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reduced significantly by introducing a circular aperture of optimum radius
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1. Introduction

The search for extrasolar earth-like planets and extra-terrestrial life has garnered a lot of atten-
tion lately. Extrasolar planets are planets beyond the solar system that orbit around other stars
and have the possibility of supporting life. To date, around 228 extrasolar planets have been
identified [1]. Most of these have been detected by indirect methods like the radial velocity
method and the transit method [2]. However, the indirect methods are incapable of detecting
relatively smaller earth-sized planets, and providing information about their chemical compo-
sition and physical environment. Thus, it is proposed to make direct measurements of the light
emitted by the planets themselves [3–5]. This has led to the launch of planet-finder projects
like the DARWIN mission by the European Space Agency (ESA) [6] and the Terrestrial Planet
Finder mission by the National Aeronautics and Space Administration (NASA) [7], which aim
to collect light emitted by the planets directly and perform spectroscopic analysis in order to
detect signs of life-supporting elements and compounds such as oxygen, water and carbon etc.
However, observing extrasolar planets directly is extremely difficult because these planets usu-
ally revolve around a much brighter ’parent’ star, which is typically a million times brighter
than the planet (at infrared wavelengths). Thus, in order to perform spectroscopic analysis of
light emitted by the planet, it is imperative to extract the faint signal emitted by the planet from
the much brighter light signal emitted by the parent star [6, 7]. This involves using the nulling
interferometry technique [3, 5, 8] to suppress the starlight in the signal collected by the multi-
ple space-based telescopes. It has been reported that optical instrumentation constraints on the
nulling interferometer are drastically relaxed if the wavefronts reaching the interferometer are
devoid of any distortions [9, 10]. This can be achieved through wavefront (modal and spatial)
filtering. Single-mode waveguides (optical fibers) are the best suited wavefront filters for this
purpose [9, 11–13] since they can rectify all the spatial frequencies and a wide range of optical
aberrations with minimal loss of photon flux over a wide range of wavelengths.

2. Single-mode fibers for wavefront filtering

The efficiency of a wavefront filter (optical fiber, in this case) is proportional to its capability
to reject any light signal apart from the fundamental mode (FM). It is measured in terms of the
ratio of power in the FM to the power in all the other leaky cladding modes at the output [12],
which we define by the parameter R (rejection ratio) as follows:
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R(L) =
PFM(z = L)

PHOM(z = L)
(1)

where PFM and PHOM is the power in the FM and HOMs, respectively, at the output end of the
fiber. Propagation is assumed along the z-direction and L is the length of the fiber. The cladding
modes have effective indices lower than the refractive index of the core but greater than the
refractive index of the cladding. They are leaky in nature and their field extends well into the
fiber cladding. We refer to these modes as higher order modes (HOMs) or leaky cladding modes
in the remaining section of the paper.

The degree of wavefront filtering (R(L)) that would be required to detect an Earth-sized
life-supporting planet is ∼ 105-106 (ie. 50-60dB) [6]. Since the strongest emission lines from
planets usually lie in the infrared wavelength range (4-20μm), the design of single-mode fibers
that can provide such an extreme level of filtering over such a broad wavelength range is a
highly challenging task. The two material systems that are being investigated extensively for
fabricating these fibers are silver halide [14] and chalcogenide glass [15, 16].

The single-mode fibers typically consist of a core and cladding that is surrounded by an ab-
sorption coating for achieving maximal suppression of the cladding modes [12,14]. Ideally, the
spatial distribution of the output of a single-mode fiber is independent of the input launching
conditions. However, in practice, the input field excites the FM of the fiber as well as thousands
of cladding modes. Thus, a certain fraction of the output power always remains in the cladding
modes, which ultimately limits its filtering performance. The absorption coating on the fiber
serves to increase the confinement loss of unwanted cladding modes, thereby improving the fil-
tering capability. Longer lengths of fiber have a lower fraction of power in the cladding modes
and hence, are better wavefront filters. However, deployment in space requires use of the mini-
mum possible fiber length (∼ few centimeters), thereby making it crucial to correctly estimate
the minimum fiber length required to achieve the desired rejection ratio of 60dB. The minimum
length depends critically on the fiber’s modal characteristics and launching conditions.

