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Abstract—We report the operation and the theoretical modeling of an
efficient, tunable, and low-loss single mode fiber coupler. The coupler
design follows a scheme previously reported, in which two optical fibers
mounted in curved grooves in separate quartz substrates are polished
until sufficient cladding material has been removed to permit optical
coupling between the mated polished faces of the fibers. The results of
a computer analysis of the distributed coupling taking place between
the fibers are discussed, emphasizing the intuitive dependences of the
coupling coefficient and effective interaction length of the device on its
geometrical parameters. A detailed experimental analysis of fiber
couplers follows in which we characterize two types of couplers made
with different brands of singlemode fibers. Operation up to 100 per-
cent coupling ratio and 50 dB extinction ratio between coupled and
direct branch as well as operation in overcoupling regimes are demon-
strated, both at visible and infrared signal wavelengths. Tuning curves
are shown that emphasize the excellent tunability properties of such
couplers in which the coupling ratio can be smoothly and continuously
tuned between 0 and 100 percent. Experimental evidence of the rela-
tively low loss level and very low polarization dependence of the fiber
couplers are also presented. Al experimental results, including an
analysis of the influence of the refractive index of the intermediate
layer of index-matching liquid between the polished faces of the fibers,
are found to be very well predicted by our theoretical model.

I. INTRODUCTION

HE recent technological improvements achieved in single

mode optical fiber fabrication have stimulated consider-
able interest in a variety of scientific fields in the last few
years. Because of their promising potential for high-capacity
data processing, single mode fibers are finding increasing
utility as transmission systems. Their unique properties also
make them particularly interesting for a broad range of appli-
cations including interferometers, optical signal processors,
and optical sensors. To perform some of the basic functions
required in any optical system, several in-line optical fiber
components were developed, such as polarization controllers,
modulators, power dividers, passive filters, and fiber ampli-
fiers. One of the important functions that was first considered
was the transfer of signal power between two optical fibers,
which is the prerequisite for many interesting applications.
Various approaches were investigated [1]-[7] by different
authors, using either multimode or single mode fibers, which
led to several coupler geometries. Some of these approaches
rely on evanescent wave coupling, which requires that the fiber
cores be brought close enough to each other to make possible
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the interaction of the evanescent fields which extend just out-
side of the cores. However, and especially in the case of single
mode fibers, the fiber core is rather small and buried inside a
~ 100 pum diameter cladding, so that access to the guided
mode is generally difficult.

Three major techniques of fabrication of fiber-to-fiber cou-
plers have been published to date. Multiport fiber couplers
were fabricated using a fusion method [1]-[3]. Significant
coupling ratios (up to 30 percent) and relatively low loss
(0.2 dB) were reported with such couplers using multimode
fibers. An etching method has also been published in which
two single mode fibers are chemically etched until most of the
fiber cladding is removed [4]. Coupling ratios of up to 100
percent were reported. Finally, mechanical polishing has been
used recently to demonstrate efficient coupling [S]-{7].

The approach that we followed, which is reported elsewhere
[6], is of this last type. The core is easily approached by
mounting the unjacketed fiber in a quartz substrate which is
then polished. Two such substrates are mated together to
form a coupler. The final device presents the advantage of
being an efficient coupler, tunable and low-loss, nearly in-
dependent on signal polarization, and quite rugged as the
fibers are only partially stripped of their claddings and are well
protected in their respective substrates.

We report in this paper the results of a detailed theoretical
and experimental analysis of single mode fiber couplers. Vari-
ous experimental measurements are presented to better de-
scribe the behavior and operation of fiber couplers as fiber
optic system components. Tunability, operation at different
optical wavelengths, and total power transfer at low power loss
are demonstrated for two types of couplers made of different
brands of single mode fibers. The results of a weak-coupling
theoretical approach are also reported and found to predict
rather well the observed behavior of the devices, and its de-
pendence on both the geometrical parameters of the couplers
and the optical fiber and signal parameters. The dependence
of the coupler properties on temperature, signal polarization,
and signal power level, as well as coupler power loss are also
discussed.

