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A New Lensed-Fiber Configuration Employing
Cascaded GI-Fiber Chips

Kazuo Shiraishi, Member, IEEE, Member, OSA,and Shin-Ichi Kuroo

Abstract—A new scheme is proposed for lensed fibers having
high coupling efficiency between laser diodes and single-mode
fibers with a long working distance. The new lensed fiber consists
of a pair of GI-fiber tips having different focusing parameters.
The measured net coupling loss between a laser diode operating
at a wavelength of 1.3 m and a single-mode fiber is as low as 1.5
dB. The working distances are around 50 m, much longer than
those of conventional lensed fibers.

Index Terms—Optical fibers, optical fiber connecting, optical
fiber device, lenses, semiconductor lasers, spot size.

I. INTRODUCTION

A COMPACT and low-loss scheme for the coupling between
laser diodes (LD’s) and single-mode fibers (SMF’s) is a

basic, important technical aspect in the construction of prac-
tical fiber networks. Lensed fibers have desirable features for the
coupling scheme, such as compactness, simplicity, stability, and
freedom from bulky lenses [1]–[11]. Not only a low-coupling
loss, but also a long working distance—the air gap between the
LD and SMF—is required so that no contact occurs between
the LD and SMF during the assembly process and to prevent
unstable oscillation of LD’s due to backward light reflected at
the lensed-fiber endface. In fiber-grating external cavity lasers,
for example, low loss and long working-distance characteristics
are essential [12], [13].

In previous papers, lensed fibers having long working
distances of more than 100m were reported as schematically
illustrated in Fig. 1(a) and (b) [14], [15]. In the literature, the
influence of light reflection from the lensed-fiber endfaces
was also confirmed to be negligible. Coupling losses in these
schemes, however, were not so low, typically around 4 dB.
Such magnitude of loss would be acceptable in applications
for low-cost arrayed coupling schemes, but much lower losses
are required in light-source modules that are used for fiber
amplifiers and fiber-grating lasers.

To obtain lower coupling losses, the lensed fiber should
have 1) a numerical aperture (NA) as high as that of the LD at
the input end and 2) an NA as low as that of the SMF at the
output end. The previously proposed configurations, Fig. 1(a)
and (b), satisfy the second condition, but not the first one.
In conventional lensed fibers, hemispherically-ended SMF’s,
small (5-15 m) hemispherical radii are employed to satisfy
the first condition, and thus the working distances are restricted
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Fig. 1. Coupling between the LD and the SMF by lensed fibers employing (a) a
coreless fiber and an expanded-core fiber, (b) a coreless fiber and a graded-index
fiber (GIF) tip, and (c) a hemispherically-ended GIF.

to being as short as the values of the radii. Another approach
that satisfies the first condition with a reasonable working
distance is to employ a hemispherically ended graded-index
fiber (GIF) as schematically illustrated in Fig. 1(c), which
enables a long working distance of 45m [8]. In this case,
however, the second condition is not satisfied, and thus the
measured coupling loss is still relatively high (4 dB).

In the present paper, a new configuration is proposed for a
lensed fiber that satisfies the above two conditions simultane-
ously. Simple formulas for designing the new structure are pre-
sented. The low-loss and long working-distance characteristics
of the proposed configuration are experimentally verified.

II. PRINCIPLE

Fig. 2 schematically illustrates the proposed structure. The
new lensed fiber utilizes a hemispherically-ended GIF tip
followed by another GIF tip. In the following, the focusing
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Fig. 2. Schematic illustration of the newly proposed coupling scheme that
utilizes a pair of GIF tips.

properties of the conventional lensed fiber are analyzed
first, and then the performance of the new configuration is
presented.

