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coa ted to redu ce ord i n a ry ref l ecti on
losses at both facet s . The lens diam-
eter f = 3.0 mm, its length L = 
7.89 mm, and its ref ractive index
profile n(r) = no[1 - q (r/rm a x)2] ,
wh ere no = 1.5901, q = 0.04455, rm a x
= 1.5 mm. The lens is perm a n en t ly
a f f i xed to a singl e - m ode fiber wh o s e
g u i ded mode diameter (at the 1/e2

i n ten s i ty point) is 10 mm .
A co ll i m a ted Gaussian be a m ,

h aving rad ius ro (at the 1/e2 i n ten s i-
ty point) and some wavef ront aber-
ra ti on , is incident on the front facet
of the len s .F i g u re 2, top row, s h ows
c ro s s - s ecti onal plots of i n ten s i ty,
l og _ i n ten s i ty, and phase for this 
l = 1.55 mm beam arriving at the
en tra n ce facet of the GRIN len s . Th e
i n ten s i ty profile has ro = 500l,
f u ll – wi d t h – a t – h a l f – m a x i mu m – i n-
ten s i ty diameter DF W H M = √2 ln2ro
= 0.912 mm, and full - a pertu re di-
a m eter D = 2.325 mm. The Poy n t-
ing vector distri buti on (repre s en t-
ing geom etri c - optical rays) in the
c ro s s - s ecti onal plane of the beam is
com p uted , and its x-, y - , z - com po-
n ents are shown in Figs .2 ( d ) - ( f) .

Method of computation
With referen ce to Fig. 3 , we de s c ri be
a met h od of com p uting the (com-
p l ex) light amplitu de distri buti on at
the focal plane of the len s . From the
i n c i dent beam profile we derive a
l a r ge nu m ber of rays (i.e., Poy n ti n g
vectors) for su b s equ ent trac i n g
t h ro u gh the sys tem . Ray - tracing be-
gins at the en tra n ce facet of t h e
GRIN len s , and con ti nues thro u gh
the focal plane to the de s ti n a ti on
p l a n e , wh i ch is in the far field of t h e
foc u s ed spo t . No te that, a f ter tra-
versing the GRIN len s , the rays
em er ge into a hom ogen eous med i-
um of ref ractive index n = 1.5; t h i s
regi on is inten ded to simu l a te the
m ed ium of the fiber (ign oring the
s l i ght differen ce bet ween the core
and cl adding indice s ) . At the de s ti-
n a ti on plane the traced rays are
u s ed to con s tru ct the wavef ront of
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Atypical singl e - m ode silica
glass fiber has a mode prof i l e
that is well approx i m a ted by

a Gaussian be a m . At l = 1.55 mm ,t h i s
Gaussian mode has a (1/e2 i n ten s i ty )
d i a m eter of ~10 mm . One met h od of
l a u n ching light into a fiber calls for
p l acing the po l i s h ed end of the fiber
in con t act with (or in close prox i m i ty
to) the po l i s h ed end of a n o t h er (sig-
n a l - c a rrying) fiber that has a match-
ing mode prof i l e . Al tern a tively, a co-
h erent beam of l i ght may be foc u s ed
d i rect ly on to the po l i s h ed end of t h e
f i ber. If the foc u s ed spot is well
a l i gn ed with the fiber ’s core and has
the same amplitu de and phase distri b-
uti on as the fiber ’s mode prof i l e ,t h en
the launch ed mode wi ll carry the en-
ti re incident optical power into the
f i ber. In gen era l ,h owever, the foc u s ed
s pot is nei t h er perfect ly match ed to
the fiber ’s mode , n or is it com p l etely
a l i gn ed with the core . Un der these cir-
c u m s t a n ce s , on ly a certain fracti on of
the incident optical power wi ll be
l a u n ch ed into the fiber. The nu m eri c a l
va lue of this fracti on , com m on ly re-
ferred to as the coupling ef f i c i en c y,
wi ll be den o ted by h t h ro u gh o ut this
a rti cl e .

