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Abstract Optical waveguide arrays consisting of a two-
dimensional arrangement of weakly coupled waveguides
represent the basis of the new research field of discrete op-
tics. For studying the nonlinear pulse dynamics, fiber waveg-
uide arrays offer specific advantages such as a high optical
damage threshold and an accessible range of anomalous dis-
persion. Coherent coupling of such waveguides for reason-
able propagation lengths requires, however, a high structural
quality of the waveguides and their superstructure, which
is beyond conventional fiber technology. Design, fabrica-
tion and characterization of such a fiber waveguide array
are described. The linear propagation properties in such a
system are modeled and compared with experimental mea-
surements. The high structural homogeneity and good opti-
cal quality of the arrays as well as the limits of the nearest-
neighbor approximation are demonstrated.

1 Introduction

Evanescently coupled optical waveguides present a wide
field of research, which has been investigated for many years
in 1D (one-dimensional, planar) and 2D configurations. In
particular, the interest in multicore fibers is motivated by
signal processing (e.g. couplers, splitters, combiners, filters,
nonlinear switches) by means of passive cores and by the
development of high power fiber lasers using laser-active
cores. Apart from an assembly of conventional waveguides,
multicore photonic crystal structures have been applied to
extend the capabilities of fiber optics.
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In recent years there has been an increasing interest in
the use of multicore fibers in the context of artificial optical
media, especially in discrete optical materials [1]. Such ma-
terials are composed of weakly coupled waveguides, which
are arranged in a periodic structure (2D waveguide arrays).
Therefore, the spatial degrees of freedom of the optical field
are reduced in the transversal directions from continuous to
discrete values. The diffraction in this material can be con-
trolled by the coupling strength of the waveguides (“discrete
diffraction”). The related optics, which is referred to as “dis-
crete optics”, exhibits unique propagation properties which
differ strongly from light field evolution in continuous me-
dia. Besides phenomena of linear optics (e.g. [2–4]) also the
interplay of discrete diffraction, dispersion und nonlinear ef-
fects has attracted great interest [5].

Experimental investigation in this field was made pos-
sible by the implementation of 2D discrete media during
the last decade. The fabrication techniques include optical
induction of lattices in photorefractive materials [6], fem-
tosecond laser writing of waveguide arrays [7, 8], and fiber-
optical technology applied to multicore fibers [3, 9, 10].
Most experimental results were obtained using the first two
fabrication methods. However, until recently the theoreti-
cally predicted spatio-temporal solitons (3D-light bullets)
[11, 12], which are a unique feature of discrete optics, could
not be proven experimentally because of the absence of a
suitable model system of a discrete medium. Fiber-optic
waveguide arrays appeared to be especially promising be-
cause of, for instance, their guiding properties in the spectral
range of anomalous dispersion of silica (1.55 µm) and their
high optical damage threshold. We succeeded in solving the
problem of disorder in array fibers [10], following new con-
cepts in the fabrication of high-precision array fibers [1].

Using this concept, we will discuss in the following
section hexagonal waveguide array fibers with 91 cores,
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in which 3D-light bullets have been observed succes-
sfully [12]. Design, fabrication, application characteristics,
modeling considerations and the structural quality of the
resulting arrays are discussed. In the third section, the opti-
cal properties of the arrays are investigated from two view-
points: the influence of residual disorder on the coherent
coupling mechanism on the one hand, and the significance
of other coupling mechanisms except nearest-neighbor cou-
pling on the other. To this end, a measurement method is pro-
posed and applied which determines the propagation proper-
ties of light at a fixed array length by wavelength scanning.

2 Fiber array waveguide design and fabrication method

2.1 General design and technology requirements

Experimental investigations of nonlinear pulse dynamics in
discrete optics make specific parameter adjustments in the
waveguide array structure necessary. The study of the inter-
play of waveguide coupling (discrete diffraction), nonlinear
effects and pulse dispersion requires comparable strengths
of these mechanisms [1, 12]. Therefore, the array should
be characterized by a high material damage threshold and
a weak coupling of the waveguides. As a waveguide cou-
pling parameter we use the propagation length LC (cou-
pling length) of total power exchange between two adjacent
waveguides (note that six adjacent waveguides result in a
power exchange length LC/

√
6) [13]. The aim is to achieve

LC > 50 mm (see detailed discussion in [1]). In order to
maintain a coherent coupling at such propagation lengths,
the variations of the effective index Δneff of the fundamen-
tal waveguide modes should be kept well below 10−5 (res-
onant waveguides), which represents a high technological
challenge. Similarly, in order to achieve homogeneous array
coupling, the variations of LC should be kept small, which
implies an extremely regular hexagonal array structure (in-
cluding the array boundary). The challenging requirements
are met by suitable selection of the raw materials, the spe-
cific structural design and a careful fabrication process.