II. CouPLER DESCRIPTION

A schematic of the fiber coupler is shown in Fig. 1. A length
of optical fiber is bonded into a slot in a quartz block with
parallel, polished faces {Fig. 1(a)]. To provide additional
mechanical stability during polishing, and to control the length
of interaction in the final device, the bottom of the slot is
given a convex curvature with a specified radius. The surface
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Fig. 1. Geometry of the curved-fiber optical coupler showing (a) the
position of the fiber in its quartz substrate and (b) a longitudinal
and transverse cross section of the assembled coupler.

of the substrate is first ground, then polished until the desired
proximity to the fiber core is obtained. The distance from the
substrate top surface is measured either with a low depth of
field microscope (the original depth of the slot at the center
and the original block thickness are carefully measured prior
to polishing), with a mechanical instrument or by measuring
the axis dimensions of the oval pattern at the intersection of
the cladding and the substrate. When enough substrate has
been removed, two such substrates are mated to form a cou-
pler, as shown in Fig. 1(b). Observation of the interference
pattern produced within the thin layer of air between the two
substrates yields important information on the quality of the
polished surfaces and their state of cleanliness, which both in-
tervene in the final behavior of the coupler. When only one
interference fringe or less is seen across the substrate, a liquid
with refractive index close to that of the fiber cladding is in-
serted between the substrates by capillary action. For further
information on coupler fabrication, we refer the reader to our
first publication on this subject [6].

During preliminary tests and routine operations, the coupler
is placed in a holder provided with micrometric screws to ad-
just the position of the top substrate with respect to the bot-
tom substrate (Fig. 2). The purpose of these positioners is
twofold: first, to align the fibers parallel and superposed,
which can be checked by looking at the oblong cladding pat-
terns of the fibers through the top substrate with a micro-
scope; second, to offset the top fiber with respect to the bot-
tom fiber by any amount. As this effect increases the fiber
core spacing, it results in a decrease in the strength of the
coupling between the fibers, and therefore allows one to tune
the splitting ratio of the coupler.

IlI. THEORETICAL COUPLER MODEL -

In the simple case of a single fiber, the wave equation sub-
jected to an appropriate set of boundary conditions can be
solved exactly, leading to a good mathematical description of
all the fiber modes. When two fiber cores are nearby, as in a
fiber coupler, it is more difficult to derive an exact analytical
form of the eigenmodes of the system, mainly because of the
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Fig. 2. General view of a fiber coupler in its holder.

symmetry breakdown introduced by the presence of a second
waveguide.

In order to solve the theoretical problem of a two-waveguide
system, an alternate approximate method was developed
which uses a perturbation formalism. When two dielectric
waveguides are placed alongside each other, the introduction
of the second guide distorts the field distribution of the guided
mode of the first guide. The approximation consists in assum-
ing that each waveguide mode distribution remains unper-
turbed, and in expressing the field of the two-waveguide sys-
tem as a linear combination of the unperturbed field of each
waveguide in which the field coefficients depend on the posi-
tion z along the direction of propagtion. This z-dependence,
which accounts for the transfer of electromagnetic energy be-
tween the excited waveguides, has been explicitly calculated
by several authors [8]-{13]. It is a well-known result that in
the approximation of weak coupling, the power distribution
after a distance of interaction z inside a lossless coupler con-
sisting of two parallel waveguides is given by [12]

P, =P, cos® (cz)

P, =P, sin? (c2) e))

where Pq is the power launched in waveguide 1 at z = 0, and
¢ is the coupling coefficient for the two coupled modes under
consideration. The guided energy is periodically transferred
back and forth between the waveguides with a spatial period
called the coupling length, equal to L. = 7/2¢. The coupling
coefficient is simply given by the spatial overlap of the two
interacting waveguide modes [12], [13]

c=—9—6—0-ff(n2—n§)E/'\i"-l{€\2 dx dy @)
4P, JJ.

where n(x, y) is the refractive index profile of the waveguides,
n, is the refractive index of the surrounding material gcladding
or substrate), Py is the total power carried by the waveguides,

w is the angular frequency of the optical signal, and Z:T\I and
E, are the electric field distributions of the interacting modes.
Since the index difference (n - n,) precisely cancels out in the
surrounding material, the integral is nontrivial only in the re-
gion of the perturbation as expected, so that it only needs to
be calculated in the core region where the evanescent field of
one mode overlaps the guided part of the other mode.

