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Summary

The technological steps lor the fabrication of lapped [ber
couplers are described in detail. Chotce of materials and
of working parameters as well as the diagnostic measure-
ments of the process are discusscd. The guidclines of
design are outlined and data on the performances of
manifaclured wavelength-division-muliiplexing couplers
are reported.

1 Introduction

Oplical iber couplers have been developed aboul ten
years ago [1] and, since then, they have become well-
establised passive components of widespread use o
communication networks and in sensors for the splitting
and recombining of optical signals. In recent years, a large
variely of special [iber couplers has been demonstrated, in
which the splitting-ratio is either independent or selecti-
vely dependent on signal parameters such as wavelength,
polarization, maodal distribution, and (nonlingar) inten-
sity.

As 1t 1s well known, there are three basic techniques
currcnlly wsed Lo (abricate Ober couplers, ie.: fused
biconical, lapped (or polished) and micra-opiic. Several
reviews [2 4] describe the fundamentals and compare the
potentiatities of each technigque. However, let us bricfly
quote the commonly accepted advantages of the lapped-
[iber technology as follows:

(1) thealleralion of the fiber siruclure is minimal, which
allows to work easily on special fibers, such as high-
birefringence fibers, for polarization splitting and
polarization mantatning couplers, and also on dissi-
milar fibers;

(1) the open access to the interaction region allows the
inserlion of special intermediate layers (c.pg., -
selective, birefringent or nonlinear) thus increasing
the design flexibility;

{iii} the inherent all-fiber structure has u negligible inser=

tion loss.

On the other side, it shall be noted that environmentally
related performances, ruggedness, valume production
cosls and viclds of the lapped [iber (ecchnotogy arc
somewhere intermediate to those of the micro-optic and

fused biconical technologies. Moreover, the labrication
of multiport {in excess of 2 x 2) couplers is difficult.

In this paper, we will focus on the fabrication of lapped
fiber couplers, describing the chivices of the abradants and
working plale, the oplimization of the process parame-
ters, the measurements for process characterization, and
the assembly procedure. For the design of the coupler
geometry (minimum separation and curvature radiuns), we
will follow the well-known results of Snyder’s [5] weak-
coupling Lheory. As an cxample, we finally report some
wvpical data on wavelength-division-multiplexing cou-
plers fabricated by the described process.

2 Coupler geometry and fiber preparation

In a lapped coupler, the fibers are arranged as shown in
Fig. 1. The fibers are mounted on a holder with a
curvalure radius R and the elad is removed by lapping
down to a minimum separation dg between the core axes.
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Fig. 1: Geometry of the coupler and of the fibcr holder
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The most commonly reported geometry of the holder is
that of the groove-in-a-block |5-7|. particularly suited for
fabricating couplers with an adjustable splitting-ratio.
For fixed couplers, intended for assembly in a package,
we preferred to eniboss the fiber onto the edge of a curved
plate (Fig. 1), so lhat the working lime is considerably
shortened since there ts much less material to remove,

Another tast procedure tor working the fiber without a
holder is to lay it under tension on a polishing-wheel [8];
however, special care 1s necessary to avoid breakage of the
thinned fibers during the ussemblying in the finished
coupler.

The fiker is prepared for the lapping operation hy
stripping the coating (if' any) with the help of a solvent
(e.g. acetone) for a length cqual (o thal of the holder, by
aligning it on the centerline of the holder curved edge and
cementing it with epoxy or other suitable resin, and finally
by protecting it near the sharp holder edges with a drop of
silicone resin.

The half-couplers are then ready for the lapping process
described below, After this step, two half-couplers are
maunied on g preeision four-axis micropositioning stage
and drawn together for the aligning procedure, using an
index matching oil or glue between the fibers. The power
outputs from ports 3 and 4 (F'ig. 1) are monitored while
launching first into port 1 and then into port 2. Small
cerors (= 1um) in the machining depth are compensated
for in this phase by acting on the fiber relative displace-
ment. When the desired splitiing ralio is oblained, last
UV-curable resin is applied to cement the coupler.

