Analysis of cladding-mode couplings for a lensed
fiber integrated with a long-period fiber grating by
use of the beam-propagation method

Wen-Yueh Su, Gia-Wei Chern, and Lon A. Wang

The beam-propagation method (BPM) is employed to analyze the coupling behavior of our scheme
proposed previously, which combines a lensed fiber and a long-period fiber grating (LPFG) [Chen and
Wang, Appl. Opt. 39, 4490-4500 (2000)]. The influences of a core within the fiber lens are investigated.
As for the fiber dependence of our coupling scheme, two typical fibers are studied: dispersion-shifted and
single-mode, step-index fibers. With the BPM, the optimal coupling efficiencies for various source waists
with corresponding lens radii and working distances are determined. We also compare the results with
those obtained by use of the ABCD method and found that the BPM gives better agreement with

experimental results. © 2002 Optical Society of America
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1. Introduction

Efficient coupling of light from a laser diode (LD) to a
single-mode fiber (SMF) plays an important role in
optical fiber communication systems. The utiliza-
tion of a lensed fiber provides desirable features such
as being compact, stable, economical, and scalable to
array-to-array coupling.l-¢ However, optical feed-
backs from the lensed fiber end face severely affect
the operation of an LD, e.g., output power, dynamic
properties, and emission spectra, and it has been
shown that a long working distance between LD and
fiber can reduce the effective reflectivity.” Coupling
schemes with a long working distance and that use
an expanded-core fiber® or a graded-index fiber were
proposed.®-1® Recently, Chen and Wang!12 have
demonstrated a new coupling method to obtain long
working distances by utilizing a lensed fiber inte-
grated with a long-period fiber grating (LPFG). In
the scheme proposed here, light from an LD excites
the fiber cladding mode that is then transferred into
a fundamental core mode by the LPFG. Instead of
coupling by the core mode, the cladding-mode field
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has alarger numerical aperture that enables efficient
coupling at a long working distance.

An LPFG is an important all-fiber band rejection
filter.13 Resonant power transfer between core and
cladding modes takes place when the phase-
matching condition is satisfied. With a properly
chosen grating period, resonant coupling at a given
wavelength between core and specific cladding mode
can be realized. Fiber cladding modes are confined
by the cladding—air interface, and the corresponding
mode fields extend over the cladding region.’* Be-
cause of the larger cladding-mode radii, it is possible
to realize couplings with long working distances by
launching light into the cladding modes. Since the
fiber cladding modes are linearly polarized4 and
have real-valued field distributions over the trans-
verse plane, to have the larger excitation efficiency it
is necessary to introduce a lensed fiber to compensate
the curvature of the incident beam. With the prop-
erly chosen radii of the fiber lenses, coupling efficien-
cies of 78% and 35% at working distances 250 and 110
pm were demonstrated for fiber-to-fiber and LD-to-
fiber couplings, respectively.12

Although the properties of cladding-mode cou-
plings can be analyzed with the ABCD ray optics
model,!2 the effects of fiber core cannot be properly
taken into account. In this research, we use the
beam-propagation method (BPM)5.16 to investigate
the field evolution through the lensed fiber with and
without a core. The BPM is a powerful technique for
analyzing the wave propagation characteristics in a



wide variety of inhomogeneous media,'”19 including
the design of lensed fiber coupling.19:16  Through the
BPM analysis, we examine the transformation of the
electric field when the incident beam propagates into
the fiber lens. The dependence of mode excitation
efficiencies on fiber cores is also studied.

This paper is organized as follows. In Section 2,
the proposed scheme is reviewed, and the ABCD ma-
trix method is outlined. We highlight the BPM to be
employed for the analysis of the lensed fiber. A
mode-expansion method is then used to calculate the
coupling efficiency. In Section 3, the behavior of
cladding-mode coupling is found to depend signifi-
cantly on the size of the initial waist. For two ex-
emplary initial waists, we compare the results among
those obtained by the ABCD method, the BPM, and
the measured ones. We also discuss their deviations
from one another. The fiber dependence of the pro-
posed coupling scheme and the limitation of the waist
of the light source used for coupling are also studied.
Section 4 concludes this study.

