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Detailed Investigation of Mode-Field
Adapters Utilizing Multimode-Interference

in Graded Index Fibers
Peter Hofmann, Arash Mafi, Clémence Jollivet, Tobias Tiess, N. Peyghambarian, and Axel Schülzgen

Abstract—We present a detailed study of mode-field adapters
(MFA) based on multimode interference in graded index multi-
mode fibers. We have fabricated and characterized MFAs from a
selection of commercially available single-mode and graded index
fibers. Compared to existing techniques, the presented MFAs can
be fabricated very quickly and are not limited to certain fiber
types. Insertion losses of dB over a spectral range of several
hundred nanometers have been obtained, which is comparable or
better than the industry standard.

Index Terms—Graded index fiber, mode-field adapter, multi-
mode-interference, self-imaging.

I. INTRODUCTION

W ITH an ever-increasing variety of commercially avail-
able single-mode fibers and rising popularity of single-

mode fiber devices, a strong demand to efficiently couple light
between single-mode fibers with dissimilar mode-field diame-
ters (MFD) has developed. Traditionally, mode-field adapting
has been achieved using biconical tapering [1] or mode-field
expansion by thermal diffusion of the core [2], [3], or a combi-
nation of both [4]. Some of these techniques have matured into
commercial products and although these techniques are pro-
viding adapters with low insertion losses on the order of 0.5
dB or better, the manufacturing process can be quite time con-
suming, the width of the spectral response is usually on the order
of tens of nanometers, and the resulting products cost easily sev-
eral hundreds to a thousand of dollars.
Here, we propose a method based on multimode interference

in graded index multimode fiber (GIMF) that can overcome
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these limitations. In multimode fibers, different modes propa-
gate with different group velocities, which results in an inter-
ference pattern along the fiber. For a finite number of excited
modes, the interference pattern is periodic along the fiber. This
effect is known as self-imaging. In fibers, it was first demon-
strated by Allison and Gillies [5]. Since then, a variety of its
properties and applications [6]–[15] have been studied success-
fully. Self-imaging occurs when the initial phase relation be-
tween the modes is recovered. However, since the number of
excited modes in step index multimode fibers can be rather large
and their propagation constants are not evenly spaced, it be-
comes almost impossible to have the exact same phase relation-
ship repeated within a reasonable length of fiber. Hence, the re-
produced field shows aberrations which can be quantified by a
self-imaging quality factor [7], [8]. In striking contrast, GIMFs
that are commonly used in telecommunications to reduce group
velocity dispersion for increased bandwidth exhibit much more
evenly spaced propagation constants and fewer guided modes
and, consequently, their self-imaging length can be drastically
shorter when compared to step index fibers.
We recently demonstrated [16] that under certain conditions

multimode interference in GIMFs can be utilized to signifi-
cantly reduce the coupling loss between mode-field mismatched
single-mode fibers forming a simple low-cost MFA suitable for
large-scale production. Little attention has been paid to GIMFs
outside the telecommunications field. They have been used in
combination with lensed fiber tips for fiber coupling schemes
[17] or in biomedical applications [18], [19].
In this paper, a detailed numerical and experimental study of

GIMF-based MFAs is presented. In the first part, we perform
a numerical analysis on mode excitation and mode propaga-
tion in three different GIMFs for different excitation conditions.
From there, we then find the self-imaging lengths for the GIMFs
using optimization capabilities of the commercial Fimmwave
software suite. In the second part, we experimentally investi-
gate MFAs with different combinations of single-mode fibers
and GIMFs and show that the predictions from the previously
derived mathematical formalism [16] hold for a large range of
fiber parameters. We demonstrate that under certain conditions,
the coupling loss can be reduced to almost zero, whereas in other
cases the insertion of a GIMF can actually increase the loss. To
characterize the MFAs, the transmission behavior has been in-
vestigated in the spectral domain. In the last part, experimental
results for wavelength tuning are shown and an MFA of short
length with minimized wavelength dependence is presented.

