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1. (Introduction

Photonic crystal fibers (PCFs) form a novel class
of optical fibers that have attracted a considerable
amount of interest due to their unconventional
properties.” The main difference between stan-
dard fibers and PCFs is that the cladding in PCFs
may consist of pure silica with an array of air holes
running along the length of the fiber. PCFs are di-
vided into two groups, depending on the guiding
mechanism. The light is guided either by modified
total internal reflection (M-TIR) or by the pho-
tonic bandgap (PBG) effect,' In this presentation,
we will focus on index-guiding PCFs. This choice
is due to the larger availability of index-guiding
PCFs and relatively close resemblance to standard
fibers. For almost any application, if PCFsare o be
a competitive alternative or complement to stan-
dard optical fibers, an in-depth understanding of
these fiber’s coupling properties are necessary.
However, at present, very few studies of couplin
issues of PCFs have been presented in literature.”
In this work, we present a general treatment of
coupling to PCFs, focusing on fundamental as-
pects of the PCF mode distributions, such as their
overlap to gaussian beams and the angular de-
pendency of transversal offset.

2. PCF mode fundamentals
‘The PCFs considered in this article all have trian-
gular cladding structures as seen in Fig. 2, This is
today the most commonly used structure for
PCFs and it arises from a close packing of circu-
lar silica tubes, The core is made by replacing one
tube with a solid silica rod—see Fig, 1.
Generally, coupling losses have three funda-
mental sources: Mode mismatch, Fresnel reflec-
tions on the interface between the fibers, and mis-
alignment of the fibers. We will here mainly focus
on mode mismatch and as a first approximation
Fresnel reflections are assumed negligible. This
enables us ta treat the coupling between the fibers
as an overlap integral between two mode profiles.
This approximation is justifiable because Fresnel
reflections are caused by changes in the refractive
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Fig. 1. Left: Scanning electron mi-
crograph of PCF cross-section. Right: Funda-
mental mode field distribution having an appar-
ent hexagonal shape.
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index, and for the considered PCF to SIF cou-
pling, the majority of the light is confined to the
core, where we find a glass-glass interface. Some
of the problems retated to PCF coupling ate illus-
trated in Fig. 2, where three examples of funda-
mental mode profiles are shown above the fibers,
‘While the mode profiles of standard fibers, such
as step index fibers (SIF), are circular symmetric,
the mode profiles of PCFs inherit the hexagonal
symmetry of the index distribution of the PCFE.
This difference in the mode shape causes a loss of
energy, when coupling between SIFs and PCFs.
The two PCF modes illustrate the large variation
in mode profiles possible for PCFs. The mode
profiles have a strong dependence on the hole
size, the pitch, and the frequency. The rightmost
profile in Fig. 2 is an example of the light being
strongly confined to the core. This is caused by
very large holes in the PCF (the specific fiber has
d/A = 0.9), and the mode profile becomes almost
circular symmetric. The mode in the middle is
calculated for a PCF with a normalized hole size,
d/A = 0.3, and a relatively low frequency allowing
the light to spread out between the holes, into the
cladding. Because of this large spectral mode
variation, it is necessary to describe, in detail, the
properties of the mode profiles.

The coupling ceefficients between two fibers
are calculated as overlap integrals of the mode
profiles of the fibers. The exact overlap between
two electromagnetic fields is given by (1), where E
and H corresponds to the electric and the mag-
netic fields, respectively, and subscripts in and out
corresponds to the electromagnetic fields in the
two coupled fibers, respectively. Integration is
performed across the full cross section, A, of the
fibers, As a simplification, the everlap integrals in
this article may be calculated as (2)

IA(Ein X Hon + Egue X H;;)-da
c= (n

N [A(Ein X I>I1'n + Eour X I‘I:vul)'da

c= IA(HEf'Esif}‘da . (2)
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Equation (2) gives an exact value, when the two
fields have the same intrinsic impedance, which is
the case, if the two fields propagate with the same
propagation constant, i.e., if they have the same
modal index,

3. Coupling from PCFs to gaussian beams
and step-index fibers

The first step in the analysis is to compare the

PCF modes with gaussian shaped modes. This

ThGGI1l Fig. 2. Schematic drawing of a fiber
splice between a step-index fiber (SIF) and a PCE
The transversal offset is denoted Ar, Examples of
the considered meode profiles are shown above the
fibers. The PCF modes ate calculated at different
wavelengths and the figure illustrates the large
variation in PCF mode shape and the fundamen-
tal difference between the mode profiles of PCFs
and SIFs.