2. Two Analysis Methods

The working principle of the LPFG-assisted fiber cou-
pling has been reported previously.l112 In the
scheme proposed here, the first cladding mode of an
SMF is to be optimized to have the high excitation
efficiency for an incident Gaussian beam. The ex-
cited cladding mode is then coupled to the fundamen-
tal core mode by an LPFG. To enhance the
excitation efficiency, the fiber end should be properly
shaped to compensate the curvature of the incident
beam. A simple lensed fiber is used for this pur-
pose.’l  Although the use of ABCD matrix method is
straightforward and leads to a qualitative agreement
with the experimental results for calculating cou-
pling efficiency,!? the effects of the core region, the
actual shape of fiber lens, and the radiation loss can-
not be properly considered. In the following, we
shall use the BPM to compare field evolution and
mode excitation of a fiber lens with and without a
fiber core. A mode-expansion method is then used to
calculate the excitation efficiency of the correspond-
ing modes after propagation through the lens.

A. Analytic Approach Based on the ABCD Method

A schematic coupling diagram is shown in Fig. 1. A
laser source in plane Z = Z; has the Gaussian beam
parameters of waist W; = W, and curvature R, = .
After propagation through a working distance Z_, the
beam parameters become
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where Z, = n,mW,2/\, is the Rayleigh parameter; n,
is the refractive index in region I; and A, is the oper-
ating wavelength. W, and R, are the new parame-
ters in plane Z,, i.e., the front end plane of the fiber
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Fig. 1. Schematic diagrams of the coupling scheme studied in the
text for (a) a cored fiber lens and (b) a coreless fiber lens integrated
with an LPFG. Abbreviations are defined throughout the text.

lens. At normal incidence, the composite ABCD ma-
trix after the beam propagating through the lens and
a free distance D, is
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where R, is the radius of the lens and n, is the re-
fractive index in region II. The transformed beam
parameters in plane Z5 before the LPFG then become
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Assume that the incident Gaussian beam is linearly
polarized and that the normalized electric field in
plane Z = Z; can be expressed

A N 1 12 r2 ik1r2
E;=§E;, =y w2 P\ T w2 2R, ) (6)
wherer = (x> +y is the radial distance and 2, =
ny2m/No. This field will be used in the following
mode-expansion analysis for computing the mode ex-
citation efficiency.

W3:W2

R3 = 5)
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B. Numerical Approach Based on the Wide-Angle Beam
Propagation Method

Here we apply the BPM to investigating field evolu-
tion in the fiber lens so that the effects of the finite
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cladding radius and the existence of fiber core can be
properly taken into account. Because both the core
and the cladding modes under consideration are al-
most linearly polarized,4 the electrical field with az-
imuthal order / can be expressed

E(r, ¢, 2) = §U(r, z)exp(—ikn,z)exp(ild), (7)

where n, is the properly chosen reference refractive
index and k% is the wave number in free space. In the
following, we consider a circularly symmetric guiding
structure, i.e.,n = n(r,z). The scalar field s satisfies
the following wave equation

T 5 S N, T O

9ikn, oL — S0 Y 2D -

Wl 022 or®  ror 12 (n” = n )y
= Hy, (8)

where H is the corresponding finite-difference ma-
trix. The corresponding matrix elements can be
found in, e.g., Ref. 17 A (1, 1) Padé approximation is
used to derive the following equation®:

oy —i(H/2kn,)
9z 1+ (H/4k™2) ¥ ©

By discretizing the nonuniform guiding structure
into a stepwise one and using the finite-difference
scheme, one can integrate Eq. (9) to give