0733-8724/$31.00 © 2012 IEEE
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II. MODE ANALYSIS AND EXCITATION IN GIMF

When light is coupled from a single-mode fiber to a multi-
mode fiber, the number of excited modes and their fractional
power depends on the parameters of both single and multimode
fiber as well as on the wavelength of the coupled light. We
first examine the modal composition inside different GIMFs
for the case that 1550 nm light is launched from a Corning
smf28e single-mode fiber. We assume perfect angular and lat-
eral alignment between any two coupled fibers. Three different
commercially available GIMFs have been considered in this
study. They all exhibit a nearly parabolic index distribution in
the core, which is described by

(1)

Here, is the refractive index at the center of the core, is the
fractional refractive index difference, and and are the radial
coordinate and the radius of the core, respectively. The value
of is nearly 2.0, though its exact value depends on the op-
tical and geometrical characteristics of each individual GIMF.
Table I shows the GIMF parameters at 1550 nm wavelength
that have been used in our simulations. For all three fibers, the
cladding material was assumed to be undoped fused silica glass,
for which the Sellmeier coefficients are well known [20]. With
these parameters, we numerically calculated the mode frac-
tional power of the LP modes exited in the respective GIMF.
As expected, only modes with zero angular momentum (
are excited since all devices studied here exhibit cylindrical
symmetry and the light is always launched concentrically. We
find that there are six radially symmetric modes excited in the
GIF62.5, compared to five in the GIF50 and nine in the GIF100.
The transverse intensity distributions of these excited
modes are shown in the left part of Fig. 1. For comparison, the
modes of a SI50 step index multimode fiber with 50 m core
diameter and a numerical aperture of 0.22 are also provided.
It can be seen that for increasing mode indices, the fields of
the GIMF modes extend further toward the cladding compared
to the modes of the step index fiber, for which the mode-field
covers roughly the same area for all modes. In the upper part
of Fig. 1, the calculated propagation constants of the excited

modes are plotted for the three GIMFs and the SI50 steps
index fiber. While the propagation constants of the GIMFs are
evenly spaced, those of the step index fibers are not. Next, we
analyze the excitation amplitudes of the various modes excited
inside the multimode fibers using the commercial mode solver
Fimmwave. As shown in our previous study [16], the excitation
amplitude distribution between different modes as well as the
total power fraction (sum) coupled from the single mode to
the multimode fiber depends on both single- and multimode
fiber parameters. First, we again consider the case that 1550
nm light is launched from a Corning smf28e single mode into
various multimode fibers. The calculated fractional powers of
the excited modes are shown in Fig. 2(a). Note that the
data in Fig. 2 are plotted on a logarithmic scale. For all GIMFs,
most of the power is coupled to the fundamental mode and the
mode fractional power is rapidly decreasing for higher order

modes. This is different from what is observed in the SI50 step
index fiber. Here, several modes are excited more homoge-
neously, which is due to the large diameter of the fundamental
mode of the SI50 when compared to the in-coupling Gaussian
mode-field. In Fig. 2(b), we show similar data for the case that
1550 nm light originating from different single-mode fibers
is coupled into the same GIMF GIF50. It is shown that both
the amplitude distribution as well as the total fractional power
depend strongly on the single-mode fiber parameters such as the
mode-field radius and the numerical aperture. In particular,
the total coupling loss depends nonlinearly on the mismatch
between and the mode-field radius of the fundamental mode
in the graded index fiber . As shown in Fig. 2(b), the highest
coupling efficiency is reached when the MFD of the in-cou-
pling single-mode fiber is close to the fundamental MFD of
the GIF50 fiber. For example, only 0.2 dB of coupling loss
is expected, when coupling LMA12 to GIF50. On the other
hand, losses of 2 dB are calculated for coupling the strongly
mismatched single-mode fiber UHNA7 to GIF50. The data
also indicate that even for a relatively small number of excited
modes (e.g., 5 for GIF50) light can be coupled almost lossless
to the GIMFs from single-mode fibers with a wide range of
MFDs. The excitation amplitudes are also slightly wavelength
dependent. The effect of a wavelength change can be seen in
Fig. 2(c), where we studied the coupling between smf28e and
the GIMF GIF62.5. The observed changes in modal amplitude
distribution are due to the wavelength dependence of and
of the considered fibers as well as different cutoff wavelengths
for the individual modes of the GIMFs.