It is well - k n own that the stren g t h
of the launch ed mode may be com-
p uted by eva lu a ting the overlap inte-
gral bet ween the mode profile and the
( com p l ex) light amplitu de distri bu-
ti on that arrives at the po l i s h ed facet
of the fiber.1 - 3 The probl em of com-
p uting the coupling ef f i c i ency h i s
t hus redu ced to determining the ligh t
a m p l i tu de distri buti on immed i a tely
in front of the fiber. In what fo ll ows ,
we wi ll eva lu a te the perform a n ce and
to l era n ces of t h ree different lenses de-
s i gn ed for coupling a co ll i m a ted be a m
of l i ght into a singl e - m ode fiber.

Radial GRIN lens
The first lens to be stu d i ed is a rad i a l
grad i en t - i n dex (GRIN) len s , s h own
s ch em a ti c a lly in Fig. 1 . This lens has
plane su rf aces on its front and re a r
s i de s , wh i ch may be anti ref l ecti on

Figure 1. Radial gradient-index (GRIN) lens designed to focus a
collimated beam of light into a single-mode fiber attached to its
rear facet. In our simulations the lens diameter f = 3.0 mm, length 
L = 7.89 mm. The single-mode silica glass fiber has a Gaussian
mode profile whose diameter at the 1/e2 intensity point is 10 mm .

F i g u re 2.C ross-sectional plots of (a) intensity, (b) log_intensity, ( c )
phase of a l = 1.55 mm beam arriving at the entrance facet of the
GRIN lens of Fig. 1 .The intensity distribution is Gaussian, h av i n g
DF W H M = 589l = 0.912 mm,and full-ap e rt u re diameter D = 1500l
= 2.325 mm.The Poynting vector distribution S(x , y) — re p re s e n t i n g
geometric-optical rays—is re a d i ly computed from the beam pro-
f i l e. Frames (d)-(f) show the x - ,y - , z-components of the Poy n t i n g
ve c t o r, n a m e ly, Sx(x , y) , Sy(x , y) , Sz(x , y) . In (d) the values of Sx r a n g e
f rom -0.18 to +0.39. S i m i l a r ly, Sy in (e) ranges from -0.22 to +0.32,
and Sz in (f) ranges from 0 to 100 (black = minimu m ,white = max-
i mu m ) .

Figure 3. Method of computing the light-amplitude-distribution
at the focal plane of the GRIN lens.Ray-tracing begins at the en-
trance facet,and continues through the focal plane to the destina-
tion plane, which is in the far field of the focused spot.At the des-
tination plane the traced rays are used to construct the emergent
wavefront,which is subsequently back-propagated (using the far-
field or Fraunhofer formula of the classical diffraction theory) to
the focal plane at the exit facet of the GRIN lens.
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0 . 16º of ti l t ) , and 3l of Sei del curva-
tu re (corre s ponding to a rad ius of
c u rva tu re R c ≈ 127 mm). Af ter trac-
ing the incident rays to the de s ti n a-
ti on plane (loc a ted 2.0 mm aw ay from
the exit facet of the GRIN len s , wi t h i n
a hom ogen eous med ium of ref ractive
i n dex n = 1.5) we obtain the plots of
i n ten s i ty, l og _ i n ten s i ty, and phase dis-
p l ayed in Fig. 6 . The em er ging be a m
at the de s ti n a ti on plane is diver gen t ,
and its curva tu re ph a s e - f actor (Rc =
2.046 mm) has been su btracted from
the phase plot in Fig. 6 ( c ) . For the full
a pertu re of the incident beam (D =
2.17 mm), the em er gent beam diame-
ter of 0.86 mm at the de s ti n a ti on
plane repre s ents a diver gen ce con e
a n gle u ≈ 2 4 . 3 º , yi elding an ef fective
nu m erical apertu re NA = n s i n (u/2) 
≈ 0 . 3 2 .