In (1), exact phase-matching (A8 = 0) between the wave-
guide modes was assumed, which is a prerequisite for total
power transfer. In reality this condition can never be precisely
satisfied, but it can be shown that provided the phase mis-
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match AB is small compared to the coupling coefficient, very
near total power can be transferred {11]. When the guiding
structures are very near each other, the tolerance on the phase
mismatch is quite large. For this reason, and because the two
fiber substrates are made nearly identical in our fiber couplers
thereby assuring symmetrical mode propagation-constant per-
turbation, near phase-matching is assumed in the following.
Several analytical expressions for the coupling coefficient (2)
of two HE;; modes propagating in two identical and parallel
step-index optical fibers were reported in the literature, with
various degrees of approximation [10]-[13]. In order to re-
main as general as possible and retain the widest range of fiber
configurations, we prefer the more exact expression, as derived
for example by Vanclooster and Phariseau in their papers
[13], in which hybrid modes rather than linearly polarized
modes, and Bessel functions rather than their asymptotic
forms, were used. For the current application, the small nu-
merical apertures of the optical fibers used in our couplers al-
lowed us to assume An/ny = (n; - ny)/n; <<1, so that their
expression was simplified to
Nl K (i)
c= 212 2 ©)
2mny a*V Ki(v)
where A is the signal wavelength, n, and i, are the core and clad-
ding refractive index of the fiber, respectively, a is the fiber
core radius, 4 is the distance between fiber axis, and K, are the
modified Bessel functions of the second kind and of order ».
The parameters # and v are the transverse mode parameters
and satisfy u® + v* = V2 where V is the normalized frequency

2na
V=>\—\/"?—‘;l_§-

Equation (3) is preferable to more approximate expressions
[10] over portions of the parameter ranges involved here. By
neglecting the terms in An/n; in the expression of the cou-
pling coefficient, the polarization dependence drops out. The
same result would, of course, be obtained if one were to as-
sume mode degeneracy at the outset, as is sometimes done. In
the present case the quantity that is neglected is [13]

2 An
mtm m

Ac_a-ea (4

4 Cl
which scales like the refractive index difference. This error is
on the order of a few parts in a thousand in our current appli-
cations, and can be reasonably disregarded.

In a real fiber coupler the fiber geometry departs from the
above conditions because the fibers are both curved along a
radius of curvature R, and are also allowed to be translated
with respect to each other in a parallel (or nonparallel) man-
ner. As a first consequence the spacing /# between the inter-
acting fibers, and therefore the coupling coefficient (%), is a
function” of the position z along the coupling region. A
second consequence is that the curvature introduced in each
fiber distorts the field distribution of the modes and breaks
the cylindrical symmetry implicitly assumed in the analytical
derivation of the coupling coefficient. The radii of curvature
involved in fiber couplers being generally quite large (25 cm or
more), the resulting mode distortion, mostly a shift of the
mode towards the outer part of the fiber bend, was calculated
with an approximate formula [14] and found to be very small
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(less than 0.1 um), so that this second effect was ignored. The
first effect is, however, quite important as the radius of curva-
ture R controls the effective interaction length of the device.

The dependence of the coupling coefficient on position z
requires that the coupled-wave equations governing the evolu-
tion of the coupled power along the interation region be con-
sidered. This problem of distributed coupling was recently
solved following similar approaches [7], [15]. It can be easily
shown by direct integration of the coupled power along the
z-axis that the solution of the new coupled-wave equations is
given by

P, =P, cos® (col)

P, =P, sin” (coL) 5
where
coL =J o(z) dz. 6)

Here we define the integral as the product coL where ¢y =
¢(0) is the value of the coupling coefficient at the center of the
coupling region (z = 0) where the spacing between fibers is
minimum (Fig. 3), and L is the effective interaction length of
the coupler. This definition stresses the intuitive fact that a
coupler can be conveniently represented by a coupling coef-
ficient and an effective interaction length. With this defini-
tion, the coupling coefficient (at a given wavelength) is that of
the parallel-fiber coupler with fiber spacing equal to that of
the curved-fiber coupler at the center of the coupling region
(hg). The effective interaction length L is the length of the
equivalent parallel-fiber coupler with spacing /#, which would
give the same power splitting as the curved-fiber coupler.

