10, the reason why the beam waist radius W2Y

is largest at distance (z$ — 11) = O ~m is that the beam waist

exists on the boundary plane (z = O) of the square law

medium. Fig. 11 shows the ray matrix analysis results for

position Z2Y of the beam waist versus the distance (z, – 11)

between a fiber and a square law medium as a parameter

of the focusing parameter g. As shown in Fig. 11, it is

found that, when making the distance between two square
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Fig. 11. Ray matrix analysis results of the position Z2, of the beam waist

versus the distance (z, – 1,) between a fiber and a square law medium
as a parameter of a focusing purameter g.

law media long when designing optical devices, a square

law medium is needed with the small focusing parameter g.

The electromagnetic analysis results analyzed in this

paper agreed well with the ray matrix analysis results with

regard to the analyses in Fig. 9, Fig. 10, and Fig. 11.

V. COUPLING CHARACTERISTICS BETWEEN

SINGLE-MODE FIBER AND SQUARE LAW MEDIUM

A. Coupling Efficiency Formula

In analyzing the coupling characteristics between the

single-mode fiber and square law medium, single-mode

fibers and square law media axe arranged as shown in Fig.

12. Coupling characteristics are considered between the

transmitted Gaussian beam F( of the output beam from

fiber 1 and the transmitted Gaussian beam ~.’ of the

output beam from fiber 101 at the middle point z = 12

between two square law media. F; and ~.’ are given by

(22). Coupling efficiency q derived by electromagnetic field

analysis is given by

I((m F;(x, y, 1,)~.’(x, y, l,)dxdyl’
[JJ–m I

‘=J/mlo(F’ X,y,1z)12dXdjj~~ \~’(x, y,z2)12dxdy “
‘m —m

(36)

Coupling efficiency q~~c~ derived by ray matrix analysis is

given by

‘y+-’
&l, +211+1,01 +

.?SR1 Z=o Zta-lm!

Fig. 12. Coupling system configuration between two single-mode fibers

through two square law media.
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Fig. 13, Testing system for evaluating aberration in the square law
medium used in the coupling experiment.

Fig. 14. Image of meshes formed by a square law medium sample, as
seen through a microscope with a TV monitor.

used in the experiment was a silica fiber with a 10-pm core

diameter, 125-pm fiber diameter, and 0.24-percent relative

refractive-index difference between the core and cladding:

it was fabricated by the conventional MCVD method. In

the coupling experiment, two kinds of square law media

were used. One kind has an approximately 0.32 mm–’

focusing parameter, 1.58 center refractive index, and 1.8-

mm diameter. The other has an approximately 0.09 mn–’

4 1
(37)

‘~~c~= w~(12)w?(Z2) {(1/w~(12)) +(l\w~(12))}2 + {(n2~o/z~o(z2)) +(~2~0/z~i(~2))}2

where WO(12) and wj(12 ) are the radii for the spot size of the

Gaussian beam transmitted from fiber 1 and fiber 101 at

z = 12, respectively, and R .(12) and R j(12 ) are the radii for

the curvature of the wavefront, respectively.

B. Experimental Setup

In order to clarify the theoretical analysis validity, a

coupling experiment was made between two single-mode

fibers using two square law media. The single-mode fiber

focusing parameter, 1.58 center refractive index and 5-mm

diameter. Fig. 13 illustrates an aberration testing system

for evaluating aberration in the square law medium used in

the coupling experiment. A mesh with 2-mm intervals and

a 0.6-mm width constant line is employed as the pattern

observed through the square law medium sample. The

mesh is irradiated by monochromatic light obtained by

using a monochromator or color filters. Fig. 14 shows an
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TABLE I

SINGLE-MODE FIBER PARAMETERS

Core diameter 10 urn

Fiber diameter 125 urn

Relative refractive-index
difference 0.24%

V-number (1. 3 urn) 2.44

Calculated spot size 5.4 lan

TABLE II

SQUARE LAW MEDIA PARAMETERS

Center refractive
index

Focusing parameter g

Diameter

Length

Cateqory 1
—-

1.58

0.32 mm-l

1.8 mm

4.7 mm

Category 2

1.58

0.09 m-l

5.0 Irurr

16.5 nun

S. L.M. S. L.M.
Fiber 1

I 1

El

Fiber
-— _—

+ *12+

10– ~alculaterj , —
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m
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Fig. 15. Results of the theoretical analysis and the experiment on the

fiber-fiber coupling loss versus the interval length 2 [2 between two
square law media as a parameter of a focusing parameter g.