III. PROPAGATION OF MULTIMODE FIELDS

After discussing the excitation of multiple modes, we
will analyze the electromagnetic field propagating inside the
GIMFs. At each location along the fiber, a characteristic pattern
will be formed due to the interference of the excited modes. In
Fig. 3(a)–(c), these patterns are shown for GIF50 after 1550
nm light has been launched from three different single-mode
fibers, namely (a) UHNA7, (b) LMA12, and (c) LMA25. The
key parameters for these fibers are provided in Table II.
If the in-coupling mode-field is very small relative to the

graded index fibers fundamental mode [see Fig. 3(a)], several
higher order modes are excited rather homogeneously and form
a periodic interference pattern. However, the limited number of
available modes limits the coupling efficiency to the GIMF. If
the mode-field is very similar to the fundamental mode size of
the GIMF, as it is the case in Fig. 3(b), the fundamental mode of
the GIMF is dominantly excited and only one other mode carries
significant power. Only if the in-coupling beam diameter is not
too much different (can be larger or smaller) from the GIMF
fundamental mode diameter, the GIMF’s higher order modes
are excited efficiently and a strong interference pattern is gener-
ated that is also carrying almost all of the launched power [see
Fig. 3(c)].
Next, as illustrated in Fig. 3(d), the transmission through a

chain of smf28e-GIMF-smf28e has been calculated as a func-
tion of GIMF length for all three GIMFs under consideration.
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Fig. 1. (Left) Circularly symmetric modes in GIMFs and SI50 step index fiber with comparable core diameter. The mode-field area for the GIMF increases
with increasing mode index, whereas it is approximately constant for the step index fiber. (Right) Propagation constants of the circularly symmetric modes in
GIMF and a comparable step index fiber. Note the even spacing of the propagation constants of the GIMF modes.

Fig. 2. (a) Calculated excitation amplitudes of azimuthally symmetric modes in various graded index multimode fibers and for comparison in a SI50 step index
multimode fiber. The light was launched from a smf28e single-mode fiber at 1550 nm. (b) Total coupled power and mode fractional power in GIF50 fiber for
launching light from various single-mode fibers with decreasing MFDs. High coupling efficiencies can be obtained even if the MFD of the single-mode fiber is
quite different from the MFD of the GIMF. (c) Wavelength dependence of the modal composition in GIF62.5; since the MFD are a function of wavelength,
the excitation amplitudes vary also with wavelength.

TABLE I
KEY PARAMETERS OF GRADED AND STEP INDEX MULTIMODE FIBERS USED IN

THIS STUDY ( NM)

As shown in Fig. 3(e), multimode interference leads to a modu-
lation of the transmission versus GIMF length where transmis-
sion maxima occur at the characteristic length for self-imaging
which is different for the different GIMFs due to their variations
in modal index dispersion as shown on the right side of Fig. 1.
For all three GIMFs, the first self-imaging peak occurs after
propagating approximately 1 mm or less inside the multimode
fiber. This is in strong contrast to the step index multimode fiber
SI50, where the first self-imaging peak is observed after approx-
imately 10 mm, as shown in Fig. 3(f). In addition, the unequal
spacing of the modal indexes in SI50 leads to much stronger
variations in the multimode interference patterns resulting in
huge differences in transmission for different multimode fiber

TABLE II
KEY PARAMETERS OF STEP INDEX SINGLE-MODE FIBERS USED IN THIS STUDY

( NM)

lengths. Experimentally, it is much easier to analyze multimode
interference effects in the frequency domain. Since the self-
imaging length is wavelength dependent [8], the interference
pattern as well as the transmission of a fiber chain such as in
Fig. 3(d) will be a function of the wavelength. That means, by
gradually changing the wavelength, we can scan through the in-
terference pattern in the longitudinal direction. To demonstrate
this effect, a 45.8 cm piece of GIF50 was spliced to smf28e and
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Fig. 3. (a)–(c) Calculated interference pattern inside GIF50 fiber for increasing MFDs of the in-coupling fiber. (d) and (e) Self-imaging length in GIMF is on the
order of 1000 m and increases with number of strongly excited modes. (f) Compare to SI50 fiber, where the power is more homogeneously distributed among
available modes, the self-imaging length is increased by an order of magnitude.

