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Summary
We report the theoretical investigation of the excitation
efficiency of a laser diode to a singlemode fiber via a
hemispherical lens on the fiber tip in presence of pos
sible transverse and angular misalignments. The analy
sis takes care of the allowable aperture provided by the
hemispherical lens. By employing ABCD matrix for
refraction of paraxial rays by a hemispherical lens, we
present analytical expressions of such coupling effi
ciencies and calculate the corresponding losses invol
ving very little computations or even a pocket calcula
tor. The results seem to be useful in the design of opti
mum launch optics to get maximum coupling efficiency.

1 Introduction
Microlenses are being fabricated on the fiber tip currently
in order to maximize the source to singlemode fiber
coupling efficiency [13]. These microlenses which are
either hemispherical or conical in shape have the com
mon advantage of being selfcentred. Although the
hyperbolic lens on the fiber tip has been found to be the
most effective coupler [1—3], the easily fabricable hemis
pherical lens on the tip of the fiber is still commonly
used worldwide [1]. Estimations of coupling efficien
cies in case of laser diode to singlemode fiber excita
tion via hemispherical lens on the fiber tip have alrea
dy been reported [1,3] and these methods require most
ly cumbersome numerical integrations involving long
computational time. However, the analysis can be much
simplified if the well known ABCD matrix for refrac
tion by hemispherical lens is utilized. In fact very recent
ly a realistic method, which takes care of the allowable
aperture of the hemispherical lens and uses ABCD
matrix, has been shown to estimate the practical situa
tions excellently [4]. Now our object is to investigate
the coupling losses for the said type of coupler in pre
sence of possible transverse and angular misalignments.
Such study, which is not available in the literature to the
best of our knowledge, is important to estimate the sen
sitivity of this coupling device with respect to these two
kinds of misalignments.

tion to evaluate theoretically the coupling losses in sepa
rate cases of possible transverse offset and angular mis
match for laser diode to singlemode fiber excitation via
hemispherical lens on the fiber tip.

2 Theory
The coupling scheme to be studied is shown in Fig.l.
Our analysis contains some usual approximations [13],
namely 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. The field
\|/u of the output of the laser diode at a distance u from
the lens surface can be expressed as [5]
= exp[(x 2 /w 2 x+y 2 /w 2 y )]
(1)

where w lx and w ly are spot sizes along two perpendi
cular directions X and Y, Rt is the radius of curvature
of the wavefront from the laser source and ki is the wave
number for the incident medium.
The fundamental mode \|/f in the singlemode circular
core fiber is given by [5]
v|/f =exp[(x 2 +y 2 )/w?
where the spot size wf is approximated as [6]
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In this communication, we take care of the truncating
aperture of the hemispherical lens through which coup
ling is allowed and employ the ABCD matrix
for refrac
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Fig. 1: Schematic diagram of a laser beam emitted from the input plane
1 and refracted through a hemispherical lens onto the plane 2, the end
face of a singlemode fiber

(3)

Here 'a' is the core radius and 'Vis the normalized fre
quency given by koa (n^n^i)"2 with ko being free space
wave number and nco and η,., being refractive indices of
the core and cladding, respectively.
The hemispherical lens transformed laser field ψν on the
fiber plane 2 can be approximated as [5]
ψν = exp[(x 2 /wL+y 2 / w 2y)]
exp[jk 2 (x 2 /R 2x +y 2 /R2y)/2].

(4)

where k2 is the wave number in the lens and w2x and w2y
are lens transformed spot sizes with R2x and R2y being
corresponding radii of curvature in the X and ¾ direc
tions, respectively. Again, w2x,2y and R2x,2y can be found
in terms of w lxly and R! by utilizing the following rela
tions [4, 7]

(5)

q 2 =(Aq 1 + B)/(C q i +D)
where
l/q u = 1/R1>2  jX 0 /(nw li2 n li2 )
C οΓΐο
w 2x 2y
'
R

1

(6)

Pc=n,RL/n2.

