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

Kazuo ShiraishiMember, IEEE, Member, OSAnd Shin-lchi 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 Gl-fiber tips having different focusing parameters.
The measured net coupling loss between a laser diode operating - \

Hemispherically-ended SMF
coreless fiber (Expanded-core fiber)

at a wavelength of 1.3um 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.

Coreless fiber GIF SMF

. INTRODUCTION

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 b
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 Hemispherically-ended
LD and SMF—is required so that no contact occurs between GIF SMF
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 190n were reported as schematicallx;ig. 1. Coupling between the LD and the SMF by lensed fibers employing (a) a
illustrated in Fig. 1(a) and (b) [14], [15]. In the literature, theoreless fiber and an expanded-core fiber, (b) a coreless fiber and a graded-index
influence of light reflection from the lensed-fiber endface®er (GIF) tip, and (c) a hemispherically-ended GIF.
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 applicatiofsbeing as short as the values of the radii. Another approach
for low-cost arrayed Coup”ng Schemesy but much lower |Oss@@t satisfies the first condition with a reasonable Working
are required in light-source modules that are used for fibdistance is to employ a hemispherically ended graded-index
amplifiers and fiber-grating lasers. fiber (GIF) as schematically illustrated in Fig. 1(c), which
To obtain lower coupling losses, the lensed fiber shoufables a long working distance of 4&n [8]. In this case,
have 1) a numerical aperture (NA) as high as that of the LD hewever, the second condition is not satisfied, and thus the
the input end and 2) an NA as low as that of the SMF at teeasured coupling loss is still relatively high (4 dB).
output end. The previously proposed configurations, Fig. 1(a)!n the present paper, a new configuration is proposed for a
and (b), satisfy the second condition, but not the first onlensed fiber that satisfies the above two conditions simultane-
In conventional lensed fibers, hemispherically-ended SMFusly. Simple formulas for designing the new structure are pre-
small (5-15:m) hemispherical radii are employed to satisfpented. The low-loss and long working-distance characteristics
the first condition, and thus the working distances are restricteithe proposed configuration are experimentally verified.
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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. 40 . : — : :
The configuration of the previously proposed lensed fiber 2720

schematically illustrated in Fig. 3(a). Calculated ray trajectt [ /'/’_ _1§°__~\-\ D=50um

ries in the fiber and radial position as a function of h&'; 20 Vel 10° ‘\‘\‘ R=75pm

length(L,) are shown in Fig. 3(b), in which the emission angl
6 of the ray at the LD endface is used as a parameter. Typi
values are assumed for structural parameters: working dista
D = 50 um, radius of hemispher& = 75 um, and refrac-
tive index of fiber cladding: = 1.45. The specific core ra-
dius is defined ast,; = a1(24;)7Y% = 200 pm, wherea;

Position [um]
<

is the core radius angh; the relative-index difference of the  -20 R e
GIF.. The inverse ot4, is the so-called focusing parameter i \ N A5
and standard GIF's used in fiber-communication networks ha L2000

i . ) ) ) A ] )
Ay of approximately 20Q:m. It can be seen that rays are fo 40§ 5 5 == =5 000

cused on the fiber axis near the fiber lengthlgf = 500 pm.

The figure shows that the lensed GIF has a higher effective I
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 &gl |,
and the positiorh of the ray at the SMF endface, is shown ir
Fig. 3(c), in which the emission angteis plotted for every 1
degree. Owing to the strong focusing property of @i’ , the
input angle|¢| increases rapidly as the andgléncreases, while
h changes slightly. Rays that are coupled to the SMF should s
isfy the conditions thak and¢ are less than specific set values
The conditions for a standard SMF operating at a wavelength
A = 1.3 ym are indicated by the rectangular (dot-dashed) r
gion. In this case, most of the rays emitted from the LD will nc £ o '
satisfy the conditions. The figure shows that emitted rays fro -5 0 / N =

Propagation distance in GIF, [um]

(b)

osition : 2 [um]

the LD with |#] > 9° can not be guided in the SMF, meaning SMF limit

that the coupling loss will be high. The focusing property show

that a low output NA in addition to a high-input NA is required , L N . ! .