Fig. 4. (a) Experimental setup for mode-field imaging. (b) Measured MFDs as a function of launched wavelength with three mode-field image examples.

light from a tunable laser source was launched from the smf28e
fiber into the GIMF. Using a 40x microscope objective and an
NIR camera, the mode-field at the exit facet of the multimode
fiber was imaged onto the camera. A schematic of the exper-
imental setup is provided in Fig. 4(a). In our experiment, the
wavelength was scanned in increments of 1 nm from 1525 to
1610 nm. In order to compensate for chromatic aberration of
the imaging system, the image plane was adjusted slightly each
time the wavelength was changed. In Fig. 4(b), the measured
MFDs are plotted as a function of wavelength, together with
three recorded images illustrating the breathing of the interfer-
ence pattern between fields with small and large diameters.

IV. DIRECT COUPLING OF SINGLE-MODE FIBERS

Suppose now light needs to be coupled between two single-
mode fibers with different MFDs. Neglecting angular tilt and

lateral offset, the power coupled from the core mode of the input
fiber to the core mode of the output fiber is well approximated
by

(2)

where and are the mode-field radii of the two single-
mode fibers, respectively [21]. This formula predicts that cou-
pling losses between single-mode fibers can be rather high. For
example, when coupling from an LMA20, which has an MFD
of approximately 21 m to standard smf28e with an MFD of
10 m the expected coupling loss is 40% or 2.2 dB at a wave-
length of 1550 nm. This coupling loss is also wavelength de-
pendent due to the wavelength dependence of the MFDs of the
single-mode fibers.
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Fig. 5. (a) Measured and calculated MFDs of single-mode fibers used in the experiments. (b) Measured and calculated direct coupling loss for some single-mode
fiber combinations studied in this paper.

An accurate knowledge of the direct coupling loss between
the respective single-mode fibers is the key starting element
for studying the performance of MFAs. From (2), we see that
the accuracy of the result relies on the precise knowledge of
and . Since manufacturers rarely provide the MFD for more
than two wavelengths and the uncertainty associated with these
values can be fairly large in some cases, we found it appropriate
to measure the MFD at different wavelengths between 976 and
1610 nm for the single-mode fibers under consideration. There
is a variety of methods available to measure MFDs of fibers
[22]. Here, we used a technique known as near-field method,
where the tip of the fiber is reimaged onto an NIR camera,
allowing measurement of the MFD by image processing. The
near-field method has its limitations for fibers with MFDs that
approach the diffraction limit of the imaging system [23]—usu-
ally a microscope objective. Commercially available step index
single-mode fibers range typically from about 3 m for ultra-
high numerical aperture fibers to 30 m for large mode area
(LMA) fibers with low numerical apertures of about 0.06. In this
study, we imaged the core of the respective fiber onto an Indigo
Alpha NIR camera with a 320 256 pixel array and a 30 30
m pixel-size. A microscope objective with
was used and a Gaussian fit was applied to the so obtained
image. The measurement results are shown in Fig. 5(a). The
line plots are obtained by fitting Marcuse equation [21] to the
measured mode-fields, where cutoff wavelength and core radius
where used as the fitting parameters within the provided manu-
facturers’ tolerances.
It can be seen that themeasurement method is limited to fibers

that are single mode at the measurement wavelength. Below
the cutoff wavelength, due to the onset of higher order modes,
the measured values arise from a superposition of all excited
modes rather than the fundamental mode only and it is hence no
longer possible to find a good agreement with Marcuse equa-
tion. For example, LMA20 is not truly single mode anymore
in this wavelength range ( 2 m for LMA20). For fibers
with small MFDs, the imaging method is limited by the point
spread function of the objective, which is typically on the order
of 2–3 m. Here, we found good agreements between predicted
values and measured values for fibers with MFDs from 5 to 20
m. The so obtained wavelength dependent MFDs have been