Fiber-optic waveguide arrays are special microstructured
fibers, which can be fabricated by the well-established tech-
nology of composite preforms. For the intended high-quality
fiber-optical waveguide arrays, in a first step the waveguid-
ing and buffer elements are prepared separately. In a second
step these elements are packed according to the design struc-
ture and mounted in an evacuable jacketing tube. The result-
ing composite preform is consolidated in a last step within a
fiber drawing furnace and then drawn into the waveguide ar-
ray fiber. The outer diameter of the produced fiber is closely
related to the structural array parameters. Therefore, a set of
experimentally interesting array fibers can be obtained from
a single composite preform by varying the outer diameter of
the fiber in the drawing process.

Fig. 1 Preparation of the waveguiding and buffer elements of the
composite preform: (a) cylindrical high-purity silica rod; (b) preform
for waveguiding elements with F-doped silica as cladding material;
(c) preform for buffer elements made from F-doped silica; (d) final
elements for the composite preform

2.2 Specific design and fabrication of preform elements

The waveguiding elements of the composite preform were
prepared by the rod-in-tube technique. As a core, a closely
toleranced cylindrical rod from high-purity silica (Heraeus
F300, diameter 12 mm ±0.1%, Fig. 1a) was used. It was
double-jacketed with fluorine-doped silica tubes (Heraeus
F320) as a cladding material and ultrasonically ground in
order to tune the core-cladding ratio and to improve the
cylindricity and concentricity of the resulting preform of the
waveguiding elements (Fig. 1b). In the same way, but with-
out the core material and the grinding process step, a pre-
form of the buffer elements was prepared (Fig. 1c). Finally,
the preform elements were elongated within a close toler-
ance to obtain the final elements of the composite preform
(diameter 1.4 mm ±0.1%, Fig. 1d).

The materials were selected so as to fulfill the high de-
mands required for use of the array fibers in discrete op-
tics. The silica core material is characterized by high optical
homogeneity and good optical power stability. The F-doped
cladding material shows some limited refractive index gradi-
ents due to heat-induced out-diffusion of fluorine in the fab-
rication processes, which is less critical in the region of the
evanescent fields and for the intended infrared region. The
small inhomogeneities can be observed by means of micro-
scopic techniques and can be used to investigate the struc-
tural quality of the array as demonstrated below in Fig. 3c.

An important feature of the selected materials is the
small index difference Δn = 1.2 × 10−3 between the core
and cladding materials, which allows a large-mode-area de-
sign, e.g. a core radius r = 9.5 µm and a cutoff wavelength
λcutoff = 1.46 µm (waveguide parameter V = 2.405 [13]).
Due to the large structural dimensions and the low numeri-
cal aperture (NA = 0.06), the influence of point-like mate-
rial inhomogeneities (e.g. at the interfaces between the ele-
ments) and the requirements on the optical components for
excitation and detection of array light are less critical. Fur-
thermore, the viscosity difference of the materials used has
a markedly favorable effect on the structural change dur-
ing the consolidation process of the composite preform ele-
ments. The higher viscosity of the cores preserves their cir-
cular shape, while the low-viscosity cladding material fills
the gaps between the preform elements and thereby reduces
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the core distance (pitch Λ) by a factor of 0.9523. Finally, the
specific structural design with circular cores and an almost
step-index profile supports the simplicity of light propaga-
tion modeling, e.g. by the weak guidance (Δn � 1, scalar
theory) or by weak coupling (λ/Λ � 1, coupled-mode the-
ory). The specific array structure and basic parameters are
shown in Fig. 2a.