With the geometry of our fiber coupler the spacing 4(z) be-
tween fiber axis is a function of both the radius of curvature
R of the fiber and the lateral fiber offset y,

h= [(ho +%2>2 +y2} - (7

where a parabolic approximation was used since z << R. Cal-
culation of the amount of power coupled for a given coupler
and signal wavelength were performed with a computer by
replacing the integral (7) by a Riemann sum with a small
enough increment in z. However, one can gain a better under-
standing of the analytical dependence of the interaction length
L of a coupler on the coupler geometrical parameters by using
a large-argument asymptotic form of K, and K; in (3). To
first order in the argument, L can be written as follows:

4o
h h-h
LZ'[ —-o—exp—v( 0) dz
_mv h a

where £ is given by (7). For superposed fibers (¥ = 0) and
recognizing that z*> << kR, this integral reduces to

Jﬂm vz? /TRa
L= exp- —-dz=\}/ —.°
o aR v

Equation (9) confirms that the effective interaction length of
a curved-fiber coupler depends on the radius of curvature R
but not on the fiber spacing %, as was intuitively anticipated.

®
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Fig. 3. Relative position of the fiber cores in the coupling region of a
curved-fiber directional coupler. Note that an additional offset (y),
perpendicular to the plane of the figure, is also possible.

Although this result is only truly valid for large K, arguments,
namely for large fiber spacings and large v’s (short wave-
lengths), the dependences it suggests were found to be fairly
correct over the entire range of our applications. This is iflus-
trated on Fig. 4 where the effective interaction length of a
curved-fiber coupler is plotted versus minimum spacing for
various radii of curvature using the exact form given by (6).
In this example the fiber parameters are n, = 1460, n, =
1.456, a = 2.0 um, and for convenience we shall refer to it as
type I fiber [17] throughout this paper (see Table I). Simi-
larly, the curved-fiber coupler coupling coefficient, defined in
(6), does not depend on the curvature of the fiber, but only on
the minimum fiber spacing Ay. As originally expected, the
fiber curvature controls the effective length of the interaction
taking place between the fibers, while the minimum fiber spac-
ing acts on the strength of the coupling between the fibers.

To conclude this section, we show in Fig. 5 the theoretical
dependence of the coupling coefficient on the minimum fiber
spacing ho for a type II fiber [18] coupler (see fiber param-
eters in Table I). For a given signal wavelength, the coupling
coefficient rapidly decreases as the fiber spacing 4, is in-
creased from its minimum value (adjacent fibers) to several
core radii. Since the extension of the evanescent field into
the fiber cladding is a function of the signal wavelength, the
coupling coefficient also depends on the wavelength, as shown.,
Note also that the order of magnitude of the coupling length
for a 1-2 um spacing between the core surfaces, which is about
1 mm for this particular fiber type and can be as small as
500 um for type I fiber couplers, is the same as the coupling
length of a typical integrated optics coupler [16].

IV. EXPERIMENTAL ANALYSIS

Optical fiber couplers were fabricated with both type 1
and type II single mode fibers. Their respective parameters
are shown in Table I. Although couplers were successfully
fabricated and operated with radii of curvature of up to sev-
eral meters, our coupler fabrication was since standardized to
a single, shorter radius of 25 cm, common to all the couplers
reported here.

A. Coupling Curves

During the fabrication of a coupler, one of the main param-
eters of interest is the amount of cladding remaining on each
substrate. Because the position of the optical fiber in the sub-
strate groove varies slightly from one substrate to the next and
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Fig. 4. Theoretical dependence of the effective interaction length of a
curved-fiber coupler on the minimum fiber spacing (type I fiber).

TABLE 1
Fiber Type Type I Type 11
Core Radius a 2.0 3.0
Core Index ny 1.460 1.458
Cladding Index ny 1.456 1.4551
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Fig. 5. Theoretical dependence of the coupling coefficient on the mini-
mum fiber spacing (type II fiber).

cannot be easily measured, the absolute value of 4y can only
be estimated. However, the variation of 4, between successive
polishing operations can be accurately obtained by measuring
the variation of the total thickness of the substrate with a
microscope or by mechanical means.

