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Abstract:  The aim of the present paper is to provide a comprehensive
analysis of the coupling losses in multi-step index (MSl) fibres. Their light
power acceptance properties are investigated to obtain the corresponding
analytical expressions taking into account longitudinal, transverse, and
angular misalignments. For this purpose, a uniform power distribution is
assumed. In addition, we perform several experimental measurements and
computer simulations in order to calculate the coupling losses for two
different MSI polymer optical fibres (M SI-POFs). These results serve us to
validate the theoretical expressions we have obtained.
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1. Introduction

Multi-step index (M SI) fibres may constitute an alternative to graded-index (Gl) fibres, espe-
cialy to Gl polymer optical fibres (GI-POF) [1, 2, 3]. They combine the manufacturing simplic-
ity of their step-index (SI) counterparts and the higher bandwidths achievable with Gl fibres.
For instance, athree-layer M SI-POF with anumerical aperture (NA) of 0.25 allows bandwidths
as high as 250 MHz- 100 m, in accordance with the IEEE1394/S400 specification [4, 2]. Their
good performance is due to the better stability of their refractive index profiles with ageing,
and temperature and humidity fluctuations in comparison with Gl fibres, thus increasing their
popularity.

Mechanical misalignment is a major source of extrinsic coupling losses when joining two
fibres[5, 6]. Inthis section wewill study the three fundamental types of misalignments between
fibres, namely, longitudinal separation, axial or transverse offset, and angular misalignment.

With regard to the experimental measurements, the results have been tested with two M SI-
POFs of very different mode coupling rates: the “Eska-Miu” M SI-POF from Mitsubishi [4] and
the“TVER” MSI-POF [1]. In every case, the calculations are valid for any kind of MS| optical
fibre.

The structure of the paper is as follows. First, the theoretical calculations are presented, in
order to facilitate the understanding of the behaviour of MSI fibresin terms of coupling losses.
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Then, the experimental set-up is described, prior to the experimental measurements as well
as the numerical computer simulations of the coupling losses for both M SI-POFs. The results
obtained for these optical fibres are discussed. Finally, we summarize the main conclusions.

2. Theoretical analysis

MSI fibres are structurally very similar to their SI or Gl counterparts. they consist of a core,
a cladding that surrounds the core, and a protective jacket covering the cladding. The main
difference is that the core consists of several layers of different refractive indices. The most
general refractive index profilein M S| fibres can be expressed as

Ng; r<pa,
ny; p1< T < pg,
n(r) = : 1)
NNy PN—1 ST < PN,
Nel; r=pn.

For the sake of simplicity, we will neglect the possible effects of the protective jacket and
assumethat the cladding extendsto infinity. In addition, it must be pointed out that the analytical
expressions do not include the Fresnel transmission coefficient, neither at the output surface of
the transmitting fibre nor at the input surface of the receiving fibre. Thus, we leave aside the
corresponding Fresnel reflection losses occurring at both fibre surfaces, which in the worst case
can beashigh as 0.4 dB and, therefore, have no significant effects on the final results. However,
these should be added to the theoretical coupling lossesif we pursue amore accurate estimation.

Our starting point is the calculation of the amount of source power carried by bound rays,
Por. As stated in Ref. [3], for a diffuse or Lambertian light source of intensity 1 cos6p and an
MSI fibre of N layers, Py, is given by

Pi; Si :niz_ngla (2)

Mz

| N
Por = ﬂzn—g (p?—pf1)Si=
0i-1 i

1

and taking into account that S; = NA? in each layer,
Pi=n 2 (Piz - Pi%1) NA? (Po=0).

where n; is the refractiveindex and p; is the outer radius of thei-th layer.
We can rewrite the above expression as a function of the amount of source power carried by
bound rays within the innermost layer, Py:

P _ (p?—pP 1) NA?

PL pNAZ
which, in turn, allows us to express the optical power density W; = P;/A; as a function of the
local numerical aperture

Wi P/A_ [(p"—pZa)NAZ]/ [m(p2—pP4)] _ NA?
W P/As [pENAZ] / [p] NAF"

The power launched into the receiving fibre for any kind of misalignment is calculated from
the contribution of each layer of the transmitting fibre into each layer of the receiving fibre,
taking into account the power acceptance conditions in both fibre ends. For this purpose, each
portion of the accepted power in thereceiving fibreis calculated from the optical power density
defined in Eq. (3).

3
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2.1. Longitudinal Separation and Transverse Offset

The effects of longitudinally separating the two fibre ends by a gap s and of displacing both
fibre axes by atransverse offset d have been previously reported in Ref. [3], although it may be
helpful for the reader to summarize them (see Tables 1 and 2).

2.2.  Angular Misalignment

When the axes of the transmitting and receiving fibres are angularly misaligned at the joint, we
areincurring losses because of the power lost outside the effective solid acceptance angle of the
receiving fibre. In the case of an M Sl fibre, quantifying these losses may involve cumbersome
calculations, since each layer has a different numerical aperture (and, consequently, a different
solid acceptance angle).