1+ ikn,Az
1+———

4,2 H)lb(z + Az) =

1+ 1—-ikn,Az H 10
4k2na2 P(z). (10)
With the initial condition {i(z = Z,) = E,, the field
evolution through the fiber lens can thus be obtained.
Since the field under consideration has a wide exten-
sion along the radial distance, to prevent artificial
reflections from the window boundary, it is necessary
to employ a transparent boundary condition.2°
Again, let E; be the field after propagating through
the lens and the mode-expansion method be used to
calculate the excitation efficiency. The guided
modes with circular symmetry are the LP,, modes,
with m = 1 corresponding to the core mode and m >
1 corresponding to cladding modes. Let e, be the
LP,,, mode field that is normalized to carry 1-W op-
tical power. With the orthogonality relation, the
field E5 can be expanded as

E3 = E EOm + Erad = E ameOm + Erada (11)

where E,,, is the field projection in mode LP,,, and
E,.q represents the unconfined radiation modes.
The excitation efficiency of mode LP,),, is the ratio of
power carried by this mode to the incident power.
By normalizing the incident field E, to carry power 1
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W, the overall excitation efficiency of mode LP,,, is
then given by

Nom = ‘jj E3 : e?;mdA

The total coupling efficiency at wavelength \ can thus
be expressed with the excitation efficiencies and the
transmission of the LPFG as

2

= |a,|% (12)
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(13)

where T,;(\) is the self-transmission of core mode
through LPFG at wavelength N and T,,,_.;(\) for
m = 2,3, ...1s the cross transmission of LPFG from
cladding mode LP,,, to core mode at wavelength A.
P(\) is the spectral power distribution of source. For
a practical design, the grating period is adjusted to
obtain the resonance between the fundamental core
mode (LP,;) and the first cladding mode (LLP,,) at the
source wavelength. Assume the source beam is
monochromatic at \,, then the total coupling effi-
ciency can be approximated by

Neotal = [1 — L(Ng) IMo:1™ + L(}\o)”ﬂwd, (14)

where L(\,) is the loss of LPFG at Ay, i.e.,, L =1 —
To1 = Tpa—o1- Here we assume the resonance be-
tween the core and the first cladding modes is ideal,
i.e., the energy of the first cladding mode can be com-
pletely transferred into the core mode by an LPFG.
From Eq. (14), it can be seen that to have a large
coupling efficiency, L(\,) should be equal to 1, and the
total efficiency is the excitation efficiency of the first
cladding mode.

3. Results and Discussion

By using the BPM, one can study in detail the trans-
formation of the electric field within the fiber lens.
In the following, therefore, we shall first compare the
field evolution within a fiber lens with and without a
core. Specifically, we shall use the BPM to investi-
gate the influences of the existence of a core on mode
excitations and coupling efficiencies. Then we shall
study the effects of a core region on the coupling
behavior. For the fiber dependence of our coupling
scheme, two typical fibers are considered, one is the
standard SMF with step-index (SI) profile, and the
other is a dispersion-shifted fiber (DSF), as used in
our experiment. We also study the dependence of
coupling efficiency on the initial waist of source.
The results with the BPM are compared with those
from the ABCD method and from the experiment
reported previously.'>2 Note that two kinds of light
sources are used. The first is for fiber-to-fiber cou-
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Fig. 2. Evolution of a Gaussian beam through (a) the coreless lens

and (b) the cored lens from the source beam with an initial waist
of 3.25 pm and at a working distance of 250 pm.

pling, which resembles a source with a large waist.
The second is for LD-to-fiber coupling in which the
source is Fabry—Perot laser diode.

