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Influence of Fourier spatial filtering
on multimode fiber bandwidth
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The paper investigates the influence of the amplitude spatial filtering of the launched light beam
on the baseband width of multimode (MM) fiber frequency response. The filter is located on
the confocal plane of an 4f imager. The theory presented is verified by an experiment. It is
shown that an increase of 3 dB baseband frequency of MM fiber is possible but at the expense of
filtration losses.
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1. Introduction

An important part of local area networks (LANSs) infrastructure is based on multimode
(MM) fibers. This is particularly true for intra-building networks. Migration to novel
transmission protocols, such as 10 Gbit/s Ethernet, increases network informational
capacity and brings about unavoidable rise of bit rate. Faster data transmission over
MM fibers may turn out to be difficult, especially for legacy fibers. This is due to
the modal dispersion that limits baseband width of these fibers. Several methods of
overcoming the problem of insufficient bandwidth have been proposed. They include
manufacturing of novel MM fibers with profiles optimized for laser sources (such as
OM3 fiber), adaptive electronic equalization of fiber frequency response [1], applica-
tion of multilevel/multipoint modulation formats [2], appropriate light launching at
the fiber input (such as offset launch) [3], and spatial light filtering [4, 5]. The last
solution may be employed either at the fiber input [4] or its output [5]. The spatial
filtering at the fiber output increases the modal noise level if a coherent source is
used [6]. Therefore, in this paper we will concentrate on the spatial filtering of light
at the fiber input and investigate its impact on the frequency response of the MM fiber.
Our setup is much simpler than that used in [4]. The latter additionally required
an adaptive feedback for the operation optimization. Contrary to [4] we are looking
for spatial filters that increase the MM fiber baseband without any feedback. This paper
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is divided into two main parts: the first contains the description of the setup proposed
and presents some theoretical results. The second part treats about the experimental
results obtained. Eventually, the results of our investigation are summarized.

2. Theory

The setup for the light spatial filtering is located at the fiber input, which is shown in
Fig. 1. It is a typical confocal 4 f setup [7]. The light source (usually laser) is located
on the input focal plane of the two confocal lens setup. On the common focal plane,
there is placed a spatial (amplitude) filter. In turn, the transmission MM fiber front end
is located on the exit focal plane of the setup, as shown in Fig. 1.
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Fig. 1. Spatial filtering at the fiber input.

Let us denote by A(x;, y;) the amplitude of the electromagnetic field originating
from the light source. Then the field incident upon the spatial filter/modulator is given
as two dimensional Fourier transform of A(x;, y;) [7]

+oo +oo

B(u,v) = —/%]—j [ dxy dy A, y)exp| 2m(ux, + vy (1)

Here, A is the wavelength, 1 is the focal length, and u and v are the so called spatial
frequencies related to the coordinates xr, y, on the confocal plane by

X,
L yv= 2L @)

A A
Taking into account the presence of the spatial filter with the amplitude transfer
function 7'(x;, y,) and using (1) for the second lens, one may calculate the optical field

distribution on the output focal plane, C(x,, y,), i.e., at the front end of the fiber. It is
given by

u =
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If we assume the light source in the form of a point located at the origin of
coordinates 4(x;, y;) = d(x, y;) (the Dirac function), Eq. (3) reduces to

+oo +oo

C(xy,¥,) = j j dudv T (u, v)exp [—j 27 (ux, + vyz)} 4)

—oco —oo

It follows from Egs. (3), (4) that changing the amplitude transfer function of
the spatial filter 7'(u, v) we are able to shape the field distribution at the front end of
the MM fiber, and in this way also the order of modes excited in this fiber. Indeed, let
us consider a LP,,, mode that may propagate in the MM fiber with the field distribution
given by @,,,,(x,, ¥,). Its amplitude, a,,,, will be given by