Considering the case of a uniform power distribution, we can obtain a simple and relatively
accurate expression for an angular misalignment oz, provided that it is sufficiently small (o <
10°), if the following assumptions are made:

(i) the amount of power lost outside the area of the receiving fibre is neglected, and

(i) thelosses duesolely to the angular misalignment are obtai ned without taking into account
the refraction effect (which would be equivalent to considering that fibres were spliced).

Both assumptions imply that the quasi-elliptical area projected onto the receiving fibre by
the optical power emitted by each layer of the transmitting fibre does not extend beyond the
circular section of the corresponding layer of the receiving fibre. Since the value of the angular
misalignment is kept small, the gap created between both fibre endsis not large enough to allow
a significant deviation in the overlapping areas, irrespective of whether we have neglected or
not the refractive index difference between fibre and air.

As stated in Refs. [5] and [7], in the case of the refractive index profiles of the MSI fibres
considered above, the angular misalignments can be treated in the same way as the transverse
offsets (see the appendix for further explanation). In the calculation of the coupling loss due to
a transverse offset, the power coupled into the receiving fibre was obtained by integrating the
optical power density given by Eq. (3) separately over the overlapping areas of both transmitting
and receiving fibres [8, 3]. By means of a similar reasoning, the coupling loss for the angular
misalignment Lay can be easily found as

2 J 1/2
Lam = —10log— {2 NAZ§; + NAZp? {arccosql— q(1—q?) / } }7 (4)
ny (p?—pf 1) NA? =2
i-1
where

1/2 1/2
& = p2arccosti — p2 arccosq; 1+ p21Gi 1 (1— 2 1) "2 — pZai (1—¢?) 72,

g stands for

g = nisno
2(nz-ng)"?

and j isan integer value that satisfies
NAJ',]_ < sino < NAJ'
N1 V2 g
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Table 1. Analytical expression of the coupling loss L 5 for alongitudinal separation s for
MSI fibres. (After Ref. [3].)

P
Lis= —10Iog%
whichisvalidfor s < p1/tan6,, so that a uniform optical power density can still be assumed,

and where

Pac = P1+2P1+2P1+22P',

j=2i=u
and
72l NAZ
Pi = 20 3P
ng (p1+stan6)
o piNA?
pL__ J min{ p?, (p1+stan6y)? ! —p2 .|,
22 ng (P1+stan61)2{ {pf: e 0%} e
_ an NA?
P =" 1 25tant, pE = (o1 —stnd)?]
0 { tpi-pi1 }
’ 2
72lo NAJ 2
n_gm{mm{f’u (pi+stan6;) } "
pi—Pi 2 e
P -]
i>2 = an NA,2 2
Pi—pPi-1 =
_max{pJ 1 (pi_1—stan) zH

Theintegers p, g, u and v are the limits of integration, satisfying

p = max {all possible values of k} so that
Pr—1—stanb < py; p=2...N,
q = max{all possible valuesof k} so that
Pr—1 < p1+stan6 < py; g=2...N,
u = min{all possible values of k} so that

(pc+stan6y > pj-1) and (p_1—stanf <pj);  2<Uu<VEN,
v = max {all possible values of k} so that
(pc+stan6y > pj-1) and (p_1—stanf <pj);  2<u<v<N.
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Table 2. Analytical expression of the coupling loss Lo for atransverse offset d for MS
fibres. (After Ref. [3].)

20 3 Naza 4 a2 [p2 d 42 2442
i:%l A+ jpjarccosz—pj—z(pj— /4)

Lto = —10|Og

)

ny (pf—pf 1) NA?
=

where

d d d 1/2 1/2
. —p2 =2 - 4z 2 g2 _(p2_g2
Aj = p{arccos 2, p{-q arccos o +5 {(p,,1 d2/4) (p? —d?/4) } :

and j isan integer value that satisfies

pj-1<d/2<pj.

It is straightforward to show that, by taking N = 1, Eq. (4) reduces to the coupling loss for
an S fibre

2 1/2
L = —10log = —0g1(1-q2
| ogﬂ{arccosql a1 (1-01) }
yielding similar results to those obtained by Thiel et al. in Ref. [9].

3. Experiment

Figure 1 shows the experimental set-up employed to measure the coupling losses of MS| poly-
methyl-methacrylate PM M A-based POFs due to mechanical misalignments.

1 SCRAMBLER MSI POF
TRANSMITTING
FIBRE
LIGHT SOURCE = ~
~ 2

ROTATORY
STAGE

I xvz
MICROPOSITIONERS -~

TO CONTROL
DRIVER

TO CONTROL
DRIVER

R«

¢---o---2 LINEAR
STAGES

TO CONTROL DRIVER
INTEGRATING|

SPHERE MSI POF
RECEIVING
FIBRE

POWER METER ———

Fig. 1. Experimental set-up used to measure coupling losses of M SI-POFs.