To eliminate this systematical error in 4y, each substrate is
first ground to within ~10-15 um of the fiber core (depending
on the fiber type) before being polished step by step, a few
microns at a time. After each step the substrates are mated
and aligned for measurement of the maximum achievable
coupled power. The operation is repeated two or three times
until enough experimental points are obtained to compare
them with the theoretical behavior of the coupled power ver-
sus the minimum fiber spacing 4. Any systematical error in
the original estimation of the fiber position then appears as a
constant offset between the two curves.

This procedure, together with the coupler behavior, are il-
lustrated in Fig. 6, obtained from a type II fiber coupler
probed at a signal wavelength of 1.15 um. The solid curve
shows the theoretical prediction while the experimental data
points display the evolution of the maximum coupled power
that was achieved with this coupler after each polishing opera-
tion. In this particular case, a systematical error of 0.5 um was
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Fig. 6. Experimental and theoretical coupling curves for a type II fiber
coupler (R =25 cm, A = 1.15 ym).

made on A, as the corrected points of Fig. 6 are 0.5 um to the
left of the actual measured points. The good agreement of our
experimental measurements with the theoretical curve sug-
gests that even for relatively closely spaced fiber cores the
weak-coupling approxiniation holds quite well.

B. Tuning Curves

Tunability is an important feature of the couplers described
in this paper. Lateral translation of the top substrate on the
bottom substrate [Fig. 1(b)], which is made easy by the inter-
mediate layer of liquid and accurate by the use of differential
micrometers (Fig. 2), provides an easy and smooth coupling
adjustment. It also provides an artificial way of increasing the
fiber spacing, and an additional means of verifying the validity
of our theoretical model. The dependence of the coupled and
direct outputs of a coupler on the relative lateral offset y of
the fibers (tunirig curves) was thus closely investigated both
theoretically and experimentally.

The tuning curves we present here were obtained from type I
fiber couplers, again with 25 cm radii of curvature, and tested
at various signal wavelengths. After carefully aligning the
fibers parallel to each other and superposed (¥ = 0}, the top
fiber was translated parallel to itself by a few microns until
the coupled power vanished. It was then translated step by
step back towards, then beyond, the bottom fiber and both
coupling data and lateral fiber position were recorded.

Nunierous tuning curves were gathered and are shown here
to reflect the variety of fiber couplers that can be fabricated.
We show in Figs. 7-10, some of the tuning curves that were
obtained from different couplers at signal wavelengths of
514.5, 633, and 1064 nm, together with the corresponding
theoretical fit.

The couplers used for these experiments were polished to
different degrees so that they exhibit rather distinct behaviors.
In Fig. 7 (A = 514.5 nm) the maximum coupling ratio is ap-
proximately 70 percent. For this particular coupler aligned at
y = 0, the interaction length L is smaller than the coupling
length L, (at the signal wavelength). Such a device can be
typically used as a 3 dB coupler. In Fig. 8 (A = 632.8 nm) L
is equal to L, at y = 0, and the maximum coupling ratio is
about 100 percent. If the fiber spacing is made small enough,
it is also possible to realize a coupler for which the interaction
length is longer than the coupling length, making overcoupling
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Fig. 7. Experimental tuning curve of a type I fiber coupler with corre-
sponding theoretical fit. Signal wavelength is A = 514.5 nm, fitting
parameters are kg = 5.24 um and ny = 1.4569.
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Fig. 8. Same as Fig. 7 with A = 632.8 nm, g = 5.4 um, and ny =
1.4567.
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Fig. 9. Same as Fig. 7 with A = 632.8 nm, hg = 4.77 um, and n, =
1.4578.

possible. A typical example of overcoupling is shown in Fig. 9
(A = 632.8 nm). As the fiber offset y is reduced, the signal is
first poorly coupled (large offset), then more strongly coupled,
to reach 100 percent for a fiber spacing of ~4 um for which
L = L.. When the spacing is further reduced, the coupling
length drops below the (~ constant) interaction length and
some of the coupled power is coupled back into the through-
put fiber. The coupled power reaches a minimum at y =0
{no offset) where the coupling coefficient is maximum. The
same effect was also noticed at other visible as well as near in-
frared wavelengths. In Fig. 10 (A = 1064 nm) the coupler sub-
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Fig. 10. Same as Fig. 7 with A = 1064 nm, kg = 4.14 ym, and n, =
1.4564.

strates were polished very close to the fiber cores, so that the
couphng coefficient was very large for small fiber offsets.
With no offset it was such that the coupling length was over
three times smaller than the interaction length, and over six
-oscillations of the power back and forth between the fibers
were observed  as the fiber offset was scanned. (Only the
coupled. output was represented in Figs. 9 and 10 for the sake
of clarity.)