The configuration of the previously proposed lensed fiber is
schematically illustrated in Fig. 3(a). Calculated ray trajecto-
ries in the fiber and radial position as a function of the
length are shown in Fig. 3(b), in which the emission angle

of the ray at the LD endface is used as a parameter. Typical
values are assumed for structural parameters: working distance

m, radius of hemisphere m, and refrac-
tive index of fiber cladding . The specific core ra-
dius is defined as m, where
is the core radius and the relative-index difference of the

. The inverse of is the so-called focusing parameter,
and standard GIF’s used in fiber-communication networks have

of approximately 200 m. It can be seen that rays are fo-
cused on the fiber axis near the fiber length of m.
The figure shows that the lensed GIF has a higher effective NA
compared to hemispherically-ended coreless fiber tips [8], [16].
This is due to the combination of a spherical lens effect plus
the focusing effect of the GIF itself. The focusing property of
the scheme, namely, the relationship between the input angle
and the position of the ray at the SMF endface, is shown in
Fig. 3(c), in which the emission angleis plotted for every 1
degree. Owing to the strong focusing property of the , the
input angle increases rapidly as the angleincreases, while

changes slightly. Rays that are coupled to the SMF should sat-
isfy the conditions that and are less than specific set values.
The conditions for a standard SMF operating at a wavelength of

m are indicated by the rectangular (dot-dashed) re-
gion. In this case, most of the rays emitted from the LD will not
satisfy the conditions. The figure shows that emitted rays from
the LD with can not be guided in the SMF, meaning
that the coupling loss will be high. The focusing property shows
that a low output NA in addition to a high-input NA is required
for the low-loss coupling system.

It can be seen from Fig. 3(b) that there is a specific axial po-
sition ( of approx. 200 m) where rays are almost parallel
to the fiber axis. This suggests that the anglecan be de-
creased by splicing another GIF that has a low focusing prop-
erty at this position, as schematically illustrated in Fig. 4(a).
To confirm the effect of this NA conversion, ray trajectories
and the focusing property of the new configuration are investi-
gated. Because input angles of rays against the fiber axis of the

are approximately 0, the fiber length is required to be
a quarter-pitch length to focus the rays on the axis. The length
is given by [17]. If the specific core radius of the
is assumed as m, then the length of the fiber
becomes 785 m. Fig. 4(b) shows ray trajectories in the new

(a)

(b)

(c)

Fig. 3. Focusing properties of lensed fiber employing a single tip of GIF.
(a) Definition of various parameters, (b) ray trajectories in theGIF , and (c)
characteristics of the positionh versus input angle� of the ray at the input
end of the SMF are shown as a function of the ray emerging angle� (open
squares) at the LD surface. The rectangular region indicated by the dot-dashed
line represents the domain for specific values ofh and� for a standard SMF
operating at a wavelength of� = 1:3 �m.

scheme, indicating that rays are focused toward the fiber axis
with grazing angles. As a result, most of the rays are in the
SMF limit as shown in Fig. 4(c). The figure shows that all rays
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(a)

(b)

(c)

Fig. 4. Focusing properties of the new lensed fiber employing a pair of GIF
tips. (a) Definition of various parameters, (b) ray trajectories in theGIF and
GIF , and (c) characteristics of the positionh versus input angle� of the ray
at the input end of the SMF are shown as a function of the ray emerging angle
� (open circles) at the LD surface. The rectangular region represents the SMF
limits as described in Fig. 3.

emitted from the LD with can be guided in the SMF,
suggesting that coupling losses will be low. In contrast to the
previous lensed fibers, the new scheme has a low-output NA in
addition to high-input NA.

III. D ESIGN CONSIDERATIONS

To find simple and explicit expressions for determining op-
timum structural parameters of the new lensed fiber, an analyt-
ical approach based on the theory of Gaussian-beam propaga-
tion is given first. Numerical examples of the field distributions
along the fiber axis and coupling losses as a function of the struc-
tural parameters are then given by making use of the beam-prop-
agation method (BPM).