image of the mesh which is formed by a square law

medium sample as seen through a microscope, with a TV

monitor used for screening and precise measurement. As

shown in the mesh image in Fig. 14, almost no image

distortion is observed at the center of the image, although

there is some at the periphery of the image. All the

coupling elements (two single-mode fibers and two square

law media) were mounted independently on precise ma-

nipulators to obtain the maximum coupling efficiency. As

a light source, a InGaAsP/InP DH laser diode emitting at

a 1.30-pm wavelength was used. Output power was kept

constant below 0.1 dB by the use of an automatic power

control (APC) circuit. A .Ge photodiode with a 2-mm

diameter was used to detect both the output power of the

input single-mode fiber and the output power of the output

single-mode fiber. Tables I and II summarize both the

single-mode fiber parameters and square law media param-

eters used in the coupling experiment, respectively.

C. Optimum Coupling Efficiency

The lens used in optical devices require the following

characteristics: 1) low coupling loss; 2) long interval length

between two lenses with low coupling loss; 3) large permis-

sible tolerance.

Among them, 1) is the most important for all the optical

devices. 2) is especially important for multi/demultiplexers

because the multiplexed or demultiplexed light passes

through the common glass plate, whose length is 20– 100

mm, by bouncing between the optical filters. 3) is necessary

in the practical assembly process of the optical devices, The

other important characteristics of the lenses are 4) their

off-axis and tilt characteristics. In this section, at first, the

optimum coupling efficiency is discussed. Fig. 15 shows the

results of the electromagnetic field analysis and the experi-

ment on the fiber–fiber coupling loss when the distance

(z, – 11) between a fiber and a square law medium is

chosen so as to minimize the coupling loss versus the

interval length 212 between two square law media as a

parameter of the focusing parameter g. In the analysis,

calculations are made by using the focusing parameters g,

other than those used for the experiment. In the range of

the distance (z, – 11), which can be chosen so that the

interval length 212 may be twice as long as the interval

length Z2Y between the location of the beam waist of the

transmitted Gaussian beam and the output plane of the

square law medium, the theoretical coupling loss is O dB.
At the interval length 2/2 above the length twice as long as

the interval length Z2Y, the coupling loss rapidly increases.

When the focusing parameter g is small, the length 211, in

which the coupling loss is O dB, can be long, because the

maximum beam waist length is long. In the case of g = 0.32

mm–’, the length 21Z, in which the coupling loss is O dB in

the theoretical analysis, is about 60 mm and the length 212,

in which the coupling 10SSis 0.2–0.3 dB in the experiment,

is about 55 mm. In the case of g = 0.09 mm–’, the above

length 212 in both the theoretical analysis an~ the experi-

ment is longer than 100 mm. As mentioned above, the

fiber–fiber coupling loss using two square law media is

very small. Therefore, the square law media can be applied

in many single-mode fiber optical devices. Especially,

square law media with 0.09-mm–’ focusing parameter can

be applied in the multi/demultiplexer because the length

21Z is longer than 100 mm.

D. Off-Axis and Tilt Characteristics

Next, coupling characteristics are considered along with

their off-axis and tilt characteristics. The. coupling ef-

ficiency along with these off-axis and tilt characteristics

can be solved using only electromagnetic field analysis.

Fig. 16 shows the results of the theoretical analysis and the

experiment on the fiber–fiber coupling loss, when only

fiber 1 is displaced under the condition of the optimum

interval length 211 = 2Z2Y versus the displacement Ax( Ay)

as a parameter of 21Z in the case where g = 0.09 mm–’.