A. Analysis of the Coupling Scheme

Two types of fiber lens structures with and without a
core, as shown in Fig. 1, are considered. The source
wavelength is 1.56 pm. To study the effects of the
coupling behavior on the beam waists, we consider
two beam waists 3.25 and 1 pum, exemplifying large
and small waists, respectively. The radii of the fiber
lens are R, = 120 pm for coupling the 3.25-pm-waist
source and R, = 75 pum for the 1-pm-waist source.
The numerical window size in the BPM simulation is
300 pm, and the number of grids is 1000, correspond-
ingtoa Ar = 0.3 um. The step size (Az) ranges from
0.025 to 0.2 wm from the consideration of required
accuracy and numerical stability. The evolution of
the field amplitude through the fiber lens is shown in
Fig. 2 for the coupling of the 3.25-pum-waist source.
The working distance Z, is 250 pm, and the step size
is chosen to be Az = 0.025 pm. Figure 2(a) shows
the transformation of an incident Gaussian beam in a
coreless lens, whereas Fig. 2(b) corresponds to a cored
DSF lens. Since the divergence angle of the Gauss-
ian beam from the source is small (~8.75° in half-
angle), there is not much beam truncation owing to
the finite lens size. For the coreless case as shown in
Fig. 2(a), the transformation of the incident Gaussian
beam should be close to that simulated by use of the
ABCD method, which will be illustrated [see Fig. 5(a)
below]. Because of the small amplitude at the clad-
ding boundaries, the reflection from the cladding—air
interface is not significant. However, the multiple
reflection of field at the core—cladding interface in-
duces a central peak in the core region as shown in
Fig. 2(b). At the end of the cored-fiber lens, the field
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Fig. 3. Evolution of a Gaussian beam through (a) the coreless lens

and (b) the cored lens from the source beam with an initial waist
of 1 pm and at a working distance of 160 pm.

amplitude has a narrow peak in the central part and
adipatr = =6.6 pm. By projecting the transformed
field in the various guided modes, the field is found to
be composed mainly of modes ~8.6% LP,; and ~83%
LPys.

Figure 3 shows the corresponding field evolution
through a fiber lens for the coupling of the small-
waist source. The coreless case is shown in Fig. 3(a),
whereas the case with a DSF core is shown in Fig.
3(b). The working distance Z, is 160 pm and the
step size is set the same as that in Fig. 2. Since the
divergence angle of the source is ~28.45° in half-
angle and the incident beam size is large compared
with the lens diameter, the amplitude of electric field
at the cladding—air interface is still large and will be
reflected. It can be seen from Fig. 3 that the incident
Gaussian beam is truncated by the lens boundary
and that partial energy is reflected from the
cladding—air interface. The reflected field then in-
terferes with the outgoing components. This inter-
ference causes an oscillation in the dependence of
coupling efficiency on the working distance [see Fig.
5(b) below]. In Fig. 3(b), an extra peak results in the
central region owing to the existence of a DSF core.

Since the coupling efficiency depends on the exci-
tation efficiencies of the core (LP,;) and the first clad-
ding (LP,,;) modes, it would be useful to study the
evolution of fraction of power in local guiding modes
(LPy; and LPy,) of the lens with a DSF core. The
local guiding structure has a cladding radius defined
by R(z) = [Rf2 — (R — 2)2]"/2, and the local modes are
solved from the corresponding local guiding structure
by use of the finite-difference method. In Fig. 4, we
show the evolution of coupled power in local modes
for the coupling from 3.25- and 1-pm-waist sources.
In both cases, the fraction of power in the local core
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Fig. 4. Fraction of power in local modes LP), and LP,, as a
function of the propagation distance inside lens. The zero point of
the propagation distance corresponds to the entrance of lens.

mode is small (less than 0.1) and remains nearly a
constant as the field propagates inside the lens. On
the other hand, the fraction of power in local cladding
mode increases monotonically and saturates at dis-
tances greater than 30 pm. The coupled fractional
power in the local mode LP,, saturates at ~83% for
coupling the 3.25-pm-waist and ~31% for the 1-pm-
waist sources.