A. Analytical Approach

The analytical approach produces a simple and general design
for the scheme, while values to be obtained are not necessarily
exact. In the following, modal-field profiles in the LD and SMF
are assumed to be circular-symmetric and Gaussian, unless oth-
erwise specified. Ray matrices in the air gap , hemispher-
ically-ended , and the are, respectively,
given by

(1)

(2)

(3)

where is the refractive index of the fiber, and and are
defined by

(4)

(5)

According to Kogelnik’s law [18], [19], the spot size
and the curvature of an equiphase surface at any position can
be easily obtained from the matrices. The ray matrix at the
output end of the is given by

(6)

where

(7)

(8)

(9)

(10)



790 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 18, NO. 6, JUNE 2000

The radial position and the angle of the ray in the are
given by utilizing the matrix as follows:

(11)

The specific position where rays become parallel to the
fiber axis is given by putting , namely:

(12)

length is obtained as 219 m when m,
m, , and m. The length obtained

here agrees with that deduced from the ray trajectory. A simple
and explicit formula for the length has thus been obtained
while there will be a minute error owing to the fact that the
ray-matrix theory used is based on a paraxial approximation.

Because the serves to reduce the spot size, the input
spot size , namely the output spot size of the , has to be
reduced to that of the SMF , where the spot size means
spot radius defined at of the maximum of the intensity.
There is a simple relation between the input and output spot
sizes in a quarter-pitch length of as follows [17]:

(13)

The spot size can be expressed by using components of the
ray matrix as

(14)

where is the spot size of the beam at the LD endface. From
(13) and (14), the specific core radius of the is given by

(15)

Because the has a quarter-pitch length, its length is
given by

(16)

As a result, structural parameters , and are obtained
explicitly. In the design of the coupling scheme, parameters

, and are assumed first, and then , and
are automatically determined.

Fig. 5 shows calculated spot size and curvature of the
equiphase surface of the light beam as a function of the
propagation distance along the fiber axis. The cross-sectional
beam profile at the LD is assumed to be circular-symmetric
for simplicity. Parameters m, m,

m, m, m, and
m are assumed, and hence the other parameters

are deduced as follows: m, m, and
m. It can be seen that the light beam emitted from

Fig. 5. Calculated spot size and curvature of the equiphase surface of the
propagating beam along the axis of the lensed fiber.

the LD focuses at the SMF endface with a matching spot size
and flat equiphase surface.

B. Numerical Approach Based on the BPM

To confirm the accuracy of (12), the optimum length of
is investigated numerically by making use of the BPM. The
same parameters as in the previous section are assumed:

m, m, m, m,
m, and m. Not the value of itself, but

both the core radius and the relative-index difference have to be
given specifically in the BPM simulation. Considering realistic
values, the following specific parameters of are assumed:

% and m. Prior to the simulation, the diffrac-
tion field from the LD at the lensed fiber endface was obtained
analytically to shorten the simulation time. The field distribu-
tion, intensity and equiphase surface along the lensed-fiber axis
are calculated by using the BPM. The equiphase surface of the
propagating beam in the becomes flat at the specific posi-
tion, which gives the length . The obtained was 217 m,
which is close to the length obtained by (12) in the previous sec-
tion, namely 219 m.

Actual LD’s have noncircular-symmetric fields, and so it is
preferable to assume an elliptical field for the light source when
discussing the coupling losses of lensed fibers. The light emit-
ting properties of the LD that will be used in the following an-
alyzes and experiments are given here. The full-width at the
half-maximum (FWHM) of the radiation patterns in the direc-
tions perpendicular and parallel to the junction plane are as-
sumed as 25.0and 19.5, respectively [15], which correspond
to a spot size at the LD surface of m .