Wh en the light amplitu de distri-
buti on of F i g. 6 is back - prop a ga ted
( f rom the de s ti n a ti on plane to the
rear facet of the GRIN len s ) , one ob-
tains the foc u s ed spot distri buti on
s h own in Fig. 7 . These cro s s - s ecti on a l
plots show inten s i ty, l og _ i n ten s i ty,
and phase of the foc u s ed beam at the
rear facet of the GRIN len s . The 
9.2 mm shift of the beam cen ter aw ay
f rom the cen ter of coord i n a tes is a
con s equ en ce of the 0.16º tilt of the in-
c i dent be a m . Al s o, the 3l c u rva tu re of
the incident beam is seen to have re-
su l ted in a su b s t a n tial en l a r gem ent of
the foc u s ed spo t .

E f fect of beam size 
and astigmatism
F i g u re 8 shows plots of i n ten s i ty (lef t
co lu m n ) , l og _ i n ten s i ty (middle co l-
u m n ) , and phase (ri ght co lumn) at
the rear facet of the GRIN lens of
F i g. 3 under three different con d i-
ti on s . In the first row, the assu m ed in-
c i dent Gaussian beam is fairly large 
(DF W H M = 1.37 mm, f u ll apertu re 
D = 3.0 mm), and has no aberra ti on s .
The foc u s ed spo t ,h owever, is degrad-
ed by sph erical aberra ti on and by
~105 mm of defoc u s , both of wh i ch
a re con s equ en ces of the large diame-
ter of the incident be a m . (The GRIN’s
p a ra bolic index profile is not opti-
mum for diffracti on - l i m i ted foc u s i n g
at large apertu re , n or is the sel ected
l ength of the lens appropri a te for
wi de - a pertu re app l i c a ti on s , wh ere the
best focus is found to be inside the

the em er ging (diver gent) be a m .
This wavef ront is then prop a ga ted
b ack w a rd s , to the focal plane of t h e
GRIN lens (wh i ch is loc a ted at its
exit facet ) , wh ere the foc u s ed spo t’s
d i f f racti on pattern is com p uted .
The re a s on for tracing the rays all
the way to the de s ti n a ti on plane (in
the far field of the foc u s ed spo t ) ,
con s tru cting the wavef ron t , t h en
b ack - prop a ga ting to the focal plane
is that geom etri c - optical ray - trac i n g
does not yi eld valid re sults wh en the
rays term i n a te in focal (or causti c )
regi on s .

F i g u re 4 shows the re sults of t wo
d i f ferent com p ut a ti ons for the inci-
dent beam dep i cted in Fig. 2 .S h own
a re the inten s i ty and phase distri bu-
ti ons at the focal plane of the GRIN
l ens of F i g. 3 . The incident wave-
f ront is initi a lly converted to a set of
geom etri c - optical rays , using the as-
s oc i a ti on bet ween a ray and the lo-
cal Poy n ting vector of the el ectro-
m a gn etic fiel d . In Figs . 4 ( a , b) the
i n c i dent rays are traced direct ly to
the focal plane, and the em er gen t
w avef ront has been con s tru cted
f rom the traced rays . In Figs .4 ( c ,d )
the rays are traced from the en-
tra n ce facet to the de s ti n a ti on plane
( s ee Fig. 3 ) , at wh i ch point the
em er gent wavef ront is con s tru cted .
This wavef ront is su b s equ en t ly
b ack - prop a ga ted to the rear facet of
the lens using the far field (Fra u n-
h ofer) diffracti on formu l a . Si n ce the
i n c i dent beam in this particular ex-
ample is high ly aberra ted , the two
m et h ods of c a l c u l a ti on yi eld similar
re su l t s . As a gen eral ru l e , h owever,
the incident rays should n ot be
traced to the vi c i n i ty of the foc a l
p l a n e , wh ere , due to significant ef-
fects of d i f f racti on , geom etri c - opti-
cal met h ods are inad m i s s i bl e .