Finally, the coupler is encapsulated in the package by
means of silicone resin, with special care Lo avoid
undesired asvmmetrical shrinking during polymerization
and the associated variation of the splitting ratio,

3 Lapping procedure and abradant
characterisation

I clamp in place the half-couplers and have a precisely
lapped plunc, in spile of their curved and blade-like shape,
a fixture has been designed, consisting of” two freely
rotating coaxial cylindrical bodies, the inner one holding
the hall-coupler inside (Fig. 2). The external cylinder is
secured to the moving arm of a standard rotating-plate
lapping machine [9]. For all other details, the usual
lapping practice [10] is employed.

Both alumina powders and diamond paste and slurry
have been tested as abradants. Rouline inspecions of
surface finish were carried out with a metallographic
optical microscope, sometimas backed by electron mi-
croscopy and lighl scatlering analysis. Process parame-
ters were monitored as well as other tactors such as the
frequency of {iber breakage and the unifermity of remo-
val spoed.

Alumina powder is dispersed in water and used on a rigid
synthetic cloth disc. Among different compositions corn-
mercially available, atuming of high purity a—v phase has
given the hest results in terms of repreducibility., and
surface finish. Atter several trials with different particle
sizes, it has been determined that the 1 pm-size alumina is
fully adequate for a single step lapping, vielding a short
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Fig. 2; Jig tor lapping the half-couplers

{ 2= 10 min.} machining time and yet a good finish quality
cven with no polishing.

It is interesting to correlate the remaved depth s 1o the
process variables, namely:

(1) disc speed v (turns/min);

{11} pressure of the arm p {(kg/cm*);
(iii) aluvmina particle size ¢ (pm), and
(1v) warking time t (Luouss).

Using flat samples of constant area (20 nun?), we obtained
the curves of s versus t reported in Fig. 3. The following
empirical relation is found to it well the experimental
data:

s [um] =h p"$tv*1 [hours] (1)
where the constants are given by

h=12 a=10 B=045 y=10. (2)
These vabues arc the resnlt of a best At around: v — 100
turns/min, p=1 kg/om?, ¢ =1 pm, and apply in the
range v = 30-250 turns/min, p = 0.5-5 kg/em?, ¢ = 0.3-5

L.

For comparison, we also report the values of the same
parameters for a diamond paste (1 pm-size) on lead-
charged rexin disc, around the same values of v, p, b, i.e.:
h=338 w=1.0 B=1.25 v=035. (3)
The differences between (2) and (3) can be attributed not
only to the different hardness of the abradants, but also to
the different macluning mechanism. Diamond particles
are likely to be embedded into the dise, thus, exerling a
true lapping action, while alnmina moves loosely on the
cloth and its action is closer to polishing.

With the 1pm-size diamond paste, a larger number of
(iber breakages and some evidence of under-surface
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Frem the spread of the experimental data (l'ig. 3), the
o working time allows 1o estimate the removed depth with
# . an accuracy of 2-5 um.
| 60 -
",{.J-.’ - » »
i o 4 Process control and diagnostic
T 40 §,/{” measurements
& b7
e I - An accurate control of the distance from the core/clad
204 ,‘I' boundary is nccessary in working the half-couplers,
| ¥ because the coupling factor varies appreciably as the
K minimum distance d,, is changed on a 1 wm-scale for low-
ot order coupling [2-5], and even more rapidly for high-
0 3 6 3 min 12 order coupling. In addition, one shall take into account
LG the tolerance on the Niber vuler diameter, which is often
B well in excess of 1 pm in ordinary telecommunication
== Jounal of Optical Communications

Fig. 3:  Removed depth vs lime [or flal gluss samples (20 mm?
area) lapped with alumina {1 pm partcle size) al different values
of arm pressure p and pluie speed v
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Fig. 4. Removed depth vs time for a silica fiber l'appcd at
constant weight (W 300 g) and speed (v = 33 turns/min} with
1 pm alumina powder

damage |1] are found, while finer sizes yicld (oo long
machining times.