A lot of research has focused on developing theoretical models to estimate the minimum
fiber length [12,14,17]. Previously reported models [12,14] considered the worst case scenario
by assuming that the fraction of input power that is not coupled into the FM gets coupled into
the HOM having the lowest loss, which is the LP11 mode in case of a step-index fiber with an
infinitely extended cladding, resulting in the following expression for R (using Eq.1)

R =
η0e−α0L

(1−η0)e−α1L (2)

where η0 and α0 is the coupling efficiency and confinement loss of the FM of the fiber and α1

is the loss of the LP11 mode.
In this paper, we show that the model [12] is over-simplified for application to the realistic

fibers used for wavefront filtering. Such fibers have a finite cladding that is surrounded by an
absorption coating that may be a high-index material, such as chromium, which is used for
chalcogenide fibers [16]. The finite cladding supports numerous cladding modes and the LP11

mode does not necessarily have the lowest loss in such structures. Moreover, the fraction of
the input power that is coupled into a particular HOM depends critically on the launching
conditions. Even if a particular cladding mode has very low loss, it may not be a dominant
factor in deciding the filter length if its coupling efficiency is negligible. We present a model
based on the modal analysis of the fiber that incorporates the effect of the coupling efficiencies
along with the modal loss to estimate the filter length. We also calculate the filter length using
the beam propagation method (BPM) and compare the results obtained by the two techniques.
Finally, we compare the theoretical results with experimental observations made with silver
halide fibers fabricated at Tel Aviv University.
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3. Proposed model

3.1. Input field

In stellar interferometry (direct feed), the fiber is usually placed in the focal plane of the tele-
scope [5]. The field exiting the telescope is in the form of an Airy disk and is fed into the
single-mode fibers for wavefront filtering. The size of the Airy disk (field) is optimized to
ensure optimal coupling into the single-mode fiber. The maximum overlap is provided by a
diffraction limited point spread function (PSF) of the telescope aperture, on axis with no ob-
scuration and of the appropriate scale. In the simulations presented here, we assume the input
field to be an on-axis Airy disk that provides maximum overlap (∼ 78%) with the FM of the
fiber (described in Section 4), at the operating wavelength of 10.6μm.

3.2. Modal analysis

The power coupling efficiency (η) of the input field launched into a particular mode of an
optical fiber (neglecting the effect of Fresnel reflections at the fiber facets) is proportional to
the overlap integral, and is defined as [18]

η =

∣
∣
∫∫

A E∗
inEopdxdy

∣
∣2

∫∫

A |Ein|2 dxdy
∫∫

A

∣
∣Eop

∣
∣2 dxdy

(3)

where Ein is the complex input field and Eop is the optical mode of the fiber. A is the fiber
area on the X −Y plane transverse to the optical axis. In the proposed model, we first calculate
the confinement loss and power coupling efficiencies of the FM as well as a large number (≈
300) cladding modes of the fiber. The complex effective indices of the fiber modes are obtained
by solving the full-vectorial Maxwell differential equations using the finite-element method
(with the commercial software, COMSOL®). The imaginary parts of the effective indices are
proportional to the confinement loss of the modes. Let ηi and αi be the coupling efficiency
and confinement loss of the ith cladding mode, respectively. If we neglect inter-modal scatte-
ring, the fraction of power remaining in the various modes after a certain length of the fiber
would depend on the coupling efficiency of the modes at the input and their confinement loss.
This is elaborated in Fig. 1 wherein we have plotted the power carried by the various modes
propagating along a fiber. The launch field is an Airy disk and the modal power at the input
is normalized with respect to the coupling efficiency to that particular mode. It can readily be
seen that even though modes (e,f) exhibiting loss comparable with the fundamental mode exist,
they would carry a negligible fraction of the power for practical excitation conditions. Thus,
modes (b,c,d) that have higher overlap with the input field are likely to be more important even
though their confinement losses are higher than modes (e,f). This is in contrast to the assump-
tions of the previous models based on the modal confinement loss alone [12]. We assume that
the fraction of power that does not get coupled into the FM (i.e. 1−η0) is distributed amongst
only those cladding modes that have coupling efficiency greater than a certain threshold; we
chose a threshold of 0.1% of the input field. The fractional power coupled into these modes is
proportional to their overlap with the input field. Since the total power is constant, the coupling
efficiency (η ′

i ) of these cladding modes is modified as follows:

N

∑
i

η ′
i = a∗

N

∑
i=1

ηi = 1−η0 (4)

where a is the constant of proportionality and N is the number of modes that have coupling
efficiency greater than 0.1%.
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Fig. 1. Schematic representation of the modal power along the fiber length (a) FM (b-
d) Modes whose overlap with the input field is > 1% (e,f) HOMs exhibiting very low
confinement losses. The y-axis shows the power of the various modes such that the power is
proportional to the coupling efficiency of the respective modes. The total power is assumed
to be 1, which is the sum of the coupling efficiencies of all the modes. Inset: Cross-section
of the fibre structure

By considering only a finite number of modes the total coupled energy is less than the actual
input energy. We therefore change the weighting of all the modes equally by a factor ”a” to
ensure that the coupled energy equals the input energy. Since physically any light that is not
coupled into the chosen modes goes into modes with higher loss, introducing the factor ’a’
increases the length estimate (but only by a small amount) and so would serve to increase the
rejection ratio. Equation (4) shows that a cladding mode having a higher overlap with the input
field will account for a higher fraction of power in the cladding at the fiber input. Using Eq.1,
R(L) is now defined as

R(L) =
η0e−α0L

N

∑
i=1

η ′
i e

−αiL

(5)

Equation (5) is numerically solved to obtain an estimate of the minimum fiber length (L) re-
quired to achieve the desired value of R. It is important to note that we have ignored inter-modal
scattering and inter-modal power transfer.

4. Results and discussion

The fiber studied in this paper is a silver halide fiber that was fabricated at Tel Aviv University
[14]. It has a core radius of 25 μm and cladding radius of 350 μm. The refractive indices of
the core and cladding are 2.0869 and 2.0822 respectively. A 100 μm thick absorption coating
was deposited on the cladding, which exhibited a loss of ∼ 500 dB/m at infrared wavelengths.
The absorption coating was index-matched to the cladding. The Numerical Aperture (NA) of
the fiber was 0.14 at 10.6μm wavelength and its cut-off wavelength was 9.14μm. Due to the
presence of the absorption layer, all the modes supported by the fiber are lossy, including the
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FM. This results in complex propagation constants of the modes where the imaginary part of the
propagation constant is proportional to the confinement loss of the modes. However, the loss of
the FM is negligible due to its tight confinement within the core of the fiber. The cladding of the
fiber supports numerous (several 100) unwanted leaky cladding modes. Fortunately, simulations
showed that most of these modes exhibit very high confinement loss (> 200 dB/m) and are lost
within a few centimeters of propagation in the fiber. Among the modes that have losses less
than 200dB/m, the fiber supported 12 cladding modes that had coupling efficiency > 0.1% and
are of interest according to the proposed model. Figure 2 shows the loss and coupling efficiency
of these modes. Figure 3(a) shows that the intensity distribution of the incident field (Airy disk)
and Fig. 3(b) shows the FM excited in the fiber, which is well-confined within the central core
at 10.6μm. Substituting the loss and coupling efficiency values of the cladding modes plotted in
Fig. 2 into Eq. (5) yields a minimum fiber length of ∼ 48cm to achieve R = 60dB. This length
is strongly influenced by the lowest loss (∼ 105dB/m) that is exhibited by these modes. We
observe that most of these cladding modes have an intensity maxima at the center of the fiber,
which results in the large value of the overlap. Figure 3(c) shows the transverse intensity profile
of the mode that has the highest coupling efficiency with the input field. In comparison to the
proposed method, the previously reported model [12] yields a filter length of almost ∼ 132cm
for achieving the same value of R (using Eq. (2)). It is also important to note that the loss of
the LP11 mode (∼ 41dB/m) is not the lowest loss exhibited among all the cladding modes. In
Fig. 3(d) we show the transverse intensity profile of the LP11 mode. It’s coupling efficiency
with the input field is theoretically zero since it is an anti-symmetric mode while the Airy disk
is a symmetric field. The lowest loss exhibited amongst all the cladding modes is ∼ 33 dB/m.
However, this mode also has a coupling efficiency < 0.1%. Thus, if we consider modes with
coupling efficiency > 0.1%, both the LP11 mode and the lowest loss mode are not involved in
the model for estimating the minimum filter length.
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Fig. 2. Loss and coupling efficiency of the 12 cladding modes with coupling efficiency
> 0.1%. The circles and crosses represent the coupling efficiency and confinement loss,
respectively. Note that the number of dots and crosses seem less than 12 in the figure
because some of the modes are degenerate with similar values of coupling efficiency and
confinement loss, and thus the dots and crosses overlap for some of the modes. Modal
effective index = propagation constant of the mode / free space wave vector of light
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Fig. 3. Transverse intensity profile of (a) input field (Airy disk) (b) FM (c) cladding mode
with highest coupling efficiency (≈ 1.28%) (d) LP11 mode (whose overlap with the Airy
disk is zero). The solid red lines in Fig. 3 (b-d) represent the fiber geometry. The innermost
ring shows the core, the annular region adjacent to the core is the cladding and the outermost
annular region shows the extent of the absorption coating.