Fig. 6. Three distinct cases of combining different single-mode fibers through
a GIMF segment can be distinguished considering the sizes of the respective
mode radii. Only case II actually improves the coupling efficiency between the
two single-mode fibers and almost lossless coupling is achieved when .

used to calculate direct coupling losses using (2). The direct
coupling losses were also measured using a white-light source
and an optical spectrum analyzer and compared to the calculated
direct coupling losses. Results for different fiber combinations
are plotted in Fig. 5(b). The measured results are in good agree-
ment with the calculations, the only exception being the case
when coupling the two LMA fibers: LMA15 and LMA20. This
can be explained by the onset of multimode excitation in both
fibers due to the fact that both fibers are tested close to or even
below their respective cutoff wavelength. In addition to that the
LMA15 fiber has a cladding diameter of 200 m compared to
125 m for all other fibers, making splicing a challenging task.
Note also the slight wavelength dependence of the direct cou-
pling loss due to a wavelength dependency of and .

V. MODE-FIELD ADAPTERS WITH GIMF

Next, we will demonstrate how to utilize a segment of GIMF
between two different single-mode fibers to strongly reduce the
coupling losses. If a graded index fiber of length with a char-
acteristic radius of its fundamental mode is inserted between
two single-mode fibers, it has been shown [16] that the trans-
mission can be approximated by

(3)

where

(4)
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Fig. 7. (Media 1) Single-frame excerpts corresponding to each case from Fig. 6, respectively. The animation shows a gradually increasing (upper plots) and its
effect on the transmission spectrum of the MFA (lower graphs). The mode-field radii w and w’ are calculated for single-mode fibers smf28 and LMA20 respectively
using Marcuse equation [21].

are the ratios between the mode-field radii of the respective
single-mode fiber and and the characteristic radius of the
fundamental GIMF mode . This transmission is a periodic
function of the GIMF segment length and the wavelength. The
spectral periodicity of the interference pattern is given by

(5)

where is the core radius of the GIMF and is the fractional
index difference between the center of the GIMF core and its
cladding [see (1)]. In general, is wavelength dependent where
the exact functional form of the wavelength dependence is not
readily available from fiber manufacturers or literature. It can,
therefore, only be estimated by comparing experimental results
with measured data. Here, we found that over the wavelength
range between 1260 and 1650 nm, it is mostly sufficient to use
a linear approximation to fit the measured transmission spectra
(a quadratic fit was used for the GIF62.5—fiber)

(6)

We now want to show how the MFA’s transmission function is
related to . This can be thoroughly visualized by setting
and plotting the transmission of the MFA (3) as a function of

wavelength while gradually increasing .
By looking at the movie in Fig. 7, the three cases can be dis-

tinguished, as shown in Fig. 6. For case I, the MFDs of the
single-mode fibers are both smaller than resulting in

so and . Case II occurs when
, and for case III the mode-field radii of the single-mode fibers

are both larger than giving . It can be shown
[16] that for cases I and III the peaks of the transmission func-
tion are given by

(7)

where

Analyzing this equation for a varying number of guided
zero angular momentum modes in the GIMF, we can see that
the factor approaches zero for increasing and (7)
approaches (2), Marcuse’s formula for the direct coupling loss
of dissimilar single-mode fibers [21]. In fact, the transmission
for cases I and III can never exceed the transmission for direct
coupling. In striking contrast, for case II, the transmission will
always be equal or higher than the direct coupling transmission
(the functions minima coincide with the direct coupling loss for
the two single-mode fibers) and can reach unity when .
Again from [16] for case II MFAs, the transmission maxima
are given by

(8)