The transmitting fibre stands on a rotatory stage, whereas the receiving fibre is fixed to one
of the two linear stages which are placed perpendicularly to each other. The system is fully
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automated, and it allows the measurement of angular misalignments, longitudinal separations
and transverse offsets, respectively. In al the measurements, the length of the transmitting and
receiving fibreswas 2 m.

The measurements have been performed using different configurations for the light source:
(1) agreen LED, (2) ared laser diode (A = 662.5 nm) followed by an objective lens in order
to select a certain numerical aperture at the input surface of the transmitting fibre (specifically,
NAinput = 0.1 and 0.65), and (3) a 0.1-NA light source combined with a scrambler. This device
consists of an 8-shaped section of the transmitting fibre that contributes by its mode mixing to
a faster reaching of the so-called equilibrium mode distribution (EMD), independently of the
light source [10]. The two cylinders in such a scrambler were of 42 mm in diameter and the
distance between centres was 45.5 mm (in agreement with the standard JIS for conventional
SI-POF [11]). The light that exits the receiving fibre is collected by an Ulbricht integrating
sphere.

The power coupling from the source to the input surface of the transmitting fibre was op-
timized using the micropositioner No. 1 shown in Fig. 1 (for the LED source, the fibre was
directly attached to the source). Each set of measurements began by establishing the position
d =s= a =0, for which the power output from the receiving fibre was maximized. s stands for
longitudinal separation, d for transverse offset, and o for angular misalignment. This position
was achieved by using both the linear stages and the micropositioner No. 2 shownin Fig. 1.

For each of the light source configurations described above, the coupling loss measurements
were carried out sequentially as follows: first of all, coupling loss against longitudinal sepa-
ration measurements were taken for different transverse offsets. Next, coupling loss against
transverse offset measurementswere recorded for different longitudinal separations; and finally,
coupling loss against angular misalignment was measured for different longitudinal separations
aswell as for different transverse offsets. The near- and far-fields of the transmitting fibre were
measured with the Hamamatsu LEPAS system [12]. The step size for each set of measurements
was different: 100 um for longitudinal separations, 30 um for transverse offsets, and 0.3° for
angular misalignments.

4. Resultsand discussion

Coupling loss measurements were taken for two different M SI-POFs: the Eska-Miu fibre from
Mitsubishi [4], and the MSI-POF from TVER [1]. The former has three layers, whereas the
latter has four. The physical dimensions of the different layers are summarized in Table 3.

Table 3. Physical dimensions of the different layers (outer radii in mm).
Layerl Layer2 Layer3 Layer4d
Eska-Miu 0.25 0.35 0.38 -
TVER 0.16 0.23 0.27 0.33

It must be pointed out that the first layer of the Eska-Miu fibre is quite thick, whereas the
third one is extremely thin, in contrast to the similar but rather irregular layer thicknesses of
the TVER fibre. This can be observed in Fig. 2, where cross-section photographs of each MSI-
POF (Figs. 2(a) and 2(b)) together with their respective refractive index profiles (Figs. 2(c) and
2(d)) are shown. The refractive index profiles were measured with the aid of the inverse near-
field method [13, 14]. The implications of having such particular geometric arrangements and
refractiveindex profiles for the results obtained will be analyzed in subsequent subsections.

In atypica S| PMMA-POF the refractive index n is 1.492 in the core and a lower value in
the cladding ranging between 1.40 and 1.42. For the analytical calculations and the numerical
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(8) Cross-section (Eska-Miu fibre). (b) Cross-section (TVER fibre).

o
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(c) Refractive index profile (Eska-Miu fibre). (d) Refractive index profile (TVER fibre).

Fig. 2. Cross-section photographs of the MSI-POFs and their respective refractive-index
profiles.

computer simulations, we have taken the value of 1.492 as the refractive index of the inner-

most layer (ny), considering a value of 1.402 as the refractive index of the cladding (n¢). The
refractive indices of the remaining layers in between are adjusted according to the measured

refractiveindex profilesin Fig. 2 relative to the extreme values n; and n¢. We have chosen the
ray-tracing method for the computer simulations.

Asfor the launching conditions, the computer simul ations reproduce accurately the different
types of light source employed in the experimental measurements. We have utilized two hypo-
thetical light sources. One of them emits a Gaussian near-field power distribution characterized
by afull width at half maximum (FWHM) of 80 um and provides a uniform mode distribution
(UMD) within the numerical apertures NAjnput = 0.1 or 0.65. The other one is a lambertian
LED source that covers the whole input surface of the transmitting fibre, the lambertian expo-
nent s for the angular distribution being 1. We have launched approximately 200000 rays into
the Eska-Miu and the TVER fibres. This number ranges between an upper boundary delimited
by the total number of modes that can propagate within the fibres and a lower boundary to
ensure sufficiently smooth and accurate results. The former is calculated from the waveguide
parameter V [15].