For the lapping of fibers mounted on halt-couplers with
1pm-size alumina, we plot in Fig. 4 the removed depth s
versuy the working time 1. The diagram is not linear at
short times beeause the contact area between plate and
fiber increases rapidly as lapping progresses, while the
load on Lhe 1ool and the disc speed are constant. At longer

times, the regime becames quasi-linear, and (13 holds with

Lhe following values of parameters and process variables:

h=12, a=03 [=045 y=1.0,
v = 30--250 turns/min, p = 10~50 kg/em?,
¢ 0.3-5 pun.

-

fibers, and is usually found uncorrelated from sample to
sample a fow meters apart along the fiber.

A short cut 1o avoid this problem is obviously to
overwork the fiber down to approximalely the core/clad
boundary, and insert between the two half-couplers a
thick layer of index-malching resin (d” in Fig, 1), squeezed
to the appropriate thickness during the trimming opera-
ten. However, since the index of refraction varies during
the resin polymerization and with aging, the trimming
operation becomes more complicate and the long-time
stability is ohjeclionable; also, an unavoidable mismatch
is expected versus wavelength. Therefore. only a rclatively
thin {of the order of 1 pm) index-matching layer is
advizable

Two kinds of diagnosties are required: procesy diagno-
stics, to be assessed once and necessary to estabilish the
dependence of the removed depth on the process parame-
ters, and rousine diagnostics, necessary during the work-
ing of the half-couplers for lapping the fiber down to the
design depth.

A destructive methad has been used for the process
diagnostics: the tiber is detached from its holder by a
solvent and its thickness is measured under a metallogra-
phic microscope using a precision graticule scale, obtai-
ning readings with a typical accuracy of =0.5 pm.

(Ohher nondesiructive dizgnostics based on the measure-
ment of the removed depth are unfortunately much less
accuratie and, in addition, they are affected by the outer
diameter error. As said ahove, Lhe calculation of the
removed depth from the elapsed time yields an unaccep-
tablc crror (in the range 2-5 pm), and this approach can
then be used only as a first-step cstimate, to rapidly
remove most of the clad down te a safe distance from the
fiber core. Another method, ic., the correlation between
the removed depth and the dimensions {axis-length) of the
Mui, cllipse-like seclion created on the fiber by lapping, is
even less accurate (typ. 10 um) becausc of the difficull
visual identification of the ill-detined ellipse bordetline.

More effective are those routines aimed 1o measure
directly the actual distance ol the lapped surface from the
core. Among them, the technique of launching power in
the half-coupler und measuring the transmitted power
attenuation during lapping, originally proposed for dia-
mond polishing [10], has been found dilficult to imple-
ment with loose alumina on 4 cloth dise, because the fiber
contact to the disc varies as the machinc arm moves back
and forth, and thus the output power exhibits strong
fluctuations. Te gel reliable results, this method requiresa
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Fig. 31 Attenuation K vs distance due to an absobing tupe
applicd onto the lapped fiber; the error bars include tﬁe
coneentricity crror of the core

stable and suitahle refractive index of the medium
surrounding the tiber being lapped, which interferes with
the preparation of (he abradant suspension.

Instead, a precise but time-consuming method is that of
measuring the power extracted from the lapped fiber by
cils of different refractive indexes [13]. This method has
heen estimated accurate down to 0.5-1 pm. We use a
modified version as a procedure sufficiently fast for
routine working. With a rough cstimate based on the
elapsed working-time, the core is approached to within
5 um, lapping is stopped and the half coupler is washed
and dried. Power is launched at one fiber end while the
trasmitted power P is measured at the other end. Then, an
absorbing tape (a common tape with anacrobic gluc) is
pressed onto the lapped area te absorbe a well-defined
and reproducible [raction of the power available for
coupling, and the new power value P’ is measured. The
ratio K = P//P is very sensitive to the distance from the
core in the region around the core-clad interface, ax
shown in Fig. 5, and it gives a typical accuracy better than
1 um on a useful working range in excess of 5 pm from the
core boundary. The result of Fig. 5 is obrained by using a
633 nm He-Ne laser source and a 1300 i monomode
fiber (see Sect. 6). Because of the dependence on the
normalized frequency v of the fiber, the working range
can be extended using longer wavelengths (e.g. to aboul 8
pm with a4 850 nm diode laser), with a correspanding
decrease in accuracy.