Aun = J-J-dXZdyZ C(x27 y2)¢;:m (x2’ y2) (5)
S

Computing the mode amplitudes one may calculate the powers of the subsequent
mode groups, P;, k=1, 2... Let us remember that the mode LP,,, belongs to the 4-th
mode group, when k£ =2n + m — 1 [8]. We have for the £-th mode group

2
P, = Z |amn| (6)
2n+m-1=k

Having obtained the values of P, we may calculate the MM fiber impulse /4 (¢) and
frequency responses H( /') based on the theory presented in [9]. They are the following

ht) = Y P S(i-7,L) (7)

k

H(f) = Y Prexp(~j2ngLf) ®)
k
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Here, 0'is again the Dirac function, 7, is the unit group delay of the 4-th mode group,
and L is the fiber length.

3. Calculation results

For the numerical calculations of the mode fields and group delays in Egs. (5), (7), (8)
the finite element method presented in [10] was used. For a given index of refraction
profile the mode field distributions ¢,,,(x,, y,) were calculated according to [10],
which in turn enabled the calculation of mode group powers according to Egs. (5), (6).
This made it possible to calculate the fiber time and frequency responses (Egs. (7)
and (8)). The mode group unit delays were again calculated as in [10] but the profile
dispersion was neglected as it requires precise information of the dopant concentration.
The calculus was conducted for four types of spatial filters presented in Fig. 2: low
pass (LPF), high pass (HPF), band pass (BPF), and band stop (BSF). For clarification,
the LPF filter is a transparent hole with opaque surrounding. In Fig. 2, the black color
stands for opacity and white for transparency.

The powers in mode groups for different spatial filters are shown in Figs. 3 and 4.
The results are presented for a fiber with core diameter of 62.5 um, NA = 0.275, profile
parameter g = 2.2, L = 0.5 km, A= 665 nm, and /= 5 cm. A point light source located

B - 0o

Fig. 2. Basic spatial filters (left to right): low-pass (LPF), high-pass (HPF), band-pass (BPF), band-stop
(BSF).
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Fig. 3. Power in mode groups for HPF filter with radius 7, (#; = 0 cm corresponds to the lackof filtration).
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Fig. 4. Power in mode groups for BPF filter with outer radius 7, = 1 cm and inner radius r; (r; =0 cm
corresponds to the low-pass filter).

at the origin of coordinates was assumed that resulted in the plane wave at the confocal
plane. The wavelength was selected in accordance with the one used in the experi-
mental setup. It follows from Figs. 3 and 4 that the filters used enable one to selectively
excite the mode groups and in this way form the fiber frequency response. At the same
time it is necessary to stress that the selectivity increase is obtained at the expense of
the higher filtering losses.

Figures 5 and 6 present fiber frequency responses corresponding to different filters
and mode excitations shown in Figs. 3 and 4. Eventually, Figs. 7-9 show the 3 dB
baseband width values and corresponding losses (related to the spatial filtering) versus
parameters of three different filters: low-pass, high-pass, and pass-band.

Additionally, in Figs. 10 and 11, we present numerical results of relative bandwidth
improvement versus different filter radii for different alpha profile parameters.
Relative improvement is understood as the times the bandwidth is increased with
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Fig. 5. Frequency responses corresponding to the HPF filters and modal group excitation from Fig. 3.

Fig. 6. Frequency responses corresponding to the BPF filters and modal group excitation from Fig. 4.
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Fig. 7. Values of baseband width, and filtering
losses for a LPF filter with different radii r,.

Fig. 8. Values of baseband width, and filtering
losses for a HPF filter with different radii ;.

Fig. 9. Values of baseband width, and filtering
losses for a BPF filter with ,=1cm and
different radii 7.

the use of the filter in comparison with the bandwidth of the fiber without a filter. As
can be seen in Fig. 10, the highest improvement with the use of LPF is achieved for
ideal alpha profile (¢ = 2), whereas for BPF (see Fig. 11) better results are achieved
for non-ideal profiles (a#2). Even though we notice a significant bandwidth
improvement for BPF and o= 2.
The results presented strongly indicate that the spatial filters may increase
the baseband width of the MM fiber (the 3 dB frequency without filtering was 270 MHz
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Fig. 10. Relative bandwidth improvement versus LPF filter radius.