provides a peint of reference, when comparing
PCFs to standard fibers. We compare a PCF mode
to a gaussian mode by calculating the specific
gaussian field distribution, which has the optimal
coupling to the PCF mode. This is done through
an iterative process, where we optimise the align-
ment, the polarisation, the phase, and the width
of the gaussian field. We then examine the behav-
iour of the coupling coefficient and the width of
the gansstan field, as a function of normalized fre-
quency, A/A, where X is the free space wavelength
of the light, and normalized hole size, d. Fig. 3
shows the normalized spotsize, @/A, for the fun-
damental mode of PCFs as a function of the nor-
malized frequency. Notice that there is a differ-
ence between standard fiber terminology and
PCF terminology. The normalized frequency is,
when used on PCFs and in this article, AJA, which
is proportional to the frequency of the light. The
spotsize is defined as the l/e-radius of the
electromagnetic field, ie, the 1/e’-width of
the power. For the larger hole sizes, the fibers are
no longer endlessly single moded, this is indi-
cated using dashed lines for the muli-mode
range.

Fig. 3 shows the spotsize of gaussian beam op-
timized with respect to coupling to PCFs. The
averlap between fundamental PCF mode and op-
timized gaussian beams is more than 95% for
PCF having d/A > 0.4 for A/A > 1 (not shown in
figure}. The resulis llustrate that the spotsize is a
decreasing function of both the hole size and the
normalized frequency. The reason for this hole
size dependency is that for larger holes, for a given
frequency, more power is present in the air holes,
creating a larger index contrast between the core
and the cladding. Furthermore, the physical size
of the core region decreases as the boundaries of
the neighbouring holes surrounding the core
moves towards the centre of the fiber. The fre-
quency dependence is caused by the same mech-
anism observed in standard fibers; the shorter
wavelength resuits in a mode, which is closer and
closer confined to the core of the fiber, but has a
increasingly smaller index contrast. As a further
point, the PCFs are found to become multi
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ThGG1L Fig.3. Normalized spotsize w/Aasa

function of normalized frequency, A/A. The
curve parameter is the normalized hole size d/A.
Regions where the fibers are multimode are indi-
cated by dashed curves. The figure illustrates fur-
ther the normalized spotsize w/A for two sets of
step-index fibers (SIF) with different refractive
index step: A,B,C having An = 0.005, and D,E,F
having An = 0.015, Core sizes are A,D: 0.6A, BE:
0.7A, DF: 0.8A.
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ThGGl1 Fig. 4. Top figures: Mede field dis-
tributions of PCFs with d/A = 0.9 at A/A = 0.74
(left) and d/L = 0.3 at A/h = 4.18 (right). Bottom
figures: Directional variation in the offset for
coupling between PCFs and optimum S[Fs.

moded for spotsizes below approximately 0.6A.
Fig. 3 further shows the spotsize and optimum
design parameters for two sets of SIFs having re-
fractive index step of 0.005 and 0.0015, respec-
tively. As an important result, the figure shows
that optimum coupling between PCFs and SIFs
with realistic refractive index contrasts, may onfy
be obtained for PCFs with relatively low d/A (d/A
below 0.5). Additionally, for optimum coupling,
the PCFs should be designed in the regime of A/A
> 3.

Finally, Fig. 4 illustrates directional offset vari-
ation for coupling losses between PCFs and opti-
mum SIFs, Contour levels are in relation to the
maximurn coupling coefficient and are at levels:
0.99,0.95,0.9, 1/, 1/e2. This result indicates that
the angular dependency of transversal offset
when coupling to PCFs is of limited importance,
despite the hexagonal distribution of the PCF
mode fields.