Before finding optimum structural parameters, an example of
calculated field distributions at specific points along the axis of
the new lensed fiber is presented. Similar to the previous BPM
simulation, the diffraction field at m from the LD at
the lensed fiber endface was obtained analytically, and its inten-
sity and equiphase surface distributions are shown in Fig. 6(a).
The surface distribution is expressed by resetting the magni-
tude to zero when the value of the phase exceeds every.
It can be seen that the equiphase surface is extremely curved.
The following structural parameters of the are assumed:
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Fig. 6. Intensity and equiphase surface distributions obtained by the BPM at (a) the input end of the lensed fiber, (b) the output end of theGIF , and (c) the
output end of theGIF .

m, m, and %, which cor-
respond to m. The curved surface has been flat-
tened, except for regions of negligibly small amplitudes, after
the beam propagates through the up to m as
shown in Fig. 6(b). The spot diameter at the point is roughly the
same as that at the input end. By making use of the spot size
of the beam at this point, the parameter is determined from
(13) so that the spot size at the output end of the fits that
of the SMF ( m). The parameter is thus 406

m, and the length of the is determined as 638m from
(16). In the simulation of the beam propagation in the , spe-
cific structural parameters of m and %
are assumed. The spot size of the beam at the output end of the

has been reduced to match that of the SMF as shown in
Fig. 6(c). The equiphase surface is almost flat within the area
where the intensity is of meaningful magnitude. In this case,
the coupling loss between the LD and SMF is calculated to be
0.55 dB.
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Fig. 7. Calculated coupling losses as a function of the core radius ofGIF for
various values of hemispherical radii.

TABLE I
STRUCTURAL PARAMETERS OF THE FIBERS

USED IN THE EXPERIMENTS. THE FIGURE IN PARENTHESESREPRESENTS THE

EQUIVALENT CORERADIUS OBTAINED BY FITTING THE INDEX PROFILE WITH

THE SQUARE-LAW ONE

In the following, optimum structural parameters of the lensed
fiber are investigated. To increase the input NA of the lensed
fiber, a higher relative-index difference is preferable for the

, and thus as high as 2% is assumed. The working
distance is fixed at the relatively large value of 50m in the
analyzes to simplify the discussions. Fig. 7 shows calculated
coupling losses as a function of the core radius of the for
various values of hemispherical radii. In the calculation, the
parameter , specifically , was used as a variable param-
eter that changes according to Eq. (13). The loss increment for
the small core radius is due to the decrement of the aperture of
the . It can be seen that lower losses are expected around

m at m or m at m.
Generally speaking, the core radius to m, namely

m for % is preferable for m.
Low coupling losses of less than 0.5 dB with the long working
distance of m would be expected in the new lensed
fiber. It is noteworthy that the residual loss is mainly due to
truncation of the Gaussian field by finite core radii of GIF’s.

IV. EXPERIMENTS

Structural parameters of the fibers used in the experiments
are listed in Table I. All fibers have a diameter of 125m.
Due to restrictions of commercial availability, the core radius
of the is smaller than the optimum one (45 to 50m).

Fig. 8. The refractive-index distribution of theGIF . The best-fit square-law
profile is shown by the dashed line.

(a)

(b)

Fig. 9. Microphotographs of the fabricated lensed fibers whose endfaces were
formed to hemispheric profiles by (a) arc discharge (Sample A) and (b) grinding
and polishing (Sample B) processes. To display the interfaces more clearly, the
sample was immersed in water, and photographs were taken under out-of-focus
conditions.

TABLE II
STRUCTURAL PARAMETERS AND MINIMUM COUPLING LOSSES OF THE

FABRICATED LENSEDFIBERS

The fiber was made by the MCVD method, and the refrac-
tive-index distribution follows the square-law profile with no
index dip at the center of the core. The index profile of
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Fig. 10. Measured coupling-loss characteristics as a function of the working distance for (a) Sample A and (b) Sample B. Losses of conventional lensedfiber
made of hemispherically ended SMF and the previously presented lensed fiber are shown for comparison. The dotted lines represent the calculated coupling losses.

that was made by the VAD method, however, is significantly de-
formed as shown in Fig. 8, in which the profile around the center
and the region near the core-cladding interface differs from the
square-law profile. Thus the parameter m of the
fiber was determined by fitting the square-law profile to the real
one. The best-fit profile is obtained for an equivalent core radius
of m, as shown by the dashed line.