We note that (7) and (8) are consistent with (3), considering the
fact that the approximation is already adopted in
(3). Therefore, only for fiber chains that represent case II, the
multimode fiber actually improves the coupling loss, while for
all other cases the loss increases.
In order to visualize now what happens inside a case II MFA,

a FIMMPROP simulation of a GIF50 fiber with
inserted between smf28e and LMA20 fiber has been performed.
The results can be seen in Fig. 8(a). The output fiber entrance
facet is placed exactly where the periodic interference pattern
matches the mode-field of the out-coupling fiber making low
loss coupling possible. Fig. 8(b) shows the calculated transmis-
sion versus GIMF length at a fixed wavelength of 1550 nm. It
can be seen that the coupling efficiency is indeed periodic with
with a periodicity of mm.
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Fig. 8. (a) Calculated intensity distribution of an LMA20-GIF50-smf28eMFA.
The graded index fiber carries the multimode interference pattern used to image
the input mode-field onto the output fiber entrance facet. (b) Calculated trans-
mission versus GIMF length.

Fig. 9. Experimental setup used to characterize the MFAs. (a) First, a baseline
is recorded. (b) Then, the second single-mode fiber is added via fusion splicing
and two times the direct coupling loss is obtained. (c) As a third step, the GIMF
is inserted and another transmission spectrum is recorded.

A. Mode-Field Adapter With Different Combinations of GIMF
and SMF

In order to experimentally verify the GIMF MFA approach
for a wider range of single-mode fibers, ten MFAs have been
fabricated. The individual fiber sections have been fusion
spliced to each other using a conventional Ericsson FSU 995
fusion splicer. The transmission through each device has then
been measured over a wavelength range from 1260 to 1650 nm
and compared to the direct coupling loss. A schematic of the
performed sets of experiments is shown in Fig. 9.
The light from a single-mode fiber coupled super-continuum

source is used to excite the fundamental core mode of the input
single-mode fiber of themode-field-adapter under test. Cladding
modes were stripped out by the high-index polymer coating of
the fiber. For double cladded fibers like the LMA20, potential
cladding modes were stripped out by applying index matching
fluid around the splice region. As discussed previously, at the
splicing point to the GIMF several radially symmetric modes
are excited inside the graded index fiber.
After propagating through the GIMF (multimode interfer-

ence), the light couples back into the output single-mode fiber
at the exit surface of the graded index fiber. The output fiber
is then connected to an optical spectrum analyzer to record the
transmission spectrum. To obtain accurate values for the trans-
mission loss of the MFA, the measurement must be carefully
calibrated to account for splice losses between all the fiber seg-
ments of the MFA. To do this, first a baseline measurement has
been performed with the smf28e fiber going directly from the
source into the OSA [see Fig. 9(a)]. Then, without removing any
of the FC-APC connectors, the second single-mode fiber was

Fig. 10. Calculated and measured transmission spectra of graded index mul-
timode fiber MFAs shown in Table III. is increasing from (a) to (f),
resulting in adapters from each of the three cases of Fig. 9. Strongly improved
transmission can be achieved for the couplers in (d) and (e) that fall into cate-
gory II. In the other cases, the coupling losses increase in the presence of the
multimode fiber. For the case of , the MFA works best and the
transmission approaches unity (e).

TABLE III
FIBER COMBINATIONS USED FOR MFA

fusion spliced in between the smf28e fiber and another trans-
mission spectrum has been recorded [see Fig. 9(b)]. The dif-
ference between the baseline and this spectrum represents the
direct coupling losses for two connections. Since both fibers are
single mode, the direct coupling losses for both connections are
identical and the loss per splice can be found by dividing the
measured total loss by two. Now, the graded index fiber section
was spliced between the two different single-mode fibers and a
third transmission spectrum has been recorded [see Fig. 9(c)].
From these data, the known loss of the remaining direct cou-
pling point has been subtracted to obtain the overall transmis-
sion of the MFA. Table III exemplifies six of the fiber combina-
tions that have been fabricated. Measured and calculated trans-
mission spectra for these MFAs are shown in Fig. 10. The calcu-
lated spectra were obtained by plotting (3) versuswavelength. In
Fig. 10(a), the transmission through a LMA12-GIF100-smf28e
MFA is shown.
This MFA falls in category I, where the MFDs of both single-