(10)

(11)

Accordingly, the lens transmittivity factor T is
given by [1]

_ ο
T=

ij

(7)

(12)

where the lens transmission cofficient t under para
xial approximation is given by
1/2

2(n,n 2 )
t = rii+n
2

(13)

Employing (2) and (11) in (12) we obtain
T = t2[lexP(2P2/w2)].

(14)

Clearly, the corrected efficiency η will be given by

η=η0τ.

(is)

In order to obtain the coupling efficiency η, in presen
ce of transverse offset in the XY plane we assume that
the centre of the fiber is shifted to a point having coor
dinates (d^ d2) as shown in Fig.2(a).
Accordingly, the fundamental mode in the fiber can be
given by

0 Yl u

lJ[(ln)/nR L l/nj[o

n(A,DBC,)

,. —
"° JJ| Vv | 2 dxdyj]h/ f | 2 dxdy'

dr

w f = a[o.65 + 1.619/V15+2.879/V6].

A BWl dV

2

For a hemispherical lens the limiting radius pc
beyond which transmission is not allowed corre
sponds to the grazing angle of incidence and is
obtained with explanations in [1] as

^

\

ψν y'fdxdy

v|/f =exp

V d l ) 2 + (yd 2 ) 2
wf

(16)

(8)

Employing (4), (10), (15) and (16) we obtain [8]

(9)

η,=ηβχρ

where the maximum depth (d) of the lens = its radius
of curvature (RL); n = n2/ni; λ! = λο/nf, A! = A +
C, = C +
Further, the source to fiber coupling efficiency via the
hemispherical lens on the fiber tip is given by the well
known overlap integral [7]
where
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The fundamental mode of the fiber is then written as
XK f =exp[(x' 2 + y' 2 )/w 2 ].

(20)

Using (10), (15), (19) and (20) we obtain the coupling
efficiency η3 in presence of small angular mismatch θ
as below [8]

η =ηβχρ

k'e2

(21)

The analytical expressions for η, and η> thus obtained
can be employed to investigate the coupling losses for
this type of coupler in presence of said types of
misalignments.

3 Results and discussions
In order to estimate the coupling losses in presence of
possible misalignments in case of hemispherical lens on
the fiber tip, we employ parameters similar to those taken
by [3], namely a laser diode of wavelength 1.5 urn with
w lx = 0.843 urn, w,y = 0.857 urn and a singlemode fiber
of core diameter 7.3 urn with wf = 4.794 urn. Following
[3], we take the refractive index (n) and the transmis
sion coefficient (t) of the lens as 1.55 and 1, respec
tively. In this connection, it is relevant to mention that
the value of t as found from (13) is 0.9765 which is
close to unity. Also, for each radius of the hemispheri
cal lens, the value u is optimized for maximum coupling
efficiency.

(b)
Journal of Optical Communications
Fig. 2: (a) Transverse offset between the center of the fiber and the
imaged laser spot; (b) angular mismatch between the end face of the
fiber and the hemispherical lens transformed input face

'

In Fig. 2(b) we show angular misalignment of very small
angle θ between the hemispherical lens transformed
input face and the end face of the fiber. Following [8]
we can express the lens transformed laser field on the
fiber as

ψ ν =εχρ

„/2

.'2

exp
*·2÷

R 2y

exp[jk2x'6].