4.1. Beam propagation method

In order to validate the results yielded by the proposed method, we also estimated the minimum
filter length by the beam propagation method. We launched the input field (Airy disk) into
a 50cm long fiber and propagated it using the commercially available software BeamPROP®.
The Airy disk was optimized to provide maximum overlap (78%) with the FM at the wavelength
of 10.6μm. The computational domain in the X −Y plane was ±456 μm. The longitudinal step
size was 1μm, which was small enough to correctly model the evolution and diffraction of the
optical field along the fiber [19]. We obtained field output slices every 10cm along the length of
the fiber. At each of these points, the fraction of power in the FM was obtained by calculating
the overlap integral of the total optical field and the FM. The overlap integral was normalized
to the local optical power. R(L) was subsequently obtained by using Eq.1 and assuming that all
the power that is not in the FM is carried by the HOMs. Fig. 4 shows the evolution of the total
power and fractional power in the FM along the length of the fiber. As the propagation distance
increases, the fraction of power carried in the FM increases, thereby implying improved filtering
by the fiber. For longer lengths of the fiber, the power in many of the cladding modes that
extend well into the cladding is lost due to radiation and absorption by the absorptive coating,
leaving only the FM and cladding modes that are localized near the core. Thus, the effect of
the absorption coating reduces at longer fiber lengths and the rate of decrease of total optical
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Fig. 4. Evolution of the total power (normalized to the input power) and power in the FM
(normalized to the local power) along the fiber length. The right-hand side figure shows
the evolution of the modal profile along the fiber length. X and Z denote the radial distance
and direction of propagation, respectively. The region shaded in light green is the core of
the fiber. The regions colored in yellow and dark green are the cladding, and the outermost
region shaded in red is the absorption coating.

power (slope of the black solid line in Fig. 4) also reduces with fiber length. The right-hand
side figure illustrates the evolution of the optical field along the fiber length. Side lobes in the
modal profile that extend into the cladding can be seen very close to the input end of the fiber
because the launching field is an Airy disk, and the FM profile stabilizes only after propagating
through a certain length of the fiber.
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Fig. 5. Comparison of the minimum fiber length calculated by the proposed model and the
BPM method

Figure 5 presents the minimum filter lengths obtained by using the model proposed in Section
3 (Eq. (5)) and the lengths obtained through the BPM method. We have plotted the lengths
obtained by considering a finite number of cladding modes whose coupling efficiency with the
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input field is > 0.01% and 0.1%. For comparison purposes, we have also shown the filter length
predicted by the previously reported model that considers the LP11 mode alone [12]. It can be
seen that the lengths obtained by the proposed model and BPM are in good agreement for R up
to ∼ 35dB. The fact that the minimum fiber length is independent of the threshold that we set on
the overlap of the modes with the input field justifies our assumption that we can approximate
the power distribution and propagation of all the cladding modes of the fiber by considering
the propagation of just a finite number of cladding modes that have the highest overlap with
the input field. However, we observe that the estimates of the filter length do not compare very
well for R > 35dB. This can be attributed to the fact that for R > 35dB, the cladding modes that
have coupling efficiency less than < 0.1% along with low-loss become significant, and these
should also be considered for obtaining a correct estimate of the filter length. This is affirmed
by the plot in Fig. 5 that corresponds to modes whose coupling efficiency with the input field
is > 0.01% instead of 0.1%, which shows a better match with the BPM results for R > 35dB.
The small kink in the red curve appears to be a numerical artifact of the BPM method but
the overall trend is as expected. The linear dependence of the filter length beyond R ∼ 35dB
suggest that the curve is dominated by the loss of one/few mode(s) only. Further study revealed
that the slope corresponded to the mode that exhibited the lowest loss of 33dB/m and had a
coupling efficiency of 0.09%. This mode was excluded from the model when we considered
modes with coupling efficiency > 0.1%, but was included for the case η > 0.01%. The strong
influence of this mode on the filter length illustrates that for long fiber lengths, the modes that
have the lowest losses along with a finite coupling efficiency ultimately determine the filtering
capability of the fiber. We note that the slope of the curve obtained by the proposed model
(when considering modes with η > 0.01%) closely follows the slope of the curve obtained
through BPM. This suggests that the slight mismatch with the BPM results could be due to the
manner in which we have assumed the weighting of the input power (Eq. (4)) into these modes,
which essentially represents the ideal case ie. a mode with higher coupling efficiency carries a
proportionately larger amount of power. In conclusions, the higher the value of R needed, the
larger the number of modes that should be included in the proposed model in order to obtain a
correct estimate of the minimum filter length.