The calculated coupling efficiency versus the work-
ing distance for couplings from a 3.25-pm-waist
source, obtained with Eq. (14), is shown in Fig. 5(a).
When an ideal transmission LPFG is used, the cou-
pling efficiency is equal to the excitation efficiency of
the cladding mode LP,,. Three curves are shown in
Fig. 5(a), corresponding to the results simulated with
and without a fiber core by the BPM and by the ABCD
method. The maximum coupling efficiencies are
found to be approximately 83%, 84%, and 86% at Z, =
250 pm. The estimated corresponding longitudinal
tolerances at a 1-dB loss are found to be approxi-
mately 60 pm for all the three cases. Similar cou-
pling behaviors for a lensed fiber with and without a
core indicates that the proposed scheme does not de-
pend on the existence of a core. Although the field
evolution is significantly influenced by the existence
of the fiber core, as shown in Figs. 2 and 3, the
cladding-mode excitation efficiency is insensitive to
the existence of the core. This can be understood as
follows. Let Efva) and E;b) be the transformed electric
fields for the lens structure with and without the core,
respectively, in glane Za with the same input field.
For example, E\* and E|” are fields in Figs. 2(a) and
2(b) at the propagatlon distance of 220 pm. The
extra field due to the presence of core is the difference
of these two fields, i.e., E 4 = E E(“) In Fig. 6,
we show the amphtude of the difference field E i
and the phase is shown in the inset. The projections
of this difference field into LP,; and LP,, modes are
0.96 and 0.0007, respectively. It means that the dif-
ference field is quite similar to the core mode and
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Fig. 5. Calculated coupling efficiencies versus the working dis-
tance by use of the BPM (cored and coreless lens) and by use of the
ABCD method for couplings from the source (a) with an initial
waist of 3.25 pm and (b) with an initial waist of 1 pm.

almost orthogonal to the first cladding mode. The
small overlapping with the cladding mode LP, indi-
cates that the extra field induced by a core contrib-
utes negligibly to the coupling efficiency, because the
proposed coupling scheme is dominated by the first
cladding-mode excitations. The calculated coupling
efficiency by the BPM is also close to the result of the
ABCD method. For the case of large-waist source,
therefore, the coupling efficiency can well be simu-
lated with the ABCD method.

Figure 5(b) shows the coupling efficiencies versus
the working distance for coupling a 1-pm-waist
source. The maximum coupling efficiencies are
found to be approximately 31%, 33%, and 41% at
Z, = 160 pm for the cored-lens, the coreless lens
(from the BPM), and the ABCD method, respec-
tively, and the estimated corresponding longitudi-
nal tolerances at a 1-dB loss are found to be
approximately 30, 35, and 20 pm, respectively.
For small-waist sources, the divergence angle of the
beam is large. Significant reflection occurs at the
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cladding—air interface and manifests itself in an
oscillating behavior in the coupling efficiency over
the working distance owing to interference. Note
that such an effect cannot be taken care of properly
by use of the ABCD method.