4. Summary

In this work we have analyzed the correspon-
dence between the fundamental mode of PCFs
and gaussian modes as a function of frequency,
pitch, and air hole size. Such analysis provides in-
sight into design space regions of PCFs, where
low-loss coupling to standard fibers may be ob-
tained.
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Introduction

Multimode {MM) or singlemode (SM) fibers for
short haul have been discussed for decades.!™
Cables with both fiber types have been installed,
with the possibility to start using multimode and
then upgrade to singlemode fiber when needed.
In this paper we propose, for the first time to our
knowledge, a combined multimode and single-
mode fiber (MM-SM-fiber) for telecommunica-
tion and FTTH applications (Swedish patent ap-
plication filed 2001-07-12, No. 0102509-7). We
have superposed a singlemode core concentri-
cally on a multimode core index profile, obtain-
ing a fiber with the advantages of both fibers.
When the fiber is connected to multimode fibers
at both ends, it works as a multimode fiber. When
it is connected to singlemode fibers at both ends,
this fiber has the same high bandwidth as a stan-
dard singlemode fiber. Upgrading or downgrad-
ing is very simple and cheap, as the only things to
be changed are the connecting fibers. Further-
more, this fiber can be used for duplex communi-
cation, e.g., the $M-core downstream and the
MM-core upstream.

Manufacturing

A preform was manufactured by the MCVD-
methad. A sufficient number of multimode core
layers were first deposited, followed by the single-
mode core layers. Special care was taken to pre-
vent inhomogeneities during the deposition. The
collapse process is delicious to prevent too much
diffusion and avoid cracking of the preform. Two
fibers, each 2 km long, were drawn in a normal
way. The obtained index profile is shown in Fig, 1.

Measurements

The following measurements were performed to
test the MM and SM properties: MM-OTDR,
MM-bandwidth, SM-OTDR, SM-cutback, SM
chromatic dispersion, 10 Gbit/s eye-diagram and
10 Gbit/s BER~measurement. When MM meas-

ThGG12  Fig. 1. Index profile of the MM-
SM-preform.

urements were performed, MM-fibers were
spliced or connected to the MM-SM-fiber, and
for SM measurements, SM-fibers were spliced ta
the MM-5M-fiber.

A MM-OTDR measured a MM attenuation of
2.7 dB/km at 905 nm wavelength. MM-band-
width was measured using a Tektronix OF192
bandwidth test set. For a 2 km length of fiber, a
MM-bandwidth around 100 MHz was measured
at 1300 nm, using a Gaussian curve-fit, corre-
sponding to about 200 MHz-km. Without the
Gaussian curve-fit, the instrument showed
around 12 MHz. The reason is not known, but the
MM index profile was not optimized so far. How-
ever, high MM-bandwidth is not necessary as up-
grading to SM-operation is an easy task.

The SM attenuation was measured using SM-
OTDR and SM-cutback. The SM-OTDR straight
line showed a uniform attenuation with a rela-
tively high loss, 1.17 dB/km at 1300 nm and 0.72
dBfkm at 1550 nm. The cause for this is un-
known. The SM-cutback measurement was ob-
scured at 1300 nm by a high cutoff wavelength
about 1380 nm, and the absolute value is also un-
certain as one cannot attach a SM-fiber to the
short length output end without introducing un-
known losses. SM chromatic dispersion was mea-
sured in a standard SM measurement instrument
from EG&G and showed a small shift 1o k= 1390
1, but was otherwise normal, see Fig. 2.

In the eye measurements an OC-192/STM-64,
i.e., 9.95328 Gbit/s, NRZ-modulated optical sig-
nal with a PRBS-31 pattern was used. The first eye
diagram was taken with an optical oscilloscope
directly connected to the transmitter at a mean
input power of -6 dBm, Fig. 3a. The second eye
was taken with the MM-SM-fiber between the
transmitter and the optical oscilloscope, Fig. 3b.
With the MM -SM-fiber installed, the Q-value de-
graded from 11.5 to 10.5 (linear). The latter Q-
value corresponds to a bit error-rate (BER) of
5107,

In the bit error-rate measurement, the sarne
signal as in the eye-diagrams measurement was
used. Here, the optical signal was fed into an OC-
192/STM-64 receiver that was connected to a
BER analyzer. The receiver used was a PIN/GaAs-
PHEMT hybrid with no pre-amplification,
thereby the 1-10-sensitivity of —20.5 dBm. In
Fig. 4, the BER-curves for the back-to-back mea-
surement and the MM-SM-fiber measurement is
plotted together with a reference curve represent-
ing a thermal noise curve. From the BER-curves it
can be seen that the power penalty for the MM-
SM-fiber is about 0.5 dB compared to the back-
to-back case.
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ThGG12 Fig. 2. Singlemode chromatic dis-
persion in ps/nm-km.
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