4.2. Experimental results

We compared the theoretical estimates of the minimum filter lengths with experimental results
obtained in Ref. [14]. A 50cm long fiber was used in these experiments. The mode field radius
(a0) was experimentally found to be 29±0.4μm, which agrees well with the theoretical value
of 29.1μm. In the experiments, a CO2 laser was focused onto the end facet of the fiber and
the output was measured on a CCD camera for various fiber lengths. Single mode output was
obtained for a length of≈ 50cm. This was significantly longer than the 12cm predicted using the
previous model. In contrast, we predict a length of 26cm using our revised model to achieve a
contrast of 30dB (the maximum obtainable in the experiments due to the limited dynamic range
of the camera and background noise level) which is again significantly shorter than the observed
length but better than the previous estimates. The discrepancy in Ref. [14] is attributed to mode
coupling in the fiber, which is not accounted for by our model and could serve to drastically
increase the length needed. Given the experimental difficulties and uncertainties, we consider
the comparison of our model with experiment to be encouraging.

4.3. Effect of spatial filtering at the output

The simulations presented above showed that achieving R = 40dB required ≈ 30cm long sil-
ver halide fiber. There have been recent reports on silver halide and chalcogenide fibers that
suggest that introducing a spatial filter at the output end of the fiber can enhance the filtering
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performance [19, 20] and thereby reduce the required fiber length. We explored this possibility
and studied the effect of introducing a circular aperture at the fiber output on the value of R with
the aim to estimate the aperture radius required to provide the optimal rejection of the cladding
modes. The circular aperture was simulated with a numerically simulated circular aperture at
the output end of the fiber. Figure 6 shows the effect of varying the aperture size on the filtering
capability of two lengths of the silver halide fiber analyzed in the earlier sections. Equation
(1) was used to obtain the value of R. The fraction of power in the FM was normalized to the
throughput power (local power after the aperture) and it was assumed that the fraction that was
not coupled into the FM was carried by the cladding modes. It can be seen that R increases
almost exponentially as the aperture size is reduced below the mode field radius, a0. This is
because most of the cladding modes extend well into the cladding and get cut-off by the aper-
ture, thereby decreasing the cladding modal content and improving the filtering performance.
However, reducing the aperture size would not increase R infinitely because of the presence of
cladding modes that have maxima in the center of the fiber core (as shown in Fig. 2). Intro-
duction of the aperture also reduces the throughput power drastically and it drops well below
90% even when the radius of the aperture is equal to a0. For a fiber length of 50cm and aper-
ture radius of 30μm, the throughput is only 86%. For 2a0 < aperture radius < 5a0, the rate of
decrease in R becomes slower while throughput in the FM is ∼ 99.99%. The optimum radius
of the aperture lies within this range and increases the value of R by at least 5−10dB, and pro-
vides > 99.99% power transmission for the FM. For eg. an aperture radius of 100μm provides
the maximum rejection ratio of 52.6dB and throughput of 99.99% for a fiber length of 50cm. In
comparison, the aperture radius should be around 300μm to obtain a throughput of 99.999 %,
which yields a lower rejection ratio of 46.55dB. For aperture sizes greater than 5a0, the spatial
filtering has negligible effect. It should also be noted that introduction of the aperture would
reduce the broadband filtering capability of the fiber. Thus, there exits a trade-off among the
filtering capability of the fiber, the maximal throughput power and the broadband wavelength
range that can be achieved.
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Fig. 6. The effect of varying the radius of a circular aperture placed at the output end of
the single-mode fiber. There exits a trade-off between improving the filtering capability
and obtaining maximal throughput power. Note that the power throughput does not change
significantly for the two fiber lengths.
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4.4. Bulk/boundary scattering effects