Figure 7(a) shows the calculated coupling efficien-
cies versus the working distances for fiber-to-fiber
coupling, and the measured data taken from the pre-
vious work!®-12 are included. The source beam waist
is chosen to be 3.25 pm, corresponding to the beam
waist of the core mode, and the lens radius is 120 pm.
The maximum coupling efficiency is ~78% at a work-
ing distance of 250 wm, and the coupling efficiency
has alongitudinal tolerance of ~60 pm at a 1-dB loss.
The measured coupling efficiencies are larger than
the calculated ones in the short working distance,
which can be attributed to the reduced transmission
loss of LPFG. The excited energy in LP,; mode is
relatively large in short working distances. From
Eq. (14), when L()\,) is not equal to 1, both core (LP;)
and first cladding (LP,,) modes contribute to the cou-
pling efficiency. As a result, the measured coupling
efficiencies are larger. The possible reasons for the
reduced transmission loss are the wavelength mis-
match and the induced bending that also causes the
resonant peak of the LPFG to shift during the assem-
bly of the LPFG. Figure 7(b) shows the calculated
coupling efficiencies versus the working distances for
LD-to-fiber coupling with a lens radius of 75 pm.
The previous reported data are included for compar-
ison.1112 The maximum coupling efficiency is ~26%
at a working distance of 160 pm for LD-to-fiber cou-
pling, and the coupling efficiency has a longitudinal
tolerance of ~50 pm at a 1-dB loss. The LD’s beam
profile has an ellipticity of 2.5 and the near-field
beam waists are estimated to be 0.71 and 1.78 pum in
the vertical and the parallel directions, respectively.
For a general noncircularly symmetric input beam,
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Fig. 7. Measured coupling efficiencies versus the working dis-
tance for (a) fiber-to-fiber coupling, where W, = 3.25 pm with a
lens radius of 120 pm and (b) LD-to-fiber coupling, where W, =
1.78 pm and W,, = 0.71 pm with a lens radius of 75 pm. The
results are also compared with the calculated ones by use of the
BPM and by use of the ABCD method.

we may expand the field into summation of different
azimuthal orders,

E= > E exp(ild), (15)

1=0,1,2,. ..

where the /th component is given by the Fourier for-
mula. Since the guiding structure of lensed fiber is
circularly symmetric, it conserves the angular mo-
mentum of the incident beam. Consequently, each
azimuthal order propagates independently. Be-
cause the cladding modes under consideration have
[ = 0, higher-order components cannot excite these
guided modes. Here, we use the BPM with / = 0 to
study the transformation of the zeroth-order compo-
nent of the elliptical beam. But in the ABCD
method the elliptical source is dealt with directly.
The calculated maximum coupling efficiencies are ap-
proximately 32% and 43% at Z, = 165 pm with the
BPM and the ABCD method, respectively, and the
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estimated corresponding longitudinal tolerances are
approximately 30 and 20 pm, respectively. The
measured coupling efficiencies in the short working
distance are larger than the calculated ones for the
same reason as described above. With the use of the
BPM, the oscillating behavior in the calculated cou-
pling efficiency over the working distance is attrib-
uted to the effect of the lens boundary as proved
previously.

B. Fiber Dependence

Two fibers are considered: SMF and DSF. As dis-
cussed previously, the transmission loss of LPFG
should be equal to 1 for the best coupling. From the
coupled-mode theory, the transmission loss at reso-
nance wavelength can be expressed

L =1 — cos*(Keoatl), (16)

where [, is the length of LPFG and k., is the cou-
pling constant that has the following form,4

(,l)soAng
Keo-el = 2

f neBos + Eg*dA, a7
A

co

where n, is the refractive index of the fiber core and
An, is the index difference of the grating. Figure 8
shows the calculated coupling efficiencies versus the
working distance for couplings from the 3.25-pm-
waist source. The parameters used for calculation
are the same as before. The inset shows the calcu-
lated electric field E, for the first cladding modes
(LPy,) of a DSF and an SI-SMF. With the field dis-
tributions of modes LP,; and LP,,, the coupling con-
stants k,_.; of the two kinds of fibers can be calculated
with Eq. (17). Ifitis assumed that the photoinduced
An, is the same for both fibers, the coupling constant
of DSF is ~3.6 times that of a SI fiber, which explains
why the transmission loss of the first cladding mode
of an SI-SMF is relatively small.
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Assuming the same coupling constant, we compare
the calculated coupling efficiency of a DSF to that of
an Sl-index SMF. The optimal working distance for
the maximum coupling efficiency is at 250 wm, and
the coupling efficiencies of a DSF are larger than
those of an SI-SMF for all working distances with the
maximum efficiencies of ~83% and ~79% for the
DSF and the SI-SMF, respectively. The longitudi-
nal tolerance are of ~60 pm for a DSF and ~40 pm
for an SI-SMF-.