For convenience, the analytical results have been superimposed on the graphs showing
the numerical results obtained for the case of a UMD within an input numerical aperture of
NAinput = 0.65 (which ensures that the launched rays will fill the effective solid acceptance
angle of the transmitting fibre). In principle, both sets of results should be similar.

It isworthy of remark that the numerical results obtained from the simulations correspond to
ideal fibres, whereas the experimental measurements deal with real fibres. In the latter, intrin-
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sic physical phenomena can give rise to many different effects that can have an influence on
the fibre transmission characteristics affecting coupling losses. (To some extent it is possible to
simulate these effects by deflecting the direction of the light rays from that predicted by Snell’s
law by using an appropriate probability distribution function. Previous works have successfully
demonstrated its feasibility in SI-POFs, as discussed in Refs. [16] and [17], but its implemen-
tation in MSI fibres is much more elaborate and complicated. For this reason, in this paper we
will only consider ideal fibres when performing numerical simulations.)

4.1. Previous considerations of the mode coupling effects

Among these effects, differential mode attenuation (DMA) and mode coupling have a great
influence on the performance of the fibre [10, 18, 19, 20]. We believe that mode coupling
is much more important in MSI-POFs than the DMA, in view of the results that we present
below. The former arises from intrinsic perturbation effects, such as microscopic anomaliesin
the fibre core, irregularities in the core-cladding interface, or inhomogeneitiesin the refractive
index profile. In our particular case, theinfluence of the numerical aperture on the coupling rate
has proved to be negligible because of the short length of the measured fibres, so the coupling
coefficient can be considered as the dominant parameter in the mode coupling process[21].

In order to assess the importance that mode coupling has on each M SI-POF, we have plotted,
on Figs. 3 and 4, the experimental near- and far-fields of the transmitting fibres for both M SI-
POFs and for the first three launching configurations mentioned (namely, the red laser diode
followed by an objective with NAjn,ut = 0.1, the same light source followed by another objec-
tive with NAinput = 0.65, and the green LED). Likewise, the experimental near- and far-fields
obtained using a 0.1-NA light source in combination with a scrambler in the shape of an 8,
yielding an angular emission pattern similar to that of the EMD, are shown in Fig. 5.

On the one hand, the different angular emission patterns obtained from the far-fields in the
case of the Eska-Miu fibre (as shown in Figs. 3(b), 3(d) and 3(f)) suggest a very low rate of
mode coupling, because of the strong dependence of the results on the launching conditions. In
contrast, Figs. 4(b), 4(d) and 4(f) indicate that there is no such a dependence on the launching
conditionsin the case of the TVER fibre, which isaclear sign of astrong mode coupling effect.
This can be concluded from the similarities between these far-fields and those obtained using
the scrambler (which speeds up the process of achieving the EMD), as shown in Fig. 5(d). This
fact can be explained by the many structural imperfections of the TVER fibre, its quality being
much poorer than that of the Eska-Miu fibre (as becomes apparent in Figs. 2(a) and 2(b)). Asa
result of such imperfections the mode coupling rate is higher.

This is the main reason for having practically the same coupling loss results for the TVER
fibreregardless of the source configuration employed in the experimental measurements, aswill
be seen below [22]. Being unable to draw any meaningful conclusions from the experimental
measurements of the TVER fibre, the computer simulations have proved to be a very valuable
tool in order to compare the effects of the characteristics of each fibre on their performancein
terms of coupling losses.

On the other hand, the near-field of the Eska-Miu fibrefrom Fig. 3(a) showsthat, eventhough
light power has been launched onto a very small spot and within an input numerical aperture
NAinput = 0.1 (ensuring that ideally no refraction takes place to the outermost layers), there
is a small fraction of power collected by the second and third layers (although it is virtually
negligible in this last one). This clearly suggests that there is some power transfer from lower
to higher order modes. For the source configurations using a 0.65-NA source and a 0.1-NA
source combined with an 8-shaped scrambler (see Figs. 3(c) and 5(a), respectively) this effect
is not so apparent, because part of the light power is refracted to outer layers due to the high
input numerical aperture in the former case and to the curvature of the bent fibre section in
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Fig. 3. Eska-Miu fibre. Experimental near- and far-fields of the transmitting fibre for dif-
ferent source configurations used in the measurements.
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Fig. 4. TVER fibre. Experimental near- and far-fields of the transmitting fibre for different
source configurations used in the measurements.
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Fig. 5. Experimental near- and far-fields of the transmitting fibre with an 8-shaped scram-
bler used in the measurements for the Eska-Miu and TVER fibres (NAjnpyt = 0.1).

the latter. The case corresponding to the green LED excitation is an exception in itself, since
it covers the whole input surface of the transmitting fibre and therefore the effects of mode
coupling on the near-field shown in Fig. 3(e) become masked. The same conclusions apply to
the TVER fibre.

