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Abstract: The theoretical investigation of the coupling efficiency of a laser diode to a single mode fiber via a hemi-
spherical lens on the tip of the tapered fiber in the presence of possible transverse offset and angular mismatch is

reported. Without the misalignment, coupling efficiency increases with the decreasing of taper length. With the mis—

alignment, this relation is that the coupling efficiency decreases with each kind of offset.

Key words: high bit—rate communication; fiber coupling: tapered lens: offset

EEACC: 4320]; 4125; 0170N
CLC number: TN248.4

PACC: 4260B

Document code: A

1 Introduction

Efficient coupling between a laser diode (LD)
and a single-mode fiber (SMF) is essential for
many applications such as in low loss, high bit-rate
communication systems. Their small core sizes,
however, require highly precise alignment in a
splice and in power coupling from light sources. A
simple butt joint method gives poor coupling effi-
ciency, typically on the order of 10 percent because
of mismatch of the semiconductor laser and single—
mode fiber modal profiles (spot sizes). Elaborate
experiments have been performed to improve the
coupling efficiency. Today a compact and low-oss
coupling between LD and SMF is a basic, impor-
tant technical aspect in the construction of practical
fiber networks. Lensed fibers have features that are
suitable for the coupling, such as compactness, sim-
plicity, stability, and freedom from bulky lenses.
Several lensed fiber techniques have been proposed
to improve the coupling efficiency and amongst the
techniques used are conically ended fiber, tapered

ended fiber, hemispherical ended fiber and wedge
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ended fiber'™ . Among these methods, design of a
hemispherical lens tipped onto a tapered SMF is
most promising because of its relative ease of fabri-
cation, reasonable coupling efficiency, and reduced
back-reflected laser

harmful light into the

diode!™ .

The purpose of this paper is to provide a
method for designing a coupling hemispherical lens
tipped onto a tapered SMF, and verify it using ex—
periment results. Optimum lens radius of curva-
ture, optimum interval between laser and fiber,
maximum coupling efficiency, and misalignment ef-

fects are discussed.

2 Theoretical analysis and experi-
mental verification

A basic coupling scheme between LD to ta-
pered lensed SMF is shown in Fig. 1. Our analysis
contains some usual approximations'”, namely no
loss for transmission, Gaussian field distributions
for both the source and the fiber, perfect matching
of the polarization of the field of the fiber and that

on the lens surface and finally angular width of the
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lens large enough to intercept the entire power ra—
diated by the source for typical values of lens pa-
rameters used here. Further, the distance between
the laser diode and the nearest point of the tapered
lens is kept equal to the focal length of the lens for
no spherical aberration'®”. The coupling of field in
the tapered region of fiber occurs only from the

coreguided mode to the fundamental cladding—

guided mode.
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Fig. 1 Schematic diagram of LD to SMF coupling

configuration via a lensed taper
2.1 Coupling without misalignment

Firstly we analyse the situation of no mis—
alignment (d= 0, 8= 0). The field Y. of the output

of the laser diode at a distance u from the LD sur—

. . 10
face can be given as follow'"":

2

Y= expl— (1o + j)]exp[— kg + Sp 2 )

(1)

where w ix and w1y are the spol sizes along two per—

{ Q.R lx

pendicular directions x and y, Ru is the radius of
curvature of the wavefront from the laser source
and k1 is the wave number in the incident medium

(now mentioning as free space),

wii= wiol 1 + {ﬁ}z_ :
1 il
Ri= z[1+ ( ';"z"“) ]

while w10 denotes the waist spot sizes in the x-—=z
and y-z plane.

We also express the fundamental mode in the

. o 1n
circular core fiber as'"”

U= exp[- (x°+ y°)/wi] (2)
where the spot size is approximated as''"

wi= a[0.65+ 1.619/V'>+ 2.879/V°] (3)
here a is the core radius and V is the normallized
frequency given by V = koa(ni — n3), with ko the
free space wave number and ni and nz the refractive
indices of the core and cladding, respectively.

When the laser field reaches plane 1 which is
at the nearest point of the surface of the fiber lens,
it will pass through the hemispherical lens and be

transformed. laser field on the plane 2 can be given
}]d [ 10]

w\-exp[—(L 4;)]exp[— jho( S+

W 2 w2y

2R,.)]
(4)

where k2is the wave number in the lens and w2 and

2Rw

R2i are spot size and radius of curvature in the lens
transformed laser field, respectively. w2 and R2 can
be found in terms of w1 and Rii through ABCD ma-

trix relations''”. After simple manipulation, we get

(A + B/Rh) wi + AB/mwi 5
ml (A + B/RD - (C+ D/R)B]">

(A + B/Ri)’ + XNB’/mwi:
(A + B/Riu)(C+ D/Rv) + NBD/mwh:

(6)

Further, the LD to fiber coupling efficiency via a

2
wn =

hemispherical lens on the tapered fiber tip is given

. 13
by the well-known overlap mlegrall :