C. Source-Waist Dependence

The initial waist of the source seriously affects the
characteristics of the proposed coupling scheme, as is
clearly demonstrated in previous sections. In this
section, we shall investigate the dependence of opti-
mal coupling efficiency on source waists. The opti-
mal coupling takes place when the incident beam
curvature is compensated by the lens,’2 and the
transformed electric field can be expressed as E; =
exp(—r?/W3%). The optimal beam waist for maxi-
mum overlapping with the LP,, cladding mode is
W; opt = 33.5 pum, which gives a coupling efficiency of
88%. When the initial waist of the source W, and
the optimal transformed field waist W3, are given,
the optimal working distance Z, can be determined
from Eq. (4) and the optimal lens radius R, from Eq.
(5). In Fig. 9, we show the calculated optimal effi-
ciencies versus the beam waists by use of the BPM
and the ABCD method. The corresponding optimal
conditions of the lens radius and the working dis-
tance versus the beam waists by use of the BPM and
the ABCD method are shown in Fig. 10. Two mea-
sured coupling efficiencies and their optimal condi-
tions corresponding to the LD-to-fiber coupling and
the fiber-to-fiber coupling1-12 are also included in the
figures. The optimal measured efficiency for the
LD-to-fiber coupling is 35% for a 50-pm lens radius
and a 110-pm working distance. For the fiber-to-
fiber coupling, the optimal measured efficiency is 78%
for a 120-pm lens radius and a 250-pm working dis-
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Fig. 10. Calculated and measured optimal conditions of (a) the
lens radius (R,) and (b) the working distance (Z) versus the beam
waist. The measured one in the figures denoted as (@) is the case
of LD-to-fiber coupling, and (m) is the case of fiber-to-fiber coupling.

tance. In Fig. 9, the optimal efficiency is a constant
of ~88% for beam waists from 1 to 4.5 pm, with the
ABCD method. However, the optimal coupling effi-
ciency calculated from the BPM is only 40% for the
source waist of 1 pm, and it monotonically increases
with the waist and is saturated ~87% for the waist
beyond 4 pm. With consideration of the finite aper-
ture of a lensed fiber and of beam truncation, the
simulated results based on the BPM are more con-
sistent with the measured ones.

4. Conclusion

The BPM has been applied to the analysis of beam
evolution through the fiber lens in the coupling
scheme reported previously.11-12  Since the effects of
lens boundary and core cannot be properly accounted
for in the ABCD method, the BPM is considered a
better approach for the analysis. We consider two
kinds of waist sizes 1-um for the small-waist source
and 3.25-pm for the large-waist source. From the
BPM simulation, because of the large divergence an-
gle, the incident beam from a small-waist source is
truncated by the lens boundary, and partial energy is
reflected from the interface. The reflected field then
causes the oscillation of the coupling efficiency over
the working distance. However, for the large-waist
source, this effect is not significant. In addition, the

existence of a fiber core has no significant effect on
the coupling efficiency for the large- and the small-
waist sources. Note for the large-waist source, effi-
ciencies can reach as much as ~83% and 84% for the
cored and coreless lenses, respectively. Also by our
comparing the results from the BPM, the ABCD
method is found quite applicable to such analysis if
the source has a large waist.

The calculated coupling efficiencies versus working
distances are compared with the experiment results,
and an overall agreement is obtained. As for the
fiber dependence of our coupling scheme, the coupling
constant k., of a DSF is larger than that of an
SI-SMF, which explains why the transmission loss of
the first cladding mode of an SI-SMF, is small. By
studying the coupling behavior of two kinds of fibers,
it was found that the longitudinal tolerance for a DSF
is also larger. The dependence of optimal coupling
efficiencies on source beam waists shows that the
BPM is more consistent with the measured efficien-
cies and that the larger beam waist would lead to a
better optimal coupling efficiency.
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