for the low-loss coupling system. -10 - 0 5 10
It can be seen from Fig. 3(b) that there is a specific axial pt Angle : ¢ [deg.]

sition (L; of approx. 200:m) where rays are almost parallel ©
to the fiber axis. This suggests that the anfglecan be de-
creased by splicing another GIF that has a low focusing propg. 3. Focusing properties of lensed fiber employing a single tip of GIF.
erty at this position, as schematically illustrated in Fig. 4(aff) Definition of various parameters, (b) ray trajectories in@i¢',, and (c)

fi h frect of this NA . traiectori haracteristics of the positiol versus input angle of the ray at the input
To confirm t _e ettect or this Conver5|pn, rgy rajeg Orle\3,_nd of the SMF are shown as a function of the ray emerging ahgtpen
and the focusing property of the new configuration are investiquares) at the LD surface. The rectangular region indicated by the dot-dashed
gated. Because input angles of rays against the fiber axis of lR@ represents the domain for specific valuesiaddnd¢ for a standard SMF

. . . . operating at a wavelength af = 1.3 pm.

GIF, are approximately Q the fiber length is required to be
a quarter-pitch length to focus the rays on the axis. The length
is given byr A, /2 [17]. If the specific core radius of th@IF, scheme, indicating that rays are focused toward the fiber axis
is assumed ad,, = 500 pum, then the length of the fibek, with grazing angles. As a result, most of the rays are in the
becomes 78%:m. Fig. 4(b) shows ray trajectories in the newSMF limit as shown in Fig. 4(c). The figure shows that all rays
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I1l. DESIGN 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

40 T ' . ;
i ~.\el=20° ' ' D=50um 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 dag, ), hemispher-
) ically-endedGIF; (M), and theGIF, (M,) are, respectively,
= given by
=}
2 1 D
E - Mo = {0 1 } (1)
—GIF, GIF,
20 -
Ag, ! _ _ cosy1 Agysiny 1 0
L =200“m g Agz—SOOMm Ml = [_ﬁ Sin " COS Y1 _I_]%anl % (2)
40 s 1 L ] L ] L ]
0 200 400 600 800 1000
Propagation distance in GIF's [um] COS Y2 Ago sinys
My=|_ 1 sin v Cos Y2 ®)
(b) Aoz
wherer is the refractive index of the fiber, angd and-~, are
defined by
10
r L,
L,=785um v =—-— (4)
; i Ag1
T o T
E B —i~ Ly
= | . | 2= (5)
: o g2
= | el 10 20 . _ .
£ 0 - 10 4 According to Kogelnik'sABC D law [18], [19], the spot size
2 1 i | and the curvature of an equiphase surface at any position can
& S, be easily obtained from the matrices. The ray maitiy at the
-5t SMF limit '9\/ . output end of thezIF; is given by
_ A B
| | | | Mg = M1 My = |:Cl DJ (6)
195 5 0 10
where
Angle : ¢ [deg.]
Ay =cosvy — Ap(n = 1) siny; (7
(© nR
Fig. 4. Focusing properties of the new lensed fiber employing a pair of GIF
tips. (a) Definition of various parameters, (b) ray trajectories inGii€'; and A 1(71 _ ) L
GIF,, and (c) characteristics of the positibrversus input angle of the ray B =D {COS v = g sin ’71} + 29 gin v (8)
at the input end of the SMF are shown as a function of the ray emerging angle nk n
6 (open circles) at the LD surface. The rectangular region represents the SMF
limits as described in Fig. 3.
1 . n—1
Cy = — sy = cos Y1 (9)
emitted from the LD withd| < 23° can be guided in the SMF, gt
suggesting that coupling losses will be low. In contrast to the
previous lensed fibers, the new scheme has a low-output NA inD _pl- Lt g _n— n 1 (10)
addition to high-input NA. L= et R ‘M) T o8
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The radial positiorh and the angle of the ray in theGIF; are
given by utilizing the matrix as follows:

Bt

0 B0

(11)