Fig. 11. Relative bandwidth improvement versus BPF filter lower radius r, higher radius , = 1, 3 cm.

in all the cases). The baseband width increase is achieved by eliminating/suppressing
certain mode groups, which unavoidably reduces the total optical power launched into
the MM fiber. If we assume a moderate value of this loss, 3 dB (optical), we are still
able to increase the 3 dB baseband width 2—3 times (see results for HPF in Fig. 8).

4. Measurements

A block scheme of the measurement setup is shown in Fig. 12. The setup enables one
to measure the MM fiber frequency response with the spatial filtering applied at its
input. A generator with linearly swept frequency (coupled to the spectrum analyzer
Rohde & Schwartz FSH6) drives a transmission laser (Hitachi HL 6504) that operates
at A =660 nm.
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Fig. 12. Block scheme of the measurement setup.
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The laser light after spatial filtering in 4 f optical imager is focused at the front end
of the fiber core (Corning Infinicor, 62.5 um core and L = 500 m). At the confocal
plane of the optical imager, there is a spatial light modulator (twisted nematic LCD,
Holoeye LC 2002) with a single polarization filter added (polarization filter ahead of
the spatial modulator was not necessary due to the linear polarization of the laser light).
The polarization filter is necessary to obtain spatial amplitude filter (spatial light
filtering). The LCD modulator is best suited for visible light and this forced
the wavelength 660 nm to be used that is rather unusual for data transmission.
The amplitude transfer function of the LCD modulator is controlled by a personal
computer. After spatial filtering and propagation in the fiber the lightwave is detected
by a Si photodetector (Hamamatsu S5973-01). After the OE conversion the electrical
signal is fed to the spectrum analyzer measuring the frequency response of the entire
system. The generator-spectrum analyzer set permitted the obtained frequency
responses to be corrected for the non-uniformity of the system electrical response.
Thus, all the results presented in the sequel pertain only to the optical responses.
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Fig. 13. Frequency response of the MM fiber (a) and baseband width, and filter losses (b) measured for
LPF and different values of r,.
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Fig. 14. Frequency response of the MM fiber (a) and baseband width, and filter losses (b) measured for
BPF and different values of inner radius r, (outer radius was r, = 0.65 cm in all the cases).
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In Figure 13, there are shown frequency responses for various low-pass filters
(Fig. 13a) and corresponding values of baseband width and filtering losses (Fig. 13b).
In Fig. 14, similar results are presented for band-pass filters, respectively. The 3 dB
frequency (baseband width) without filter was 330 MHz.

The results presented in Figs. 13 and 14 are in qualitative agreement with the theory
presented earlier. In particular, the greatest baseband width increase was obtained for
low-pass filter, although at the expense of high losses. Also, the curves for the other
filter behave similarly to the theory but the baseband width increase is much
smaller than expected. The quantitative discrepancies may be explained by the fact
that the actual lightwave at the confocal plane was not an ideal plane wave but rather
an elliptical Gaussian beam. Moreover, the index profile of the real fiber was not
measured and might have been different from the assumed one. Yet another reason
might have been improper alignment and aberrations of the optical system as
the required tolerances lay in micrometer range.

5. Conclusions

The paper presents the influence of the amplitude Fourier spatial filtering of
the launched light beam on the baseband width of MM fiber frequency response. It
was shown both theoretically and experimentally that this filtration may lead to
an increase of a 3 dB baseband frequency. However, this increase is possible at
the expense of filtration losses.

To implement these results in practice two issues should be addressed. First,
the above calculations and experiments should be repeated for a representative set of
the fibers with various index profiles. Second, as the 4f confocal set is not a practical
one, the selected filters with the best properties should be realized in another way;
most probably as a diaphragm integrated with the transmitter laser.
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