Since our numerical simulations involve only ideal fibres without real perturbation of the
propagation mechanisms of the light power, the fraction of power coupled to the outer layers
isnull or very small, depending on the launching conditions. It is null when rays are launched
from the 0.1-NA hypothetical source, and very small in the case of having launched rays from
the 0.65-NA hypothetical source, as can be deduced from the near- and far-fields shown in
Figs. 6 and 7, even though the measured coherence length for the latter is of approximately
5mm[23].

As a consequence, there can be significant deviations between the experimental and simu-
lated results for the aforementioned source configurations. In order to determine the exact in-
fluence on the coupling loss measurements, we have performed several simulations using the
same source configurations but this time covering the whole input surface of the transmitting
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Fig. 6. Eska-Miu fibre. Near- and far-fields of the transmitting fibre for different source
configurations used in the numerical computer simulations.
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fibre for both MSI-POFs (shown in the insets). The implication of such measurements will be
discussed in the following subsections.

4.2. Longitudinal separation

We present below the experimental and numerical results for the coupling losses (in dB units)
against the normalized longitudinal separation s/Router COrresponding to different transverse
offsets (Router denotes the outermost layer of the fibre, 0.38 mm for the Eska-Miu fibre or
0.33 mm for the TVER one). Figure 8 shows the results obtained for the Eska-Miu fibre,
whereas those for the TVER fibre are presented in Fig. 9. Different plots correspond to the
different source configurations explained above (see section 3). The analytical results for the
Eska-Miu and the TVER fibres are shown superimposed on Figs. 8(d) and 9(d), respectively.
Notice that the validity of the analytical formula reproduced in Table 1 is limited to the re-
gion where s < p1/tan6,, which has a value s/Router = 1.4389 for the Eska-Miu fibre and
S/Router = 1.1595 for the TVER fibre. The insets in Figs. 8(b), 8(d), 9(b) and 9(d) show the
numerical results that would be obtained using the same launching conditions but covering the
whole input surface of the transmitting fibre. Additionally, the experimental results for both
M SI-POFs with an 8-shaped mode scrambler (indicative of the results that would be obtained
under EMD conditions) are plotted on Fig. 10.

At first sight, it can be seen that the analytical expressions show fairly pessimistic values
for both fibres, in contrast to the experimental and numerical results in the absence of any
transverse offset (d /Router = 0), SO we must conclude that the former lead to very conservative
results in terms of coupling efficiency.

On the one hand, it is found that the numerical results for the Eska-Miu fibre are in good
agreement with the experimental ones. Slightly worse results if the simulations are performed
under overfilled mode distribution conditions can be expected from direct comparison between
the sets of Figs. 8(c) and 8(d), and Figs. 8(e) and 8(f) [24, 25]. However, the numerical re-
sultsin Fig. 8(b), if compared to the experimental measurements obtained using a 0.1-NA light
source (see Fig. 8(a)), suggest just the opposite behaviour under underfilled mode distribution
conditions. Indeed, the coupling losses are higher in the experimental measurementsthan in the
numerical simulations, even if we consider that the source covers the whole fibre surface, both
for longitudinal separations at a constant transverse offset and vice versa. The main responsible
for such a behaviour is mode coupling, since:

(i) itgivesrise, at theexit of the transmitting fibre, to acone of radiation of higher divergence
than it should ideally have (see subsection 4.1 and Figs. 3(b) and 6(b) above), which
resultsin higher losses as the separation between fibre ends increases,

(ii) it causes more light power to propagate in the outermost layers (see Figs. 3(a) and 6(a))
and, therefore, the effects on the coupling loss of displacing both fibres transversely are
more dramatic. In this sense, the numerical results shown in the inset, which correspond
to the case in which the source covers the whole fibre surface, are more similar to the
experimental results, provided that intermediate transverse offset values are considered.

In any case, both experimental and numerical results for the Eska-Miu fibre suggest that, as
longitudinal separation increases, the dependence of coupling losses on launching conditions
starts to be noticeable (which is also indicative of the lack of strong mode coupling effect in
this particular MSI-POF). For example, from Figs. 8(a) and 8(c), which correspond to input
numerical apertures of 0.1 and 0.65 respectively, it can be observed that the coupling loss
increases with the input numerical aperture for large longitudinal separations.

On the other hand, there is not such a dependence on launching conditionsin the case of the
TVER fibre because of the high rate of mode coupling caused by the structura irregularities,
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numerical results. The insets correspond to the results obtained when the source covers the
whole input surface of the transmitting fibre. The analytical results denoted by ¢ are shown
superimposed on the numerical results obtained with NAjnpyt = 0.65.
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merical results. The insets correspond to the results obtained when the source covers the
whole input surface of the transmitting fibre. The analytical results denoted by ¢ are shown
superimposed on the numerical results obtained with NAjqpy = 0.65.
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Experimental results obtained for the Eska-Miu and TVER fibres.

as explained in subsection 4.1. For this reason, the numerical results for the TVER fibre do
not fit the experimental ones. However, we can draw important conclusions by comparing the
numerical results obtained for the Eska-Miu and the TVER fibres (sets of Figs. 8(b) and 9(b),
Figs. 8(d) and 9(d), and Figs. 8(f) and 9(f)), or the experimental results of Figs. 10(a) and 10(b),
which correspond to measurements performed under nearly EMD conditions.