The theoretical curves in Figs. 7- 10 were individually fitted
to each expenmental curve as follows First, the fiber spacing
ho was chosen to generate the same maximum coupled power
as observed experimentally, in a manner totally equivalent to
that described for coupling cutves (Section IV-A). In a second
step, the cladding refractive index was adjusted to match the
theoretical and experimental curve widths. Since the effects
of the two fitting parameters are nearly independent, this pro-
cedure converged rapidly.

It mdy seem peculiar that the cladding refractive index needs

to be fitted since it is a constant parameter of the single mode

fiber. However, it was found that the value given by the fiber
manufacturer does not always explain the coupler behavior.
As can be seen on the last four figures, the fitted cladding re-
fractive values range from 1.4567 to 1.4578 while the manu-
facturer’s figure is ~1.4560. This discrepancy has been at-
tributed to the influence of the intermediate layer of liquid
between the coupler substrates. We will show in the next sec-
tion that the location of the liquid at the center of the coupling
region makes it a crucial element, and that as far as the cou-
pling phenomena are concerned; the effective refractive index

of the cladding is nearly equal to that of the liquid layer.

Since the index of the liquid is not always precisely known,
as it depends on such parameters as temperature, and does not
have, in general, the same dispersion curve as the fiber ma-
terial, it is understandable that a fitting of this parameter is
also required.

Note that by fitting the two parameters /4, and n,, a quite
reasonable agreement between our experimental and theoreti-
cal results was obtained.

As a final example of the smooth response of these devices,
we show in Fig. 11 an oscilloscope display of a continuous ex-

- perimental tuning curve obtained with another type I fiber
coupler at A = 632.8 nm whose differential micrometer was

SINGLE MODE OPTICAL FIBER COUPLER
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Fig. 11. Oscilloscope display of an experimental tuning curve measured
with a motorized fiber coupler at A = 632.8 nm.

rotated by an electric motor: Signals from both output ports
of the coupler were simultaneously measured using two
identical-gain detectors and dlsplayed on a dual trace oscillo-
scope.

The symmetry of these various experimental curves should
be pointed out as it reflects the quality -of the substrate flat-
ness. The fact that total power transfer can be achieved (ex-

tinction ratios of up to 107> wete measured) confirms our

initial assumption concerning the near phase-matching of the
two fiber modes. The mechanical stability of the coupler
holder and the fine resolution of the differential positioners
make it possible to achieve a fiber positioning with an accu-
racy better than 0.25 um. This accuracy is demonstrated by
the smoothness of our experimental curves.

C. Temperature Measurements

Since the layer of index-matching liquid present between the
two substrates seemed to play a significant role in the coupler
behavior, it was interesting to investigate the influence of the
liquid refractive index on the coupling characteristics in more
detail. Rather than trying different liquids and possibly en-
countering reproductibility problems in the mating of the
coupler substrates, we preferred to modify the liquid index by
changing its temperature, which was made relatively -easy be-
cause of the large An/AT of most liquids.

Temperature measurements were performed in the following
manner. The fiber coupler assembly (Fig. 2) was set on a hot
plate provided with a temperature control, and covered with a
thermal isolator to minimize temperature gradients. within
the substrates. A thermocouple temperature gauge was placed
against the bottom substrate and connected to a digital read-
out. A light signal (A = 632.8 nm) probed the coupler as
the temperature was changed from room temperature up to
~50°C over a period of several hours, Preliminary tests clearly
indicated that differential expansion of the various metallic
parts of the fiber holder were responsible for a stight, not al-
ways reversible lateral shift of the substrates with respect to
each other, which caused a reduction of the coupling ratio. To
eliminate these unwanted thermal effects, the coupler was
aligned to produce maximum coupling (¥ = 0) at the beginning
of the test, and was realigned to maximum coupling after each
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temperature increment to neutralize any mechanically induced
lateral offset.