E f fect of beam tilt and 
w ave f ront curv a t u re
F i g u re 5 shows cro s s - s ecti onal plots
of i n ten s i ty, l og _ i n ten s i ty, and ph a s e
for a l = 1.55 mm Gaussian be a m
a rriving at the en tra n ce pupil of t h e
GRIN lens of F i g. 3 . The inciden t
be a m’s FWHM and full - a pertu re di-
a m eters are DF W H M = 0.639 mm and
D = 2.17 mm, re s pectively. Th e
phase plot in Fig. 5(c) contains 2l of
linear distorti on (corre s ponding to

F i g u re 4. Using two diffe rent methods, the intensity (left) and
phase (right) distributions at the focal plane of the GRIN lens of
Fig.3 have been computed for the incident beam shown in Fig.2.
In (a) and (b) the incident rays are traced dire c t ly to the fo c a l
p l a n e, and the emergent wave f ront is constructed from traced
rays.In (c) and (d) the rays are traced from the entrance facet of
the lens to the destination plane,w h e re the emergent wave f ront is
constructed and subsequently back-propagated to the focal plane
(i.e., rear facet) of the GRIN lens.

Figure 5. Plots of (a) intensity, (b) log_intensity, and (c) phase of a
l = 1.55 mm Gaussian beam arriving at the entrance facet of the
GRIN lens.The beam has FWHM diameter DFWHM = 0.64 mm,
full-aperture diameter D = 2.17 mm, 2l of linear distortion (i.e.,
0.16° of tilt),and 3 l of Seidel curvature (i.e., Rc ≈ 127 mm).

Figure 6. Plots of (a) intensity, (b) log_intensity, and (c) phase of
the emergent beam at the destination plane, located 2.0 mm be-
yond the exit facet of the GRIN lens of Fig.3.Since the beam is
h i g h ly divergent at this point, its curv a t u re phase-factor (Rc =
2.046 mm) has been subtracted from the phase plot.

Figure 7. Plots of (a) intensity, (b) log_intensity, and (c) phase of
the focused spot at the rear facet of the GRIN lens of Fig.3.To
compute these distributions,the beam displayed in Fig.6 has been
back-propagated a distance of 2.0 mm (i.e.,from the destination
plane to the rear facet of the GRIN lens).
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at its rear facet , a plane facet to wh i ch the
f i ber is attach ed . The lens has diameter 
f = 3.0 mm, l ength L = 5.8826 mm, a n d
ref ractive index n = 1.673286. The asph ere
p a ra m eters are : R c = 2.367 mm, K = 
- 0 . 6 6 7 2 3 , A4 = 2.91125 3 1 0- 3, A6 =
2.52286 3 1 0- 4, and A8 = 2.93078 3 1 0- 5.
F i g u re 11(a) shows the depen den ce of h
on incident beam diameter. Cl e a rly, m a x i-
mum ef f i c i ency is ach i eved at DF W H M
~ 411 mm .F i g u re 11(b) shows the depen-
den ce of h on beam decen ter, wh en the in-
c i dent beam diameter is fixed at its opti-
mum va lue of 411 mm . Si m i l a rly, s en s i tivi-
ty to tilt at the opti mum beam size is
s h own in Fig. 1 1 ( c ) , and the depen den ce
of h on Sei del curva tu re is shown in 
F i g. 1 1 ( d ) . A com p a ri s on of F i g. 9 with 
F i g. 11 shows that the GRIN lens is nearly
as good as the plano-asph eric len s , at least
as far as the particular align m ent to l er-
a n ces stu d i ed here are con cern ed .

P l a n o - c o nvex lens made 
of Gradium™ glass
Lenses made from Grad ium™ glass have a
ref ractive index grad i ent along their opti c
a x i s . Al t h o u gh this type of i n dex grad i en t

l ens.) The large NA of the lens is re s pon s i-
ble for the poor ef f i c i ency of coupling into
the fiber obt a i n ed in this case (h ≈ 2 7 % ) .