0 D16
The specific position where rays become pardlfe:= 0) to the
fiber axis is given by puttind>; = 0, namely:
— A 1 1 n—1
leAgltan 1{79 <5— R )} (12)

GIF; length L; is obtained as 21%m whenD = 50 um,
R =75pum,n =1.45,andA4, = 200 um. The length obtained
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300 500 1000 1560

Propagation distance in GIF's [um]

here agrees with that deduced from the ray trajectory. A simg..

and explicit formula for th&sIF,

Iength has thus been Obtalneq:ig. 5. Calculated spot size and curvature of the equiphase surface of the

while there will be a minute error owing to the fact that th@ropagating beam along the axis of the lensed fiber.
ray-matrix theory used is based on a paraxial approximation.

Because thézIF, serves to reduce the spot size, the inpuhe LD focuses at the SMF endface with a matching spot size

spot sizew; ), namely the output spot size of thdF;, has to be

and flat equiphase surface.

reduced to that of the SMEwsnr), where the spot size means

spot radius defined at/c? of the maximum of the intensity.

B. Numerical Approach Based on the BPM

There is a simple relation between the input and output spotro confirm the accuracy of (12), the optimum lengthit;

sizes in a quarter-pitch length 6flF- as follows [17]:

A

WIWSMF = %Agz (13)

The spot sizev; can be expressed by using components of t

ray matrix(Mio) as

2 (g)waDA%‘FB%
1

(%)Qw%D

w (14)

is investigated numerically by making use of the BPM. The
same parameters as in the previous section are assumgd:

1 pm, wspr = 5 pm, A = 1.32 pm,n = 1.45, D = 50 um,

R ="75pum,andA4,; = 200 um. Not the value o4, itself, but

both the core radius and the relative-index difference have to be

he

given specifically in the BPM simulation. Considering realistic
values, the following specific parameters@ft'; are assumed:

Ay = 2% anda; = 40 zm. 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

wherewr p is the spot size of the beam at the LD endface. Frogate calculated by using the BPM. The equiphase surface of the

(13) and (14), the specific core radius of @&k, is given by

e)

) wipA3 + B2

WSMF

Agp=n (15)

wLD
Because th&IF, has a quarter-pitch length, its length is
given by

71'Ag2
2
As aresult, structural parametdrs, A ., andL, are obtained

Ly = (16)

propagating beam in thélF; becomes flat at the specific posi-
tion, which gives the lengtli; . The obtained.; was 217m,
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-

explicitly. In the design of the coupling scheme, parametessimed as 250and 19.5, respectively [15], which correspond

A,n, D, R, and A, are assumed first, and thén, A,», and
L, are automatically determined.

to a spot size at the LD surface bfl x 1.4 ym?.
Before finding optimum structural parameters, an example of

Fig. 5 shows calculated spot size and curvature of tlalculated field distributions at specific points along the axis of
equiphase surface of the light beam as a function of tiiee new lensed fiber is presented. Similar to the previous BPM
propagation distance along the fiber axis. The cross-sectiosmhulation, the diffraction field ab = 50 xm from the LD at
beam profile at the LD is assumed to be circular-symmetrhbe lensed fiber endface was obtained analytically, and its inten-

for simplicity. Parametersur.p
A =13 pum, n 1.45, D

1 pm, wspqre = 5 pum,
50 um, R = 75 pm, and

sity and equiphase surface distributions are shown in Fig. 6(a).
The surface distribution is expressed by resetting the magni-

Ag1 = 200 ym are assumed, and hence the other paramettrde to zero when the value of the phase exceeds eery

are deduced as followsl; = 219 pm, Ay = 788 pum, and

It can be seen that the equiphase surface is extremely curved.