Data were taken along a cooling cycle as it was slower
than the warming cycle of the hot plate that we used. Asex-
pected, it was observed that the maximum coupled power in-
creased as the temperature was decreased from ~50°C to room
temperature (Fig. 12). A temperature increase of the liquid
reduces its refractive index, which in turn reduces the penetra-
tion depth of the fiber mode into the neighboring fiber,
thereby lowering the coupling strength of the coupler. Such
an effect is noticeable over a relatively small temperature ex-
cursion because of the large temperature dependence of the
liquid index [19] [(An/AT) ~ -4 X 107*°C™']. After the
coupler had cooled to room temperature and the coupling
ratio had returned to its initial value (triangular data point),
we further cooled it by surrounding it with ice. The coupling
ratio was then observed to reach nearly 100 percent before
dropping again (overcoupling).

In an attempt to derive a theoretical model for this effect,
and since our previous analysis does not take into account the
presence of an index-mismatched intermediate layer, we as-
sumed that the entire fiber cladding was sensitive to tempera-
ture with the same Anr/AT coefficient as the index liquid.
This may seem to be a rather drastic approximation, but it is
important to remember that the location of the liquid layer
is crucial as it affects the fiber modes precisely in the direc-
tion of the coupling region. It is reasonable to assume that if
the HE,; field distribution is deformed in the coupling re-
gion, whether it is deformed elsewhere around the fiber core
is relatively inconsequent.

The result of the analysis is shown in Fig. 13, where the
coupler maximum coupling ratio is plotted versus the cladding
refractive index over the same range as the liquid index expe-
rienced in our measurements. Comparison of Fig. 13 and Fig.
12 shows that this simple theoretical model explains reason-
ably well the observed coupler behavior, in particular the
coupling ratio variation per unit of temperature change, ap-
proximately 6 percent/°C near room temperature in both
cases.

In the light of the above observations, it is possible to under-
stand how the numerical aperture of the fiber is locally influ-
enced by the layer of liquid, and how to reduce this effect.
For the purpose of the above measurements, the liquid layer
was relatively thick (~ 1 um) and not ideally matched to the
fiber cladding. For system applications, the fiber substrates
are assembled with carefully chosen refractive index liquids
matched to the cladding index at the wavelength of interest.
The thickness of the layer is also often reduced by placing a
small weight on the top substrate. Temperature-induced varia-
tions of the coupling ratio are thus somewhat reduced.

D. Power Loss

Absolute power loss measurements in curved-fiber couplers
were done in two steps. In a first step a relative power loss
curve was obtained by measuring the total power transmitted
by the coupler (direct plus coupled power) as a function of the
fiber offset. In a second step the power launched into the
coupler was measured in a standard manner by cutting the in-
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put fiber near its end. This test was found to provide a quick,
easy, and accurate means of verifying the quality of a coupler
during, as well as after, fabrication.

The loss curve of a typical coupler is shown in Fig. 14. Data
were obtained from a type I fiber coupler operated at a signal
wavelength of 632.8 nm at which it was overcoupling by ap-
proximately 50 percent. In this particular example the mini-
mum power loss was about 0.3 dB. Over a broad range of off-
set covering the full width of the tuning curve, the power loss
was fairly constant and within 0.15 dB of this value, so that
the coupler could be operated at any point within its tuning
range with relatively low loss. For fiber offsets larger than
+20 um, the losses somewhat increased because of the decreas-
ing distance between each fiber core and the higher index
outer core of the opposite fiber (type I fibers have a W-
index profile).

Although the above example illustrates the typical power
loss of overcouplers, it was found that couplers with larger fiber
spacings have lower loss levels. In particular, 3 dB couplers ex-
hibit losses as low as 0.15 dB. Although these loss levels are
sufficient for many applications, the specific sources of these
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Fig. 14. Power loss curve of an overcoupler (type I, R = 25 cm) mea-
sured at A = 632.8 nm.

losses are under investigation with the objective of further re-
ducing them.