The second row of F i g. 8 shows prof i l e s
of the foc u s ed spot for a small er inciden t
be a m , h aving DF W H M = 0.365 mm, D =
2.17 mm, and no aberra ti on s . This fo-
c u s ed spot is well match ed to the fiber ’s
m ode prof i l e , yi elding a large coupling ef-
f i c i ency (h ≈ 9 9 % ) . F i n a lly, the third row
of F i g. 8 shows the foc u s ed spot prof i l e
com p uted for the same incident beam as
a bove (DF W H M = 0.365 mm, D = 
2.17 mm), to wh i ch 4l of Sei del asti gm a-
tism (i.e., w avef ront cyl i n der) has been
ad ded . As ti gm a tism redu ces the com p uted
coupling ef f i c i ency to h ≈ 6 9 % .

Tolerance for beam decenter, t i l t ,
and defo c u s
We com p uted the coupling ef f i c i ency (into
a singl e - m ode fiber) of the GRIN lens of
F i g. 1 for an incident Gaussian beam as
f u n cti on of the beam diameter DF W H M.
From these re sults the opti mum beam size
that yi el ded the largest h was iden ti f i ed .
Su b s equ en t ly, we stu d i ed to l era n ces of t h e
l ens (at the opti mum beam size) by com-

p uting h as functi on of the incident be a m
decen ter, ti l t , and wavef ront curva tu re
( i . e . , defoc u s ) . These re sults indicate the
s en s i tivi ty of the len s - f i ber module to
a l i gn m ent errors .

F i g u re 9 shows the va rious perfor-
m a n ce curves of the GRIN lens of F i g. 1 .
S h own in Fig. 9(a) is a plot of h versu s
DF W H M; the opti mum beam diameter is
s een to be ~ 365 mm . The rem a i n i n g
f rames in Fig. 9 are com p uted at this opti-
mum beam size . F i g u re 9(b) shows the
s en s i tivi ty of h to beam decen ter. No te
that a decen ter of ~250 mm is su f f i c i ent to
redu ce h by abo ut 50%. The plot of h ver-
sus beam tilt in Fig. 9(c) shows that a 0.15º
tilt can redu ce h m ore than ten fo l d .F i n a l-
ly, F i g. 9(d) shows that a few waves of Sei-
del curva tu re (i.e., defocus) can su b s t a n-
ti a lly redu ce the ef f i c i ency of coupling into
the fiber.

Plano-aspheric lens
An o t h er de s i gn for a lens that can launch a
co ll i m a ted beam into a singl e - m ode fiber
is the plano-asph eric aplanat dep i cted in
F i g. 1 0 . This lens is de s i gn ed to bring a l =
1.55 mm beam to diffracti on - l i m i ted foc u s

Figure 8. Plots of intensity (left),log_intensity (middle),and phase (right) at
the rear facet of the GRIN lens of Fig.3.(Top row) Incident beam diameters
DFWHM = 1.37 mm,D = 3.0 mm,no aberrations other than the spherical aber-
ration and -105 mm of defocus introduced by the lens itself.(Middle row) In-
cident beam diameters DF W H M = 0.365 mm, D = 2.17 mm, no aberr a t i o n s .
(Bottom row) Same as the middle row, except for the presence of 4l of Sei-
del astigmatism (i.e.,cylinder) on the incident wavefront.

Figure 9. Characteristics of the GRIN lens of Fig.1,computed for a l = 1.55
mm incident Gaussian beam.(a) Dependence of the coupling efficiency h on
the FWHM diameter of the incident beam;optimum diameter is ~365 mm.
(b) Dependence of h on incident beam decenter re l a t i ve to the optic axis. ( c )
Variation of h with incident beam tilt.(d) Effect on h of Seidel curvature (i.e.,
defocus);the horizontal axis depicts the departure of the wavefront at the
edge of the beam, w h e re the assumed beam’s full-ap e rt u re diameter is 
D = 2.17 mm.In (b),(c),and (d) the incident beam has DFWHM = 365 mm.
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ch a racteri s tics of the lens were also very
similar to those of the Grad ium™ len s . Ap-
p a ren t ly, the use of Grad ium™ glass in this
p a rticular app l i c a ti on does not re sult in
a ny su b s t a n tial improvem en t s .
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does not by itsel f produ ce focusing power,
it has the abi l i ty to correct aberra ti ons and
f i eld curva tu re introdu ced by curved su r-
f ace s .