L, = 1238 um. It can be seen that the light beam emitted fromihe following structural parameters of tkidF; are assumed:



SHIRAISHI AND KUROO: A NEW LENSED-FIBER CONFIGURATION EMPLOYING CASCADED GI-FIBER CHIPS 791

125um &

- —
/IZSum

Intensity

/125um
Intensity Equi-phase surface

(b

125ume

125 —

Intensity Equi-phase surface
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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 i of dinel (c) the
output end of thezIF,.

n =145, R = 60 um, a; = 35 um, andA; = 2%, which cor- pm, and the length of th&lF, is determined as 638m from
respond tad,; = 175 um. The curved surface has been flat¢16). In the simulation of the beam propagation in@i¢’,, spe-
tened, except for regions of negligibly small amplitudes, afteific structural parameters af, = 50 xm andA; = 0.758%

the beam propagates through &', uptol,; = 171 pm as are assumed. The spot size of the beam at the output end of the
shown in Fig. 6(b). The spot diameter at the point is roughly thelF'; has been reduced to match that of the SMF as shown in
same as that at the input end. By making use of the spot skig. 6(c). The equiphase surface is almost flat within the area
of the beam at this point, the parametgp is determined from where the intensity is of meaningful magnitude. In this case,
(13) so that the spot size at the output end of i€, fits that the coupling loss between the LD and SMF is calculated to be
of the SMF wsvr = 5 #m). The parameted,, is thus 406 0.55 dB.
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Fig. 7. Calculated coupling losses as a function of the core radigsdef for . L . )
va?ious values of hemis%he%ical radii. Fig. 8. The refractive-index distribution of tlielF,. The best-fit square-law

profile is shown by the dashed line.

TABLE |
STRUCTURAL PARAMETERS OF THE FIBERS |<—GIF1 + GIF ﬁISMF
USED IN THE EXPERIMENTS THE FIGURE IN PARENTHESESREPRESENTS THE
EQUIVALENT CORE RADIUS OBTAINED BY FITTING THE INDEX PROFILE WITH

—

THE SQUARE-LAW ONE (
Fiber Core radius Relative-index Specific core
a fum] difference 4 [%)] radius A4 [um] PR
100pum
GIF, 31.3 1.96 158
@
GIF; 50.0 (40.3) 048 416
SMF 4.0 7 0.34 (step index)
k—GIF, >k GIF, —>|SMF
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
GIF4, and thusA; as high as 2% is assumed. The working >
distance is fixed at the relatively large value of pth in the 100pm
analyzes to simplify the discussions. Fig. 7 shows calculated (b)

coupling losses as a function of the core radius ofGhE, for _ _ _

. | f hemispherical radii In the calculation. the Fig.9. Microphotographs of the fabricated lensed fibers whose endfaces were
various values or hemisp . , formed to hemispheric profiles by (a) arc discharge (Sample A) and (b) grinding
parameterd o, specificallyA,, was used as a variable paramand polishing (Sample B) processes. To display the interfaces more clearly, the
eter that changes according to Eq. (13). The loss increment $apple was immersed in water, and photographs were taken under out-of-focus

L cor*ditions.
the small core radius is due to the decrement of the aperture’ o
the GIF;. It can be seen that lower losses are expected around TABLE I
ap = 25 pim atR_ =45 pmora; =45 pum atr = 60 pm. STRUCTURAL PARAMETERS AND MINIMUM COUPLING LOSSES OF THE
Generally speaking, the core radius= 40 to 50 xm, namely FABRICATED LENSED FIBERS
Ag1 = 220 um for Ay = 2% is preferable folR > 60 yum. _
Low coupling losses of less than 0.5 dB with the long workin “g, - R L L, D Loss
distance ofD = 50 um would be expected in the new lense [pm] [wm] [um] {um] [dB]
fiber. It is noteworthy that the residual loss is mainly due t
truncation of the Gaussian field by finite core radii of GIF's.