In this way, it can be firstly observed that in the absence of any transverse offset, coupling
losses are dlightly higher for the Eska-Miu fibre than for the TVER one as longitudinal sepa-
ration increases. Equivalently, for a certain coupling loss, the allowed longitudinal separation
is higher for the TVER fibre than for the Eska-Miu one. For instance, when utilizing a 0.1-
NA light source in combination with an 8-shaped scrambler in the transmitting fibre, we have
measured a 3 dB coupling loss for longitudinal separations s/R outer = 8.29 in the case of the
TVER fibreand only 7.38 in the case of the Eska-Miu one. This differenceis more subtlein the
numerical results, since they have been ideally obtained using the same launching conditions
and normalized separations. Thus, the effects of longitudinal separations on coupling losses are
mainly due to the divergence of the cone of radiation defined by the local numerical aperture,
which also depends on the refractive index profile of the fibre. As a matter of fact, it is clear
from Figs. 5(b) and 5(d) that the experimental cone of radiation at the exit of the transmitting
Eska-Miu fibre has a higher divergence than that from the TVER one.

Secondly, the coupling losses are much higher for the TVER fibre than for the Eska-Miu
one when thereis a transverse offset, which is easy to understand if we refer again to the near-
and far-fields of both fibres. For instance, Figs. 5(c) and 5(d) show that, irrespectively of the
source configuration, in the case of the TVER fibre the energy is concentrated mainly within
the innermost layers. This distribution of power is a direct consegquence of the refractive index
profile exhibited by the TVER fibre, as explainedin the following. At the exit of the transmitting
fibre a cone of radiation whose cross-section area at s/R outer = 0 can be defined in terms of the
surface area of the innermost layers. At the same time, the rest of the surface area of the fibre
covered by the two outermost layersis still significant, even though such layers have the lowest
numerical apertures. In the case of the Eska-Miu fibre (see Figs. 5(a) and 5(b)), the cone of
radiation of the transmitting fibre is wider in its base due to its very thick innermost layer,
but the outermost one, that is, the layer which collects the lowest fraction of emitted power, is
extremely thin, which implies less sensitivity of coupling losses to transverse offsets for small
longitudinal separations.
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All in al, low coupling losses require a very small transverse offset d, whose effects will
be analyzed in more detail in the following subsection. As an introduction, let us first consider
the longitudinal separation alone, and compare it with the transverse offset alone. In the case
of the Eska-Miu fibre illuminated by a 0.1-NA red laser diode through an 8-shaped scrambler
(Fig. 10(a)), we can see that 1 dB of coupling loss is achieved when the gap between both
ends is s/Router = 4, Or when the transverse offset is only d/Router = 0.53. The TVER fibre
presents higher coupling losses than the Eska-Miu one even with moderate transverse offsets
(d ~ Router). For example, in Fig. 10(b), for a transverse offset d /R outer = 0.91 and no longi-
tudinal separation coupling losses are approximately 7 dB, whereas only 4.7 dB in the case of
the Eska-Miu fibre for d /Router = 1.05, which is an even higher transverse offset than 0.91.

4.3. Transverse Offset

We present now experimental and numerical results for coupling losses as a function of the
normalized offset d /Router for different longitudinal separations and source configurations, as
explainedin section 3. Again, the analytical resultsfor both M SI-POFs are shown superimposed
on the numerical resultsfor a0.65-NA source. Theinsets show, in addition, the numerical results
that would be obtained if the same launching conditions were employed, but this time making
use of a source covering the wholeinput surface of the transmitting fibre.

First of al, it can be seen in Fig. 11 (Eska-Miu fibre), Fig. 12 (TVER fibre), and Fig. 13
(experimental results obtained for both M SI-POFswith an 8-shaped scrambler), that even small
offsets result in high coupling losses.

By comparing the set of experimental and numerical results in the absence of any longitu-
dinal separation between fibre ends (S/Router = 0) with the analytical coupling loss, we can
observe that the latter shows dightly higher values. Thisis dueto its conservative nature, since
it involves overfilled mode distribution conditions. Even so, it is clear that they are in excellent
agreement.

With regard to the similarities between the experimental and numerical results, we can con-
clude that the simulations using a source covering the whole input surface of the transmitting
fibre reproduce the experimental measurements in a more accurate fashion than those using
a source emitting a very small near-field injection spot. The results are plotted on the corre-
sponding insets. Thisis not the case for those experimental results obtained for the TVER fibre,
which were reported in previous subsections not to depend on the launching conditions due
stronger mode coupling. The similarity is even greater when light sources of low input numer-
ical apertures (NAjnput = 0.1) are employed. This is because the fraction of power coupled to
the outermost layersis null or practically negligible, depending on the input numerical aperture
(e.g., in our analysis NAjnput = 0.1 or 0.65). As a consequence, the numerical coupling loss
only starts to become noticeable when the amount of transverse displacement between both
fibre endsis large enough for the innermost layer of the transmitting fibre to be able to radiate
outside the input surface of the receiving one. This behaviour can be deduced from the flat
curves exhibited by Figs. 11(b) and 12(b) in the region of small transverse offsets.