mode fibers are smaller than the fundamental mode-field of the
GIF fiber. As expected, only the transmission maxima (almost)
reach the level of the transmission for direct coupling. Starting
from (a) going to (f), the ratio is increasing, resulting
in still type I MFA for (b) and (c), type II MFA for (d) and (e)
and a type III MFA for (f). Discrepancies between theory and
experiment may be attributed to mode conversion and/or im-
perfect excitation conditions both resulting in modified multi-
mode interference patterns. An interesting observation is made
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Fig. 11. Peak (valley) transmission through various MFAs as a function of
. The measured values are obtained from the maxima (minima) of the

transmission spectra at different wavelengths.

Fig. 12. (a) Experimental setup used for wavelength tuning of MFA. (b)
Transmission spectrum through the smf28e-GIF50-LMA20 adapter for dif-
ferent levels of tension. The transmission spectrum can be tuned to peak at any
wavelength. (c) Temperature dependence of MFA transmission peak. Inset:
MFA transmission spectra at selected temperatures.

when the MFD of either one of the single-mode fibers matches
the mode-field of the fundamental mode of the graded index
fiber, as it is the case in (c). The modulation amplitude is now
strongly reduced, indicating that the MFD of the graded index
fiber GIF62.5 is close to the MFD of the LMA12 fiber. The light
couples directly to the fundamental mode of the GIMF fiber
without exciting higher order modes, or in the reversed light
case, only the fraction of light that is in the fundamental mode
couples to the LMA12 fiber. The coupling loss with graded
index fiber is therefore very similar to the direct coupling loss.
Fig. 10(c) also marks the transition between cases I and II. At
this point, the spectrum “flips” about the axis for the direct cou-
pling loss. Fig. 10(d) and (e) represents the case II where the
transmission maxima are given by (8) and the addition of the
GIMF segment results in an improved transmission when com-
pared to the direct coupling case.
The measured transmission spectra of (d) and (e) clearly

confirm this, and a maximum transmission of almost unity is
reached when reaches one in (e). If the ratio is further
increased, the spectrum flips again, the device becomes a type
III MFA [see Fig. 10(f)] and the coupling loss increases again
when compared to the direct coupling loss. The measured spec-
trum here suffers from noise. This is most likely caused by fiber
deformation in the splice regions of the LMA15 fiber. Since
this fiber has a cladding diameter of 200 m and is spliced on
both ends to fibers with 125 m cladding diameter (smf28e and
GIF62.5), the fiber geometry in the splice region will be altered
during the fusion process. However, the measured transmission
spectrum still clearly confirms the theoretical predictions.
While the transmission spectra of Fig. 10 already suggest
a good agreement between theory and experiment, we can

convince ourselves even more by plotting the MFA peak/valley
transmission as a function of . These data are shown in
Fig. 11. Red dots represent measured peak/valley transmission
values. The solid line is calculated from (3) using the funda-
mental MFDs obtained experimentally in Section 1. Since the
ratio is wavelength dependent (due to the wavelength
dependence of the MFDs), several measurement points (2 to
3) were obtained from each MFA. The measured results show
excellent agreement with the theoretical predictions.