73 7 175 655 40 18

B 60 - 118 653 51 1.9

IV. EXPERIMENTS

Structural parameters of the fibers used in the experiments
are listed in Table I. All fibers have a diameter of 12:. The fiber was made by the MCVD method, and the refrac-
Due to restrictions of commercial availability, the core radiuve-index distribution follows the square-law profile with no
of the GIF; is smaller than the optimum one (45 to bfn). index dip at the center of the core. The index profilet',
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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 conventifilmed lensed
made of hemispherically ended SMF and the previously presented lensed fiber are shown for comparison. The dotted lines represent the cdioglitesbsoup

that was made by the VAD method, however, is significantly de- TABLE I
formed as shown in Fig. 8, in which the profile around the cent% MEASURED TOLERANCES AGAINST LATERAL DISPLACEMENT IN THE
IRECTIONS OFVERTICAL (PERPENDICULAR) AND HORIZONTAL (PARALLEL)

and the region near the core-cladding interface differs from the TO THE JUNCTION PLANE OF THE LD
square-law profile. Thus the parametgy, (=416 pm) of the ,
fiber was determined by fitting the square-law profile to the re.

one. The best-fit profile is obtained for an equivalent core radii  S2mPle vertical {pm] horizontal [um]
of ay = 40._3 »#m, as shown py the dashed line. - A +0.49 +053
The basic process of fabricating the new lensed fiber is mu 7 .
the same as reported before [15]. A quarter-pitch leng@lot, B +0.49 - £0.52
and theGIF; were sequentially spliced to an SMF. The fibe . :
Conventional +0.65 +0.80

lengths were determined according to the theory discussec
the previous chapter. Two methods were employed to form previous work £1.07 +1.05
hemispherical shape at the end of ¢hi¢'; , 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 endfaceutput end of the SMF. Thus, the net coupling losses of the
Fig. 9(a) and (b) shows microphotographs of Samples A atehsed fibers are lower than the measured ones by approximately
B, respectively. The refractive-index profile GfiF'; in Sample 0.3 dB, confirming that the new lensed fiber has high coupling
A is significantly deformed due to the melting process. Struefficiency. Itis also noteworthy that losses would be decreased if
tural parameters of fabricated lensed fibers are summarizedtie GIF; had an ideal square-law index distribution. Coupling
Table 11, in which typical measured characteristics that will blesses of Samples A and B calculated by using the BPM are
discussed later are also included. shown by the dotted lines for comparison. To simplify the cal-
Coupling characteristics between the LD and the SMF acelation, a nondeformed index profile at the melted end of the
measured as a function of the working distance as shownGil; of Sample B, an Gaussian field with a noncircular pro-
Fig. 10. The LD was the same as that used in the previous wdite at the LD endface, and the ideal square-law index profile
[15]. The minimum coupling loss of Sample A is 1.8 dB abf GIF5 chips were assumed. It can be seen that the calculated
D = 40 ym, and that of Sample B is 1.9 dB Bt = 51 um. In  curves are in rough agreement with the measured ones; the dis-
spite of the index deformation, Sample A has a low couplingrepancy is ascribed to the above assumptions.
loss. This is attributed to the fact that the index deformation To clarify the difference between the proposed and conven-
within a short propagation distance do not effect on the fiettbnal configurations, measurements were also taken of the
intensity distribution but on the phase distribution. Deviatioooupling characteristics of a commercially available lensed
of the phase distribution from the optimum one can be corfiber, a hemispherically ended SMF, and the previously pro-
pensated by changing the length of th&";. Measured losses posed one as shown in the same figure. It can be seen that the
include reflection losses at the hemispherical endface and tlev scheme has lowest losses with relatively long working
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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 IlI, im3]
which tolerances in conventional schemes are also listed for
comparison. It can be seen that the tolerance of the new scherpg,
is roughly40.5 xm, 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 aigs,
within acceptable values for practical active-alignment [20].

V. CONCLUSION [16]

A new lensed fiber structure has been proposed. The new
scheme utilizes the hemispherically ended first Gl-fiber tip that
has a high focusing parameter followed by the second tip thdt?]
has a low focusing parameter. The relatively large hemispher-
ical radius and high NA of the first tip enable a long working [18]
distance to be achieved without decreasing the coupling effi-
ciency. The second tip serves to reduce the spot size. The
coupling loss between a laser diode operating at a wavelength
of 1.3 um and the SMF of as low as 1.5 dB was measured. Th&0]
working distances were around o8n, much longer than those
of conventional lensed fibers made of hemispherically ended
SMF'’s. Tolerances against lateral displacement, however, were
relatively small at roughly+0.5 zm. 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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