For a transverse offset, in the same way as happened with a longitudinal separation, it is
remarkable that coupling loss increases with the input numerical aperture in the case of the
Eska-Miu fibre (Figs. 11(a) and 11(c)). This could be explained assuming that an increase in
the input numerical aperture involves aredistribution of the light power that reduces the power
density in any given cross-section area of the radiation cone from the transmitting fibre (in
other words, the aperture of the cone of radiation increases with the input numerical aperture).
This behaviour is not observed in the case of the TVER fibre, since the experimental results
obtained for the coupling loss are almost independent of the launching conditions due to the
strong mode coupling in thisfibre. This meansthat no important mode redistribution takes place
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Fig. 11. Eska-Miu fibre. Coupling loss against normalized transverse offset d /Royter for
various longitudinal separations and for different source configurations. Experimental and
numerical results. The insets correspond to the results obtained when the source covers the
whole input surface of the transmitting fibre. The analytical results denoted by ¢ are shown
superimposed on the numerical results obtained with NAjypy = 0.65.
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Fig. 12. TVER fibre. Coupling loss against normalized transverse offset d /Router for vari-
ous longitudina separations and for different source configurations. Experimental and nu-
merical results. The insets correspond to the results obtained when the source covers the
whole input surface of the transmitting fibre. The analytical results denoted by ¢ are shown
superimposed on the numerical results obtained with NAjqpy = 0.65.
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Fig. 13. Coupling loss against normalized transverse offset d /Router fOr various longitu-
dinal separations and using an 8-shaped scrambler in the transmitting fibre (NAjppyt = 0.1).
Experimental results obtained for the Eska-Miu and TVER fibres.

when changing from one source to another.

Let us now compare the experimental results obtained for both MSI-POFs when using a
0.1-NA red laser diode in combination with an 8-shaped scrambler, which are represented in
Figs. 13(a) and 13(b). In the case of the Eska-Miu fibre, a transverse offset equal to the radius
of the fibre (d /Router = 1) when there is no longitudinal separation (s/Router = 0) leads to a
coupling loss of approximately 3.5 dB. This effect is even more dramatic on the TVER fibre,
whose coupling loss turns out to be in the order of 7-8 dB. Anocther significative parameter
is the 3-dB coupling-loss point, which is d /Router = 0.94 for the Eska-Miu fibre and 0.62 for
the TVER one. Indeed, these values are certainly lower than those obtained for longitudinal
separations alone, which isindicative of the greater importance of transverse offsets as regards
coupling loss. The reasons for such a behaviour have aready been discussed at the end of the
previous subsection.

On the other hand, as the longitudinal separation between fibres increases, coupling loss
increases more and more slowly with the normalized transverse offset, and there is eventually
a certain offset value from which greater longitudinal separations produce lower losses. As an
example, let us consider the TVER fibre illuminated by alight source with an input numerical
aperture of 0.1 through an 8-shaped scrambler (see Fig. 13(b)). In this case, we can observe
that, in the absence of longitudinal separation (S/Router = 0), there is an increase of nearly
8 dB in the coupling loss when changing from d/Rguter = 0 t0 d/Router = 1. Instead, for a
longitudinal separation of s/Router = 6.06 thisincreaseisreduced to 7.1 dB. Thisbehaviour can
be explained on the assumption that the light exiting the transmitting fibre generates a divergent
cone of radiation that overlaps the cross-section of the receiving fibre. As this cone is moved
along the transverse direction, the power captured inside decreases. The decrease in power is
much slower when considering larger longitudinal separations, for which the cross-section of
the cone of radiation is bigger, and therefore, the power distribution is smoother.

Finally, as was discussed in the previous subsection, coupling losses due to small transverse
offsets (d /Router in the vicinity of 0) are higher in the case of the Eska-Miu fibre when consid-
ering large longitudinal separations, as a result of the smoother power density of the emitting
cone of radiation.

To sum up, the transverse offset has so far proved to be the most critical parameter when
dealing with coupling losses for MSI-POFs, just likein Sl and Gl optical fibres[6, 9].
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4.4. Angular misalignment

The experimental and numerical results in Figs. 14 and 15 show the behaviour of coupling
loss with an angular misalignment. In those plots where the longitudinal separation appears
as a parameter, the measured output power is referring to the power recorded at d /R guter = O,
S/Router = 0.53 (for the Eska-Miu fibre) or 0.61 (for the TVER fibre), and o = 0°. Thisis our
0-dB reference point. In the other plots where the transverse offset appears as a parameter, the
reference positionisd/Router = 0, S/Router = 1, and o = 0°.
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Fig. 14. Coupling loss against angular misalignment o (in degrees) for various longitudinal
separations for an input numerical aperture NAjyput = 0.65. Experimental and numerical re-
sults. The insets correspond to the results obtained when the source covers the whole input
surface of the transmitting fibre. The analytical results denoted by ¢ are shown superim-
posed on the numerical results.