5 Design rules

In the lapped-coupler geometry (Fig. 1), the design para-
meters to be selected are the minimum separation d, and
the radius of curvature R. Restricting ourselves Lo
couplers made with identical monomode fibers, and
neglecting for the moment the effect of the intermediate
layer {d" = 0), we apply the basic resulls of Snyder's low
perturbation theory, which represents a geod approxima-
tion in the weakly guiding regime [5, 14]. Qur aim 1s to

evaluate Lhe Lypical values of the design parameters for -

different kinds of couplers, namely: fixed-ratio, WDM,'
mode- and polarization-splillers.

For an ideal lossless coupler, if P, is the power launched
into port 1, Lhe powers P, and P, at the direct and crossed
ports (Fig. 1) are given by |4]:

P,/P, = = sin? (n Lj2L,), @)
P,/P, =1—m=rcos?(x L;2L,). (3

In these equations, L., is the coupling length between the
symmetrical and antisvmmetrical modes of the lwo-corc
structure, and I. is the effective interaction length; these
guantities can be expressed in terms of d,, R, and of the
fiber geometrical parameters and guiding constants v, u,

w as [3]

L. =xn/2C, =
=ni2ix djwday® (wyv)expl  wd,/a) K2 (w)] (6)

L= (rRa/w)"? (N

where C, is the coupling coefticient evaluated at the
minimum core distance d,, and 8 =1 —n,/n,.

Power-division couplers exploit the dependence of L, on
R and d;. The coupler is usually tuncd on the first order of
coupling for the best stability. A weak dependence of the
splitting ratio on 2 is often desirable and can be oblained
cither by using dissimilar fibers or by properly selecting
the curvature radius R, while the splitting ratic is trimmed
by acting on d, [15].

Typical values of the effective interaction length L are of
the order of 1 mm, while the length of the lapped region L
(the major axis of the ellipse worked on Lhe fiber) is aboul
10 mm, a value well in the reach of the lapping techno-

logy.

Couplers for the multiplexing of wavelength, polarization
stale or mode-order cxploit the dependence of L, on the
guiding constants u, v and w. On the diagram of n vs. L.
solutions are found when two curves have a maximum
and a minimum of transmission in correspondence. This
requires an effective interaction length L* given bhy:

L = LUIL\:Z"Ir(Ls:l - 92)‘ (8)

If the coupling lengths L., and L, are very close, the
interaction length can be much larger than L., and L.,
i.c., the first order of multiplexing corresponds to a high
arder of power-splitting coupling. Using in {9) the
approximate expression w = gv— 1, where g~ 1.14 [16],
1.* is found as:

L*¥ >l + Lo {pAv[(1j{gv 1) 6/gvi
+ (gv— /(1 +0.25 g — 2 gv)]}. (9

Tvpical values of L* are in the range of a few mm for &
wavelength multiplexing of the second and third windows,
using 4 slandard monomaode fiber; also, the same order of
magnitude is found fer polarization muluplexers made
with high-birefringence fibers.