E. Polarization Dependence

As was stated earlier, the quasi-degeneracy of the two polari-
zation modes supported by single mode optical fibers suggests
that the fiber coupler should exhibit little dependence on the
state of polarization (SOP) of the input signal. This was veri-
fied experimentally by mounting a fiber optic polarization
controller [20] on the input fiber of a coupler, while keeping
all fibers downstream from this point as straight as possible to
minimize stray birefringence and polarization conversion. The
coupling ratio n was measured as the input signal SOP was
varied. The maximum difference An/n was found to be very
small, and to remain so even with offset fibers. At A=632.8
nm in type I fiber couplers exhibiting 50 or 100 percent maxi-
mum coupling ratio, An/n was measured to be approximately
3 X 107, This value is in good agreement with the theoretical
value of ~107% derived from (4).

We can only infer the SOP of the signal in the coupling re-
gion from measurements at the coupler outputs. The fibers
used for these couplers having a significant residual birefrin-
gence, this SOP is not easily measurable as the output fibers
transform it in an unpredictable manner, and measurements of
the effect of the coupling region on the SOP of an input signal,
although planned, have not yet been performed. However, we
point out that the stresses induced on the fiber during sub-
strate processing are small, and no significant additional bire-
fringence is expected in the coupling region, which suggests
that these couplers preserve the SOP of an input signal.

F. Other Fiber Coupler Characteristics

The tolerance on the parallelism of the fibers is quite large
for our standard 25 c¢m radius couplers. In most cases the ac-
curacy of a simple micrometer (Fig. 2) and a visual observation
of the fibers” polished areas through a microscope are enough
to provide a good angular alignment of the fibers. Similarly,
the relative longitudinal positioning of the substrates (i.e., in
a direction parallel to the fibers) was found to be quite easy.
The coupler sensitivity to a fiber longitudinal offset is four to
five orders of magnitude lower than its sensitivity to a lateral
offset of equal amplitude. As a consequence, longitudinal
alignment of our standard couplers has a tolerance on the
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order of 100-200 um, which is easily achieved by manual
positioning. As for the tolerance on the fiber lateral offset, it
obviously depends on the operating point on the tuning curve.
Clearly, the best tolerance occurs near a coupling extremum,
where it can-be as large as 1 um.

In its present form described in this paper the fiber couplers
offer a rather good long term stability regarding both coupling
ratio and total transmitted power. Several devices displayed
nearly unchanged characteristics after having been left undis-
turbed for a few weeks. Retuning the lateral position of the
top substrate is generally enough to restore the original
splitting ratio.

Fiber couplers were tested with relatively high power levels,
up to 2 W of A = 514.5 nm signal of which ~60 percent was
coupled. For the particular coupler tested (type I), the
splitting ratio was constant with power up to 500 mW. For

- higher input power it slightly decreased with increasing input

in a nearlinear manner, probably because of a local rise in
the liquid temperature. At a given power level the splitting
ratio rapidly reached an equilibrium and remained constant
thereafter. Further tests performed with 2 W pulses at A =
1064 nm showed a similarly good stability for type II fiber
couplers.

Finally, coupler directivity was measured as the ratio of the
coupled output to the signal backscattered in the second input
fiber. For the purpose of these measurements, the ends of the
output fibers were cut at an angle and dipped in an index-
matched liquid to eliminate spurious reflections. Such tests
were performed on a variety of couplers. The coupling direc-
tivity was found to be in excess of 70 dB in all cases.

V. CONCLUSION

We have demonstrated the merits of a polishing technique in
the fabrication of single mode fiber directional couplers. The
devices were shown to allow low-loss, complete power trans-
fer as well as operation in an overcoupling regime at different
signal wavelengths in the visible and near-infrared range. By
controlling the fiber core separation by means of microposi-
tioners, a fine, smooth adjustment of the coupler splitting
ratio was demonstrated. On the basis of a weak-coupling ap-
proximation, a theoretical model was developed using hybrid
fiber modes (HE,,) and taking into account the distributed
aspect of the coupling resulting from the curved geometry of
the optical fibers. Experimental measurements were found to
be in good agreement with this theoretical model.

These fiber couplers have been implemented in a variety of
fiber optic systems in our laboratories [21], [22], and numer-
ous other applications are anticipated. They are proving to be
convenient and reliable components for laboratory work. At
this time it is felt that the optimum performance has not yet
been reached, and detailed analytical and experimental investi-
gations of the coupler are continuing,
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