The results for coupling losses as a function of the angular misalignment for various longi-
tudinal separations are illustrated in Fig. 14. On the one hand, Fig. 14(a) shows the coupling
losses in the case of the Eska-Miu fibre (in which they do depend on light launching condi-
tions) in the least favorable case, namely when the value of the input numerical aperture is
NAinput = 0.65. It is clear from Fig. 14(b) that the numerical results shown in the insets are
in better agreement with the experimental ones, for the same reasons discussed above. On the
other hand, Fig. 14(c) showstheresultsfor the TVER fibre. For thisfibre, as happened with both
longitudinal separations and transverse offsets, coupling losses due to an angular misalignment
are amost independent of the launching conditions, due to mode coupling effects. This makes
it difficult to establish any comparison between the experimental results and the numerical ones
represented in Fig. 14(d).
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Fig. 15. Coupling loss against angular misalignment o (in degrees) for various transverse
offsets for an input numerical aperture NAjnpy = 0.65. Experimental and numerical results.
The insets correspond to the results obtained when the source covers the whole input sur-
face of the transmitting fibre.

Figure 15 shows, again, coupling losses against angular misalignment, but this time for dif-
ferent transverse offsets. Figures 15(a) and 15(b) correspond to the Eska-Miu fibre, whereas
Figs. 15(c) and 15(d) are related to the TVER fibre. It must be pointed out, once more, the high
sensitivity to the transverse offset of coupling losses, especially when dealing with the TVER
fibre.

In any case, the analytical predictions can be regarded as an upper bound for both fibres,
provided that the effects of a transverse offset or alongitudinal separation are discarded.

Finally, in view of theweak dependence shown by coupling losses on angular misalignments,
it can be concluded that angular misalignments are not as critical as transverse offsets or longi-
tudinal separations, provided that they are kept sufficiently small. Furthermore, we have found
that losses always remain well below 3 dB for practical values of the angular misalignment.

5. Conclusion

In this paper we have primarily compared existing and novel analytical models for coupling
losses with both numerical computer simulations and experimentally measured data. Our ana-
lytical expressions corresponding to coupling losses have been completed in this paper with
those corresponding to angular misalignments. In all cases, the formulae were derived under
the assumption of a uniform power distribution across the light cone of radiation defined by
the input numerical aperture. For this reason, the analytical calculations performed are fairly

#6886 - $15.00 US Received 18 March 2005; revised 12 May 2005; accepted 16 May 2005
(C) 2005 OsA 30 May 2005/ Vol. 13, No. 11/ OPTICS EXPRESS 4035



pessimistic. However, it has been proved that they are never worse than the results obtained
experimentally, so we ensure that the real measurements are well below these limit values.
Therefore, we can conclude that the analytical calculations provide an upper bound for cou-
pling losses. Regarding the experimental and numerical results, these have revealed that, in
several cases, coupling losses do depend on the mode distribution in the fibre. For instance,
the results obtained for the Eska-Miu fibre depend on light launching conditions, whereas this
dependence is much weaker in the TVER fibre, due to stronger mode coupling. Finally, in the
light of the analytical, numerical and experimental results, it is clear that connector designers
should pay close attention to transverse offsetsin order to minimize coupling losses.

Appendix A: Proof of the relationship between transverse offset and angular misalign-
ment

Although the principal ray optics variables such as the ray polar position r and the axial direc-
tion 6; have no physical meaning in the wave optics picture, the combination [5]

nZsin? 6,

2_n2
n ng

R? =r? (A1)
is directly related to the propagation constant 3 of a fibre mode and, therefore, to the ray in-
variant 3 [26, 27]. The expression above corresponds to fibres having a clad parabolic profile,
although it leads to very accurate results in the case of near square-law profile fibres. The mag-

nitudeR in
2 (1o By _m A2
R _( _kznz) n2—n2 (A7)
is the length of a vector in the phase space pointing to the locus of the fibre mode; hence, it
is called the mode coordinate. In the equations above, k is the vacuum wave number and n the
refractive index associated to each layer.

By defining a normalized angular coordinate

nsino,
O=—""—775 (A3)
1/2
(n?—nj) /
and substituting Eq. (A3) for Eq. (A1)
RZ2=r2+¢2 (A4)

Sincer and ¢ are interchangeable in this relationship, it can be proved that transverse offsets
and angular misalignments can be treated in the same way. Therefore, introducing a single
offset variable D which gathers both the transverse offset d and the angular misalignment «,
defined as

(A5)

the coupling loss for an angular misalignment can be easily computed using the same formulae
derived for transverse offsets.
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