B. Temperature and Strain Sensitivity of Mode-Field Adapters

As seen in Fig. 10, the improved transmission of the MFAs
is wavelength and GIMF length dependent. To operate at a par-
ticular wavelength, the length of the GIMF segment has to be
accurately controlled. Cleaving a 30 cm long section of fiber
to a length accuracy of about 20 m can be achieved but this
is not trivial. Therefore, spectral fine tuning of the transmis-
sion peaks is highly desirable. This may be achieved by me-
chanically stretching the GIMF fiber section or by changing the
temperature of the MFA or a combination of both. First me-
chanical tension was applied to the graded index fiber section.
The experimental setup is provided in Fig. 12(a). A smf28e-
GIF50-LMA20 MFA with an approximate length of 30 cm has
been fixed on one end of the GIMF and mounted to a transla-
tion stage on the other end. Fig. 12(b) shows the transmission
spectrum through this device for different levels of tension. It
is possible to apply enough tension to the piece of GIF50 fiber
in order to shift the transmission pattern by at least half a pe-
riod, making accurate cleaving of the GIF less critical or perhaps
more importantly, allowing to use the same MFA at different
wavelengths. Second, the influence of temperature changes on
the mode-field adaptors transmission spectrum has been exam-
ined. For this experiment, we fabricated an MFA using the same
fibers as in Table III (d) with a length of 4.4 cm instead. We
then placed the adapter on a heater plate and increased its tem-
perature from 25 C to 125 C in steps of 25 C. For each tem-
perature, a transmission spectrum has been measured. We found
that the interference pattern shifted towards shorter wavelengths
with 0.7 nm/ C temperature increase (see Fig. 12(c) with inset).

C. Mode-Field Adapters With Increased Spectral Bandwidth

While the previously described MFAs may be used in
certain environments, they exhibit a limited bandwidth and
are relatively sensitive to bending and vibrations due to their
length. It is possible to overcome both limitations by making
the GIMF section very short. By analyzing (3), it can be
seen that reducing L will also lead to a slower modulation of
the and terms, therefore reducing the wavelength
dependence and increasing the width of the pass band. For
a demonstration of such a short MFA, we used again the
combination of smf28e—GIF50-LMA20 since it showed the
best performance in the previous experiments. FIMMWAVE
simulations suggest that the first transmission maximum for
this particular combination of fibers and a wavelength of 1550
nm occurs for a GIF-length of 258 m. In order to achieve
such an accurate control over the fiber length, a cleaver has
been mounted under a conventional microscope and the smf28e
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Fig. 13. Ultrashort MFA with less than 1 mm length, % transmission and broad spectral transmission band. (a) Calculated transmission (1550 nm) scanning
the length of a GIF50 segment between smf28e and LMA20. The first transmission maximum occurs for a GIF50 length of 258 m. A length tolerance of several
tens of microns is acceptable to achieve high transmission. (b) Calculated intensity distribution for light propagating through the MFA. (c) Near-field images of
the in- and (d) output cross-sectional intensity distributions. (e) Microscope image of the actual device. (f) Transmission spectrum of the MFA device (blue line)
compared to the transmission for directly spliced LMA 20-smf28e connection (black line).

fiber with a piece of GIF50 already spliced on was attached to
a translation stage with 1 m resolution. The subtle difference
in refractive indexes between the two fibers makes it possible
to see the splice. The fiber was then translated from the first
splicing position by a distance of 258 m. After cleaving and
splicing to the output fiber, the MFA has been inspected once
again under the microscope [see Fig. 13(e)]. Measurements
of the length of the inserted GIF50 fiber revealed a length of
275 m for the inserted GIMF, which is 17 m longer than the
targeted 258 m. As shown in Fig. 13(a), this is close enough
to obtain transmission values of about 95% both in simulation
and experiment. As is expected, the results show a very low
coupling loss [see Fig. 13(f)] that was constant over the whole
measurement range from 1450 to 1650 nm. We believe that due
to the simplicity and robustness of the design this type of MFA
may have significant potential for large-scale production.

VI. CONCLUSION

In this paper, a detailed investigation of novel MFAs based
on multimode interference in graded index fibers has been
presented. We have shown that low-loss MFAs are indeed
possible and can be designed to connect single-mode fibers
with very different mode-fields. A large number of MFAs
with different fibers have been fabricated and the transmission
spectra have been analyzed. The spectra have been compared to
a recently published analytical model [16] and excellent agree-
ment has been found between predictions and experimental
data. A method for wavelength tuning of the MFAs has been
suggested and successfully tested. Finally, a very broadband
MFA based on an extremely short multimode fiber segment has
been demonstrated. The presented study will provide detailed
guidelines for the design and fabrication of a novel type of
low-loss single-mode fiber to single-mode fiber couplers that
should prove very useful in a wide range of fiber-optic devices.
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