ﬂlwf dxdy |
fﬂ Y| *dxdy J“ﬁ W *dxdy

In order to estimate the coupling efficiency of

(7)

designed lens, we use following parameters, namely
a LD of wavelength 1. 5um with w o= 0. 5um, w 1,0
= 1. Oum, ni= 1. 462, no= 1. 451, and a single-mode
fiber with a core diameter 10um. From above calcu-
lation, one can obtain the dependence of maximum
coupling efficiency on the taper length, and the re-
sult for a fixed R of 20um is shown in Fig. 2. The
maximum coupling efficiency decreases with the in-
crease of the taper length. The experiment results
are got by using the structure showed in Fig. 1. By
carefully adjusting the distance of x, y, z axis be-
tween fiber and LD, we get the results. We can see

that the experiment results are less about 30%
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than the calculated. This is due to the approxima-
tions mentioned above. But we also can see that the
trends of these two curves are identical. So we can
think that the calculated result is fully supported
by the experimental data. We also can get from the
figure that the maximum coupling efficiency de-
creases with the increase of taper length. In this
sense, shorter taper length ( great taper angle) is
preferred. But great taper angle will cause the fiber
coreguided mode to couple to other higher-order
cladding—guided modes than the fundamental
cladding—guided mode and result in energy loss
through mode coupling among cladding—guided
modes. A trade-off has to be made between this ef-

fect and the maximum coupling efficiency.
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Fig. 2 Effect of taper length on the maximum cou-

pling efficiency, as well as on the optimum working

distance
2.2 Coupling efficiency with misalignment

We will discuss the case of existing lateral and
angular misalignment (d# 0, 850). Equations(2)
and (4) can not be used again. Rather, the respec-
tive field of fiber and laser source at the reference

plane 2 must be given by

(x = d)’+ (y - d7)

V= expl[- 2 1 (8

w

Vo= el (g o)l X
exp| - jkz(iif{:+ E::,%j)]exp[j»‘vyﬁ.-nL jhx 0. ]

(9)

where 6: and d. represent pitch (rotation around x -

axis) angular misalignments and lateral offsets a-
long x-axis, respectively. While 6: and d; represent
yaw (rotation around y-axis) angular misalign-
ments and lateral offsets along y-axis, respective—
ly. While 6 is a very small angle. Using Eqs. ( 8)

and (9) in Eq. (7), we get

"

2 2 3

[oexpl= Q5+ Lov b g - ik®)1dy

(10)
‘I:e\p]— (3_ L"T:u_+ jﬂ'sz:_,‘)]tb 2

= [ex= 2y [ exn(= 25)ay
(1)

Similarly, the expression for i is obtained by
replacing y in Eqs. (10) and (11) with x. The sub-
script i denotes d and 8.7 and " denote the cou—
pling efficiency from y-axis direction with mis—
alignment resulting from an offset d; and yaw 6,
(tilt around y-axis), respectively.

The analytical results obtained from Eq. (11)
allow us to evaluate the coupling efficiency as a
function of lateral offsets as presented in Fig. 3.
From Eq. ( 10) the pitch and yaw angular misalign—

ment dependence of coupling efficiency is presented
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Fig. 3

Coupling efficiency versus x — y-axis offsets

in Figs. 4 and 5, respectively. In Fig. 3, we think the
taper length is 122um, the radius of hemispherical
lens is 20pum, and the working distance (di) is
10um. We can get from Fig. 3 that the normallized
coupling efficiency decreases with the increasing of

lateral offset. The coupling efficiency is a little
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more sensitive to the y-axis offset than to x-axis
offset. This is due to the waist spot size of LD in
the y-axis(parallel to the LD junction) is 1.5 times
larger than the x-axis”( perpendicular to the LD
junction) . In Figs. 4 and 5, the dependence of cou-
pling efficiency on pitch and yaw angle is present-
ed, according to three different taper angles. Com—
paring Figs.4 and 5, it is evident that the pitch and
yaw misalignment almost have same effect on the
coupling efficiency. We can also observed from
these two figures that the taper angle almost has
no effect on the coupling efficiency in the presence
of pitch misalignment, while has little effect on the
coupling efficiency in the presence of yaw misalign-

ment.
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Fig. 4  Coupling efficiency versus pitch angle mis—
alignment according to three different taper angle,

namely taper lengths
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Fig. 5 Coupling efficiency versus yaw angle mis-
alignment, according to three different taper angle,

namely taper lengths

3 Conclusion

We have designed a tapered lensed SMF
through theoretically investigating the effective
coupling. Results show that in designing process,
we have to think about the effect of these parame-
ters on the coupling efficiency, including taper
length, offset (transversal misalignment and angu-
lar mismatch). The coupling efficiency decreases
with the increase of taper length and offset. The y-
axis offset has sensitive effect on coupling efficien—
cy than x-axis”. While the angular misalignment al-
most has same effect on coupling efficiency, and
this result is almost not affected by the fiber taper

angular, namely taper lengths.
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