Silver halide fibers are poly-crystalline in nature and scattering (bulk/boundary) of the modes
is an important aspect that affects their filtering capability. Scattering of a guided mode into
radiation modes is a stochastic problem, which results in transfer of power from the FM to
the cladding modes and manifests itself as radiation loss of the FM. Published reports indicate
that the radiation loss (due to boundary scattering) itself is independent of the nature of the
roughness distribution [21, 22]. For boundary roughness such that the variance in roughness
<< 1 and a refractive index ratio across the boundary ∼ 0.001, the scattering loss of the FM
is approximately a few dB/km [22]. Bulk roughness scattering further increases the loss of the
FM as well as the cladding modes. The total confinement loss of the FM would be the sum of
the scattering loss and the absorption loss. Thus, the effect of the scattering loss would be to
increase the loss of the FM by a certain multiplicative factor, which would (ideally) be constant
for different fiber sections as long as they are fabricated using the same process and material.
This implies that the scattering effects should not affect the minimum filter length for different
sections of the same fiber. However, an offset launch can excite different groups of low-loss
cladding modes, and depending on the group of modes that are excited by the input field, the
minimum filter length may be slightly altered. It should also be noted that since scattering
increases the loss of the FM, it would ultimately limit the maximum rejection ratio that can be
achieved with these fibers. The scattering amongst the lossy cladding modes is more likely to
scatter power from low loss cladding modes into high loss cladding modes (since the latter are
more numerous than the former) and hence it is likely to improve matters. Hence by ignoring
it, we get a slightly longer estimate of the minimum fiber length, thereby providing a better
rejection ratio.

5. Conclusion

Estimating the minimum length of fiber required to achieve wavefront filtering is crucial in
stellar interferometry. We have presented a theoretical model that can be applied to estimate
the length of the fiber with any arbitrary fiber geometry, including fibers that have a high-
index metal coating as the absorption layer. The proposed method provides a more accurate
estimate of the minimum filter length than the previously reported models based on considering
the loss of LP11 mode alone. We show that by considering the loss as well as the coupling
efficiency of the cladding modes, we can identify a finite and small number of cladding modes
that can provide a better estimate of the minimum filter length. We also show the impact of the
launch conditions on the filtering performance of the fiber. Simulations indicate that under ideal
launching conditions (Airy disk), symmetric cladding modes that have an intensity maxima at
the center of the fiber ultimately determine the filter length. The theoretical estimates of the fiber
length obtained through the proposed method show good agreement with numerical results
obtained through BPM and experimental observations on silver halide fibers. However, it is
important to note that implementing the BPM technique can become very time-consuming for
simulating long fiber lengths. Besides, it is inherently unsuitable for studying high-index metal-
coated chalcogenide fibers an approach favored by a number of groups. The proposed method
does not have these limitations, although the number of modes that need to be considered can
become significant for R > 35dB. In a practical system the launch is never likely to perfect
and so the actual weightings of the launched modes will vary in time and will not match those
given here. The main effect of an off-centered launch will be a reduction of the power in the
fundamental mode and increase in power in the cladding modes leading to an initial reduction
in the rejection ratio. The losses of the fiber modes would remain unaltered. This is understood
more clearly by studying Fig. 1. An off-centered launch would reduce the power launched into
the FM at the input, thereby pulling down the red curve along the y-axis. The power coupled at
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the input into the other leaky cladding modes would also get altered such that they would have,
in general, more power coupled into them thereby pushing up the curves along the y-axis. There
would be other modes also coming into picture which would correspond to the anti-symmetric
modes. But, these modes would also have losses comparable to those of the symmetric modes
that have been represented in Fig. 1. Thus, in order to achieve the same rejection ratio of 106 the
vertical black line now would need to be pushed towards longer fiber length yielding a slightly
longer filter length. However, due to the exponential nature of the loss of all the modes and
the fact that the order of loss of the symmetric and anti-symmetric cladding modes are similar,
any increase in the total fiber length required will be small as compared to the minimum length
obtained for an on-axis launch.

We have also presented theoretical simulations that show that by incorporating an optimum
circular aperture at the output, the filtering performance of the fiber can be improved by at least
5− 10dB without compromising the throughput power, thereby reducing the minimum fiber
length significantly. The results suggest that the excitation/launching conditions are crucial in
achieving optimum performance of the wavefront filter in any practical setup.
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