A design value of the pitch Λ = 34 µm was obtained from
the theory of two coupled waveguides [13] using the core
parameters r and Δn as given above, the wavelength λ =
1550 nm and the intended coupling length LC = 57 mm.
From these parameters, the core-cladding ratio of the waveg-
uiding elements, 1.905 r/Λ = 0.532, is obtained.

2.3 Buffer region and jacketing

In order to achieve high-quality waveguide arrays with good
application characteristics, a surrounding buffer region and
the transition to the jacketing tube must be suitably de-
signed. As a second function, the buffer region improves the
application characteristics of the array. It prevents guided
light from interacting with the surrounding area. In addition,
background radiation, caused e.g. by the excitation of the ar-
ray, is dispersed and can be attenuated at the outer diameter
of the array fiber, e.g. by index gel.

A hexagonal package of preform elements fits badly with
a circular jacketing tube. This does cause significant devia-
tions from a regular array during the consolidation process.
In order to balance the structural differences, the waveguide
array was surrounded by a buffer region consisting of buffer

Fig. 2 (a) Sketch of the array structure and basic array parameters;
(b) overall structural design of the composite preform (irreducible 30°
sector of the hexagonal structure)

elements. An irreducible 30° sector of the fabricated struc-
ture is shown in Fig. 2b. The inner region of the jacketing
tube (high-purity silica, Heraeus F300) includes the hexag-
onal package of waveguiding and buffer elements and, ad-
ditionally, 3 types of special buffer elements for good tran-
sition to the cylindrical geometry. The diameters of these
elements were chosen to be 100%, 94.2% and 74%, re-
spectively, of the standard diameter in order to minimize
azimuthal material transport during the consolidation pro-
cess. Figure 3a shows the composite preform (made up of
253 elements) and the jacketing tube. A cross-section of a
drawn array fiber with outer diameter 681 µm is demon-
strated in Fig. 3b. The array consists of 91 circular cores
with Δn = 1.2 × 10−3, r = 9.7 µm, and Λ = 34.8 µm.
The border lines between the elements are visualized in
Fig. 3c. A regular honeycomb pattern and a small transition
region to the circular jacketing demonstrate the high quality
of the array geometry including the array boundary. Vari-
ations of the core distances are smaller than the resolution
limit of 0.5 µm of the microscopical analysis. Consequently,
the coupling strength between the cores is nearly constant.
For experimental investigations, additional fiber diameters
of 470 µm (r = 6.7 µm, Λ = 24 µm), 580 µm (r = 8.25 µm,
Λ = 29.6 µm) and 818 µm (r = 11.65 µm, Λ = 41.8 µm)
were also drawn.

3 Investigation of linear optical propagation properties

The investigation of the linear propagation properties of
light in the fiber array waveguides is intended to give in-
sight into two different questions, viz. the optical quality
achieved in the fabricated array, and the physical function-
ality of the waveguide array, the latter by comparing experi-
mental results with modeling of light propagation using the
well-established first-order nearest-neighbor approximation.
The first question is connected with random deviations from
the ideal array, especially considering the optical phase mis-
match of the waveguides. The second question refers to the
actual complexity of array coupling in view of the weak cou-
pling design of the arrays and the commonly used model.

Fig. 3 (a) Composite preform
(end section and jacketing tube);
(b) cross-section of an array
fiber with 91 cores and 681 µm
outer diameter (white light
transmission microscopy);
(c) structure of element border
lines (dark-field reflected-light
microscopy of a cleaved and
etched facet)
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3.1 Applied model of light propagation

Finite waveguide arrays are complex optical multimode sys-
tems. The complexity of the description can be reduced by
using special array characteristics as a basis for an approx-
imative approach. The weak coupling approximation takes
advantage of the exponentially decreasing evanescent fields
of the waveguides. In zeroth order the array consists of iso-
lated, equidistant (circular shape, step-index profile, weakly
guiding) waveguides. The light is represented by the con-
stant complex-valued field amplitudes ui (i = 1, . . . ,91),
which will be summarized in a vector u = {ui} and are set
by suitable excitation at the input facet. Experimentally ac-
cessible at the output facet is the relative power pi :

pi = |ui |2/
∑

k

|uk|2. (1)