The coupling loss calculated by theoretical analysis, when
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Fig. 16. Results of the theoretical analysis and the experiment on the

fiber–fiber couphng loss when only fiber 1 N displaced under the
optimum interval length 212 = 2 Z2, state under the same conditions as

those m Fig. 15 m the case of g = 0.09 mm –‘. (a) and (b) represent the
results m the x-axis and y-ares, respectively.

single-mode fiber 1 with a 10-pm core diameter is dis-

placed by 5 pm from the optical axis of the square law

medium, is about 3,7 dB when interval lengths 21Z between

two square law media are O mm and 12 mm. The value of

the theoretical analysis almost agrees with the experimental

result. The coupling loss versus off-axis quantities is almost

unchanged, even when interval length 212 changes. As a

result of the theoretical analysis and the experiment, about

*2.5-p m accuracy for the fiber arrangement is required in

order to be within a couplitig loss increase of 1 dB. The

results of the theoretical analysis and the experiment for

g = 0.32 mm–’ are the same as those for g = 0.09 mm– 1.
Fig. 17 shows the results of the theoretical analysis on the

fiber–fiber coupling loss. when only fiber 1 is tilted under

the same conditions as those in Fig. 15 in case of g = 0.32

mm–’. As the interval length 21Z is larger, the coupling loss
versus the same tilt quantities is larger. This is the reason

why the off-axis quantity for the Gaussian beam versus the

same tilt quantity are larger, as the distance (z, — 11)

becomes larger.

E. Off-Axis Tolerance

In the practical assembly process of optical devices such

as optical switches and couplers, the permissible tolerance

Tilt e (degree)

Fig, 17, Theoretical analysis results of the fiber–fiber coupling loss

when only fiber 1 M tdted under the same conditions as those in Fig. 15

in the case of g = 0.32 mm–’,
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Fig. 18, Results of the theoretical analysis and the experiment on

fiber-fiber couphng loss when fiber 1 and fiber 101 are displaced by
the same off-axis quantities m the reverse x-direction under the opti-
mum interval length 2/1 = 2 Z2. condltlon versus displacement A x as a

parameter of 2 [2 under the same conditions as those in Fig. 15, (a) and
(b) r:xesent the results in the cases where g = 0.32 mm-1 and g = 009
mm , respectively.

for coupling is as important as the coupling efficiency

itself. The influence of the off-axis of the input single-mode

fiber is reduced by adjusting the position of the output
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single-mode fiber. Accordingly, the coupling-loss increase

by a single-mode fiber setting error has been measured by

adjusting the output fiber position. Fig. 18 shows the

results of the theoretical analysis and the experiment on

the fiber–fiber coupling loss, when fibers 1 and 101 are

displaced by the same off-axis quantities in the reverse

x-direction under the optimum interval length 211 = 2 Z2Y

state versus the displacement Ax as a parameter of 212.

Fig. 18(a) and (b) shows, the results of both g = 0.32 mm– i

and g= 0.09 mm–’, respectively. When the focusing

parameter g is small, the length 212, in which the coupling

loss is small when fibers 1 and 101 are displaced with the

same off-axis quantities in the reverse x-direction, can be

long, as shown in Fig. 18(b). Although the coupling loss in

the theoretical analysis almost agrees with that in the

experiment in the case of g = 0.09 mn– 1, the coupling loss

in the experiment is larger than that in the theoretical

analysis in the case of g = 0.32 m– ]. This is the reason

why in the case of g = 0.32 mu–’ the higher order aberra-

tion of the refractive index of the square law medium

influences the coupling loss.

VI. CONCLUSION

The coupling characteristics between a single-mode fiber

and a square law medium have been theoretically and

experimentally discussed in order to obtain the optimum

coupling design for a variety of single-mode fiber optical

devices. In theoretically analyzing the coupling efficiency, a

Gaussian beam in a dielectric passed through a square law

medium has been evaluated with the help of mode-expan-

sion technique and one of the generating functions of the

Hermite polynomials. As a result, coupling efficiency has

been analytically obtained even when the output beam

from a single-mode fiber is off-axis and tilted. Through this

analysis, it has been made clear that the ray matrix analysis

used previously agrees with the analysis that does not

consider the off-axis and tilt factors analyzed in this paper.

This analysis may be applied in the development of many

single-mode fiber optical devices, such as lens connectors,

optical switches, and laser modules. The experimental re-

sults concerning the optimum coupling design of the off-

axis characteristics and the off -axis tolerances have been

presented, and they agree well with the theoretical analysis.

As the coupling loss between two single-mode fibers

through two square law media is almost 0.2–0.3 dB experi-

mentally in the optimum coupling, the square law media

can be applied in many single-mode fiber optical devices.
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