(19)

We present the variation of coupling loss against the
transverse misalignment in the X direction in case of
hemispherical lens on the fiber tip for three different radii
of curvature (RL) 5 urn, 6 urn and 7 urn in Figs 3 (a) and
4(a) corresponding to the planar and spherical wave
models respectively for the incident wavefront. It may
be recalled [4] that the chosen lens radii are of practical
importance since they correspond to optimum coupling.
In Figs. 3(b) and 4(b) which correspond to the same two
wave models respectively for the incident wavefront, we
represent the variation of coupling loss against the angu
lar mismatch for the same coupling system for the said
radii of curvature. It is seen from both the Figs. 3(a) and
3(b) that in absence of these two misalignments the
found coupling efficiencies in the planar wave model
for the incident wavefront are 58.85%, 66.46% and
69.36% for lens radii 5 urn, 6 urn and 7 urn, respectively
with the corresponding respective losses being 2.30 dB,
1.77 dB and 1.59 dB. Further, it is observed from both
the Figs. 4(a) and 4(b) that in absence of these two misa
lignments the coupling efficiencies in the spherical wave
model for the incident wavefront are 58.05%, 66.61%
and 68.98% for the same lens radii in order and the cor
responding losses are 2.36 dB, 1.77 dB and 1.61 dB,
respectively. These results in absence of the misalign
ments, which we have shown in our earlier work [4] to
estimate the practical situation [3] excellently are used
as reference points in our present study of coupling los
ses due to misalignments. From Figs. 3(a) and 4(a) it is
seen that for transverse misalignment of 10 urn the cou
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Fig. 3: Variation of coupling loss in the planar wave model for the incident wavefront against (a) transverse offset along X direction and (b) angu
lar mismatch for three lens radii: (I) Sum (II) 6 urn (III) 7 urn
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Fig. 4: Variation of coupling loss in the spherical wave model for the incident wave front against (a) transverse offset along X direction and (b)
angular mismatch for three lens radii (I) 5 urn (II) 6 um (ΠΙ) 7 um

pling losses are 19.02 dB, 15.09 dB and 13.42 dB in the
to transverse misalignment increases with the increase
planar wavefront model and 18.70 dB, 16.20 dB and
in lens radius. From Figs. 3(b) and 4(b) it is found that
13.01 dB in the spherical wavefront model cor
for angular misalignment of 7° the coupling losses are
responding to lens radii 5 μτη, 6 μτη and 7 μτη, respec
16.86 dB, 18.70 dB and 19.55 dB in the planar wave
tively. This clearly indicates that tolerance
with
respect
front
model and 17.19 dB, 17.9l dB and 19.85 dB in
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the spherical wavefront model for the same lens radii in
order. It is, therefore, clearly evident that tolerance with
respect to angular mismatch increases with the decrea
se in lens radii for values of angular mismatch larger
than 5° and 3° in the spherical and planar wavefront
models, respectively. It is also found that though the
hemispherical lens of radius 7 urn on the fiber tip pro
duces maximum excitation efficiency in absence of the
said two types of misalignments, the behaviour of the
lens of radius 6 urn, which corresponds to a bit less effi
ciency, is moderate with respect to the transverse offset
and a wide range of angular mismatch region. Moreover,
in the region of angular misalignment from about 2° to
5° in the spherical wavemodel and at about 3° in the pla
nar wave model, the hemispherical lens of RL= 6 urn
shows most tolerance. Finally, from the point of view
of constructional difficulties of lenses of radii more
than 6 urn on the fiber tip [3] and the above observati
ons, it becomes apparent that the hemispherical lens of
radius 6 urn is the most suitable one for such type of
coupler. Accordingly, the results should be of much
help in the study of the sensitivity of coupling via such
lenses with reference to the above kinds of misalignments
and the design of such couplers as well.

4 Conclusions
The coupling loss of laser diode to singlemode fiber
excitation via hemispherical lens on the fiber tip in pre
sence of possible transverse and angular misalignments
is investigated for lens radii which correspond to opti
mum coupling. The hemispherical lens ot radius 6 urn

is found to be the most suitable one in this regard. On
the basis of the application of ABCD matrix for hemis
pherical lens along with the considerations for its allow
able aperture for coupling, analytical formulations for
such losses are derived. The analysis is very simple and
the concerned calculations are executable even by a
pocket calculator. Such observations are useful for
designing suitable hemispherical lens on the fiber tip.
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