The first-order approximation takes into account the cou-
pling of nearest neighbors. Here, the coupling length LC

expresses the strength, and the coupling matrix MC repre-
sents the neighborhood relations (MC;ik = 1 if i, k refer to
adjacent cores, otherwise MC;ik = 0). In this approximation,
the coupled-mode theory results in the propagation equation
(vector form) [1]:

du(ς)

dς
= i

π

2
MCu(ς). (2)

Here, the propagation length z and the coupling length LC

are represented by the propagation parameter ζ = z/LC.
Now the field amplitudes ui are functions of ζ . Using the
input vector u(0) and an array sample length L, the ampli-
tude vector u(ζL) at the output facet follows from (2):

u(ςL) = exp

(
i
π

2
ςLMC

)
· u(0), (3)

where a matrix exponential function of the propagation pa-
rameter ζL = L/LC of the sample is combined with the in-
put vector by a scalar multiplication.

The coupling length LC is a function of the wavelength λ

and the array parameters Λ, r and Δn, and can be obtained
from the theory of two coupled waveguides [1, 13]. Using a
sample length of L = 55 mm and considering that the ratio
r/Λ is fixed for different array fiber diameters, ζL(λ,Λ) was
calculated as shown in Fig. 4 by solid lines.

3.2 Experimental measurement method

In our experimental approach for characterizing the prop-
erties of the fiber waveguide array, we scanned the trans-
mitted wavelength over a wide range of wavelengths. In this
way, the propagation parameter ζL is directly varied, and the
need for using a large assortment of samples with different

Fig. 4 Propagation parameter ζL as a function of the wavelength λ

and array pitch Λ with sample length L = 55 mm; lines: calculated
data using the theory of two adjacent waveguides; points: coordinates
(λ, ζL) mark nearly identical patterns obtained from experimental mea-
surements at wavelength λ, Λ = 29.6 µm, and by modeling at ζL. In
the shaded range (LC < 27.5 mm), discrepancies between experiment
and modeling are observed

Fig. 5 Set-up for the wavelength scanning measurement method

lengths is avoided. In this case the measuring set-up must be
designed for a broad spectral range, but the free access to a
parameter of central significance is of great value. Figure 5
shows the scheme of the set-up.

The light from a supercontinuum source (Fianium SC400)
and a monochromator (Oriel 77250) is coupled into a stan-
dard single mode fiber (SMF-28). At the input side of the
sample, a light beam is generated, which selectively ex-
cites the fundamental mode of a single waveguide core.
In this case all but one component of the input field vec-
tor u(0) in (3) become zero. To focus and position the beam,
the optical components (objective 10× Mitutoyo NIR with
NA 0.26, beam splitter, fiber collimator and tube lens) were
mounted on a 3-axis micropositioner. A similar configura-
tion was used on the output side. The magnified image of the
output facet is captured by an infrared camera (Indigo Al-
pha NIR, 320×256 pixel) and processed by a computer to
obtain images of the intensity distributions and the relative
power pi of different waveguide cores at the output facet.
The position of the focus on the input facet can be controlled
by a pilot light and an eyepiece. Higher-order modes were
suppressed by carefully adjusting the excitation point and
applying index gel at the array jacketing. Moreover, to pre-
vent coherent noise, the incident beam had a spectral width
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Fig. 6 Intensity distribution
patterns of the array
(L = 55 mm, Λ = 29.6 µm,
inverted normalized
representation, central
excitation): (a) experimental
patterns as a function of the
wavelength λ; (b) equivalent
patterns obtained from the
model calculations with a best
fit value of ζL. The labels (A)
and (B) mark groups of cores at
symmetrically equivalent
positions, which are referred to
in Fig. 7 as type (A) and type (B)
cores

of 20 nm. The scanning range of the wavelength was 1.08–
1.84 µm.

The lines in Fig. 4 can be used as ζL − λ-characteristic
curves. From a sample length of L = 55 mm and a pitch
of Λ = 29.6 µm (array fiber diameter 580 µm, λcutoff =
1.27 µm), a propagation parameter range from ζL = 0.4 to
ζL = 4 is obtained. With Λ = 34.8 µm (diameter 681 µm),
the upper limit of ζL is reduced by half. It can be recom-
pensated for by doubling the sample length, which doubles
the values of the ζL-axis. (Note that in this case the phase
mismatch between the waveguide modes is also doubled.)