Expressions for mode mulliplexing arc considerably more
complicated, even in the simple case of LP,, and LP,,
splitting. Interaction lengths of a few mm have been
reported {17] for mode multiplexers based on dissimilar
fibers; we have found this result consistent with a
numerical evaluations and several experimental trials,

Nonlincar couplers exploit the dependence of the refracti-
ve index of a thin layer of nonlinear material, inserted
between two standard half-couplers, on the intensily of
the propagaling wave. For a coupler structure with
intermediate layer, it is found [12] that (4-7) still hold,
provided that the coupling coefficient C, is multiplicd by
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a correction factor 1 +h. IMd” und n,, = n; + An are the
thickness and the refractive index of the nonlinear layer,
respectively (see Fig. 1), in the assumption of weak
perturbation one can find [12]:

h=vd (ny n)mAw]/28). {10)

The nonlinear refractive index can be expressed in terms
of the irradiance ¥ (Wcm?) as: n,, = n, t ¥V, where the
third-order susceptivity y is very low in silica {e.g.,
~ 107 1% cm?/W) [18], but can rcach 10 3 =10 "* cm?/W
in doped glasses and GaAs. A coupler designed for
maximum transmission between ports 1 and 4 at low
power wilt then switch to port 3 when power is increascd
hevond a specific level. For the coupler described in
Section 6, with L. =3 mm and d, = 9.1 pm, switching is
obtained for a variation of d’ An of the order of 0.01 pm.
Using a suitable nonlinear glass, such a vanation can be
obtained with an inpul power ranging from a few
hundred to a few thousand watts.

6 WDM couplers

As an illustrative example of fabricated lupped-fiber
couplers, we report some results on wavelength-division-
multiplexing (WDM) couplers intended for the splitting
at 1300 and 1550 nm. A standard monomode lelecom-
mumication fiber (Pirelli SMO01) has been used. whose
relevant parameters are: hg,.q — 1230 nm, core radius
a=4.55 um, clad diameter D =125 pm: n, = 1.4514.
n, = 1.4458, (L 1300 nm). From numerical calculations
ot (4-7), the coupling factor 1) is evaluated as a function of
the wavelength for several values of the parameters d, and
K. Below a certain valuc of the curvature radius (R < 0.8
m), complete wavelength separation is not achicved,
while scveral solutions for d; and R are found for R > 0.9
m. However, at higher orders of coupling, the control of
lapping and trimming becomes critical as 1) varies rapidly
with d,,. A typical plot of 1 persus d, is reported in Fig. 6
forR - 1 m{fulllines), showing two possible chaices of d,
for the muliiplexing between » — 1300 and 1550 nm. Also
ploited in Fig. 6. (dotted lines) is the effcctive n when the
correction due to the matching layer between the fibres is
taken into account (An = —0.01). Both 1300 and 1550
nm curves ar shifted, bur their trend is essentially
unchanged and it can be compensated for in the final
trimming of the coupler. The calculaled wavelength
dependence of the coupling tactor n is plotted in Fig. 7,
for R =1m and d, = 9.9 pm (righi-hand side arrows of
Fig. 6).

Experimental points relative to a tvpical WDM coupler,
representative of the performances obtained in a batch
fabricated by lapping, are also reported in Fig. 7. The
coupler was trimmend te match the working wavelengths,
compensating for the effect of the intermediate laver and
for machining errors. The spectral transmission response
of the same device is reported in Fig. 8. The excess loss of
the WDM coupler is 1dB and the extinction ratio is
23 dB. Other average performances of the batch were:
back isolation P,/P, < 35 dB, error on nominal multiple-
xing wavelengths ;. A,: <10 nm, crror in wavelength
separation AL A, —A, <20 nm.
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Fig. 6: Calculated coupling factor 1 wersus core distance d,,, for
R 1 m (full lines); multiplexing hetween 1300 and 1550 nm is
indicated by the arrows; dotted lines show the correction for a
An = —0.01 matching layer (d" =0 at d, = 9.1 pm}
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Fig. 7. Calcolated coupling factor 1 versies wavelength i (with
R =1m.d, = 94%pm) for the WDM coupler with no intermedia-
te layer {full lines) and with a thin intermediate layerd’'An= - 3§
nm {dotted lincs); cxperimental points are relative to the WDM
coupler characterized 1n Fig, 8
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