The basic process of fabricating the new lensed fiber is much
the same as reported before [15]. A quarter-pitch length of
and the were sequentially spliced to an SMF. The fiber
lengths were determined according to the theory discussed in
the previous chapter. Two methods were employed to form a
hemispherical shape at the end of the , one to melt the end-
face by using an arc-discharge fiber splicer (Sample A), and the
other to mechanically grind and polish the endface (Sample B).
No anti-reflecting material coating was applied to the endface.
Fig. 9(a) and (b) shows microphotographs of Samples A and
B, respectively. The refractive-index profile of in Sample
A is significantly deformed due to the melting process. Struc-
tural parameters of fabricated lensed fibers are summarized in
Table II, in which typical measured characteristics that will be
discussed later are also included.

Coupling characteristics between the LD and the SMF are
measured as a function of the working distance as shown in
Fig. 10. The LD was the same as that used in the previous work
[15]. The minimum coupling loss of Sample A is 1.8 dB at

m, and that of Sample B is 1.9 dB at m. In
spite of the index deformation, Sample A has a low coupling
loss. This is attributed to the fact that the index deformation
within a short propagation distance do not effect on the field
intensity distribution but on the phase distribution. Deviation
of the phase distribution from the optimum one can be com-
pensated by changing the length of the . Measured losses
include reflection losses at the hemispherical endface and the

TABLE III
MEASURED TOLERANCESAGAINST LATERAL DISPLACEMENT IN THE

DIRECTIONS OFVERTICAL (PERPENDICULAR) AND HORIZONTAL (PARALLEL )
TO THE JUNCTION PLANE OF THE LD

output end of the SMF. Thus, the net coupling losses of the
lensed fibers are lower than the measured ones by approximately
0.3 dB, confirming that the new lensed fiber has high coupling
efficiency. It is also noteworthy that losses would be decreased if
the had an ideal square-law index distribution. Coupling
losses of Samples A and B calculated by using the BPM are
shown by the dotted lines for comparison. To simplify the cal-
culation, a nondeformed index profile at the melted end of the

of Sample B, an Gaussian field with a noncircular pro-
file at the LD endface, and the ideal square-law index profile
of chips were assumed. It can be seen that the calculated
curves are in rough agreement with the measured ones; the dis-
crepancy is ascribed to the above assumptions.

To clarify the difference between the proposed and conven-
tional configurations, measurements were also taken of the
coupling characteristics of a commercially available lensed
fiber, a hemispherically ended SMF, and the previously pro-
posed one as shown in the same figure. It can be seen that the
new scheme has lowest losses with relatively long working



794 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 18, NO. 6, JUNE 2000

distances. The tolerances, permissible displacements for a 1-dB
loss increment from the minimum, for lateral displacement
in the directions perpendicular and parallel to the junction
plane of the LD are measured and summarized in Table III, in
which tolerances in conventional schemes are also listed for
comparison. It can be seen that the tolerance of the new scheme
is roughly m, half that of the previous configuration and
70% of that of the conventional hemispherically-ended SMF.
The tolerances of the new scheme are relatively small, but are
within acceptable values for practical active-alignment [20].

V. CONCLUSION

A new lensed fiber structure has been proposed. The new
scheme utilizes the hemispherically ended first GI-fiber tip that
has a high focusing parameter followed by the second tip that
has a low focusing parameter. The relatively large hemispher-
ical radius and high NA of the first tip enable a long working
distance to be achieved without decreasing the coupling effi-
ciency. The second tip serves to reduce the spot size. The net
coupling loss between a laser diode operating at a wavelength
of 1.3 m and the SMF of as low as 1.5 dB was measured. The
working distances were around 50m, much longer than those
of conventional lensed fibers made of hemispherically ended
SMF’s. Tolerances against lateral displacement, however, were
relatively small at roughly m. The new scheme is es-
pecially promising for the fabrication of fiber grating external
cavity lasers or LD modules that require high coupling effi-
ciency.
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