A plano-convex lens made of Grad i-
um™ glass for focusing a co ll i m a ted be a m
i n to a fiber is shown in Fig. 1 2 . The va ri-
ous lens para m eters are : Rc = 3.715 mm,
f = 2.6 mm, L = 2.9 mm, Grad ium™ gl a s s
= G14SF, zm a x = 5.8 mm, and Dz =
2.85 mm. The focal point is a distance of
3.535 mm beyond the plane facet of t h e
l en s . For this len s , the depen den ce of h on
beam size as well as its sen s i tivi ty to mis-

F i g u re 10. Plano-aspheric lens, h aving diameter f
= 3.0 mm, length L = 5.88 mm,and re f r a c t i ve index
n = 1.673286.The single-mode fiber is attached to
the rear facet of the lens.

Figure 11 . Characteristics of the plano-aspheric
lens of Fig.10,computed for a l = 1.55 mm inci-
dent Gaussian beam.(a) Dependence of h on the
FWHM diameter of the incident beam; optimum
diameter is ~ 411 mm.(b) Dependence of h on
incident beam decenter relative to the optic axis.
(c) Variation of h with incident beam tilt.(d) Effect
on h of Seidel curvature (i.e.,defocus);the hori-
zontal axis depicts the departure of the wavefront
at the edge of the beam, w h e re the assumed
b e a m ’s full-ap e rt u re diameter is D = 2.17 mm.
In (b),(c),and (d) the incident beam has DFWHM =
411 mm.

a l i gn m ents are shown in Fig. 1 3 . Th e
l a r gest h is attained at DF W H M ~ 593 mm .
At this opti mum beam size the amount of
decen ter that re sults in 50% redu cti on of
h is ~ 420 mm , and the beam tilt that caus-
es a 50% drop in h is ~ 0.045º. The depen-
den ce of h on wavef ront curva tu re may be
s een in Fig. 1 3 ( d ) .

We also com p uted the va rious perfor-
m a n ce curves for a plano-convex lens sim-
ilar to that dep i cted in Fig. 1 2 , but made of
h om ogen eous glass (n = 1.7) inste ad of
the Grad ium™ materi a l . The focal poi n t
of this hom ogen eous plano-convex len s
was found at 3.565 mm beyond its plane
f acet , n a m ely, its focal length is ~30 mm
gre a ter than that of the Grad ium len s .
O n ce again the opti mum beam size was
found at DF W H M ~ 593 mm . The other

Figure 12. (a) Plano-convex lens made of Gradi-
um™ glass is used to focus a collimated beam of
light into a single-mode fiber.The front facet of the
lens is spherical,having Rc = 3.715 mm,and the fo-
cal point is 3.535 mm beyond the rear (plane) facet
of the lens.(b) The lens is fabricated by polishing
into spherical shape one end of a cylindrical rod
cut from a slab of Gradium glass.(c) Index profile
of G14SF Gradium™ glass at l = 1.55 mm .The re-
f r a c t i ve index is highest at the front ve rt e x , d e-
creasing nonlinearly with z as one mo ves toward
the plane facet of the lens.When the same lens is
made of homogeneous glass of re f r a c t i ve index n =
1 . 7 , the focal point shifts by about 30 mm to the
r i g h t , and the spherical aberration increases slightly.

(a)

(b)

(c)

F i g u re 13. Characteristics of the plano-conve x
Gradium™ lens of Fig. 1 2 , computed for a 
l = 1.55 mm incident Gaussian beam.(a) Depen-
dence of h on the FWHM diameter of the inci-
dent beam; o p t i mum diameter is ~ 593 mm . ( b )
Dependence of h on incident beam decenter rel-
ative to the optic axis.(c) Variation of h with inci-
dent beam tilt.(d) Effect on h of Seidel curvature
(i.e.,defocus);the horizontal axis depicts the de-
parture of the wavefront at the edge of the beam,
where the assumed beam’s full-aperture diameter
is D = 2.17 mm. In (b), ( c ) , and (d) the incident
beam has DFWHM = 593 mm.