4 Results and discussion

There are many interesting measurement conditions possi-
ble using different excitation points, pitch values and sam-
ple lengths. In view of the large amounts of data to be ana-
lyzed and the application of the array fibers in experiments
on 3D-light bullets [12], the results discussed here are re-
stricted to the case of a centrally excited array with sam-
ple length L = 55 mm and pitch Λ = 29.6 µm. Distinctive
output patterns at certain wavelengths were related to cal-
culated patterns by visual comparison. Up to a wavelength
of 1.52 µm, both experiment and model are well correlated,
and matching values of ζL were found with an uncertainty
of ±0.1. The results are plotted as points in Fig. 4. From
the good agreement with the corresponding line obtained
from the theory of two coupled waveguides, we conclude
that for λ < 1.52 µm, ζL < 2 the coupled-mode theory with
nearest-neighbor approximation describes the light propaga-
tion quite well. Some specific examples are shown in Fig. 6.
Random deviations from symmetry are small in all cases.

At wavelengths λ > 1.52 µm, correlation with the model
deteriorates and sometimes fails due to random and sys-
tematic deviations. To distinguish between disordering ef-
fects and symmetry-maintaining mechanisms, symmetri-
cally equivalent core positions were grouped together and
compared with each other and the model results. Examples

Fig. 7 Relative output power pi as a function of λ for selected
symmetrically equivalent cores (centrally excited array, L = 55 mm,
Λ = 29.6 µm): (a) central core of the array, (b) and (c) 6 cores at equiv-
alent positions (A) and (B), respectively. The wavelengths marked by
dotted lines and the cores of type (A), (B) refer to Fig. 6. In the shaded
range, discrepancies between experiment and modeling occur

are given in Fig. 7, which shows the relative power as a func-
tion of λ for the central core and for two groups labeled in
Fig. 6 by (A) and (B). Here again, the random deviations of
the measured curves are moderate. Obviously there are dis-
crepancies between experiment and model for wavelengths
beyond 1.52 µm, which cannot be attributed to random ir-
regularities of the array. Rather they reflect a more complex
coupling of the waveguides than supposed in the nearest-
neighbor-approximation model.

The discrepancies between experiment and modeling are
found at longer wavelengths, where the coupling strengths
of different approximation orders approach each other.
As an example, the ratio of the next-nearest and nearest-
neighbor coupling strengths increases from 1:430 at λ =
1.08 µm to 1:38 at 1.52 µm and 1:13 at 1.84 µm. At longer
wavelengths, higher-order effects may possibly alter the sen-
sitive mechanism of coherent coupling. Therefore, an im-
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proved model should take into account the strongest second-
order effects. Candidates are the second-order coupling of
nearest neighbors, the first-order coupling of next-nearest
neighbors, and effects caused by the non-orthogonality of
the coupled modes. To our knowledge, up to now such
an involved analysis has been carried out only for one-
dimensional arrays [14, 15].

However, the experiments indicate a limit for the applica-
bility of the model (3) at LC = 27.5 mm. In Fig. 7 and Fig. 4
the range of inconsistency is shaded. As shown in Fig. 4, the
model is applicable throughout the spectral range if an array
pitch Λ = 34.8 µm (fiber diameter 681 µm) is selected, as
in the study of 3D-light bullets [12]. The suitability of the
nearest-neighbor-approximation model in this case was also
directly confirmed by experiment.

5 Conclusion

We have demonstrated the design and preparation of high-
quality fiber waveguide arrays having good application
properties for the investigation of discrete optical propaga-
tion effects. The ensurance of low refractive and geometri-
cal inhomogeneities at levels well beyond conventional fiber
technology represents a major technological challenge. A
wavelength scanning measurement method for the optical
characterization of arrays has been proposed and applied.
The comparison of model calculations on the basis of the
commonly used nearest-neighbor approximation and exper-
imental investigations shows good agreement for coupling
lengths greater than 27.5 mm (array length 55 mm). The
well-defined propagation properties in this range have been
the basis for the successful demonstration of light bullet
propagation in such waveguide arrays [12]. It has also been
shown that for shorter coupling lengths the nearest-neighbor
approximation is no longer suitable and additional effects
have to be included in the propagation model.
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