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Abstract: With rapidly growing bandwidth demands in Local Area
Networks, it is imperative to support next generation speeds beyond
40Gbit/s. Various holographic optimization techniques using spatial light
modulators have recently been explored for adaptive channel impulse
response improvement of MMF links. Most of these experiments are
algorithmic-oriented. In this paper, a set of lenses and a spatial light
modulator, acting as a binary amplitude filter, played the pivotal role in
generating the input modal electric field into a graded-index MMF, rather
than algorithms. By using a priori theoretical information to generate the
incident modal electric field at the MMF, the bandwidth was increased by
up to 3.4 times.
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1. Introduction

Multimode fiber (MMF) is the established medium of choice in local area network (LAN)
backbones [1]. With the advent of multimedia-rich applications such as video streaming,
teleconferencing, live television, photo sharing and online video games, current MMF
technology may soon overwhelm the MMF infrastructure [2—-4]. With rapidly growing
network demands, it is imperative to support next generation speeds beyond 40Gbit/s [5].
Many techniques have been investigated. These include wavelength division multiplexing [6—
8], mode-selective launches [9-13], holographic optimization [9-13], offset launching
[14,15], and electronic dispersion compensation (EDC) [16,17].

In mode-selective launches, only a subset of propagating modes is excited, in order to
mitigate modal dispersion. Previous experiments on selective mode excitation include laser
driving schemes [12,18], masks for spatially filtering [10,11] and prism coupling [19,20].

Recent holographic optimization experiments demonstrate the agility of spatial light
modulators (SLMs) in mitigating the mode switching limitations of the static computer-
generated masks [11] and the pierced plates [10]. The incident electric field at the MMFinput
endface may be swiftly customized by changing the hologram using a computer. Furthermore,
the rapid econciliation speed of the SLM allows for adaptive updating of the incident field on
the MMF [21]. It has been recently demonstrated that the channel impulse response or
bandwidth of the MMF link was improved by means of holographic optimization using an
SLM [21,22].
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Most holographic mode-selective launches are algorithmically intensive [21-26]. In this
work, as in [27], lenses played the pivotal role in generating the input modal electric field into
a graded-index MMF, rather than algorithms. In [27], the SLM functions as a binary phase
filter, whereas here, the SLM functions as a binary amplitude filter. In both, the transmittance
of the filter is a function of the inverse Fourier transform of the transverse modal field
distribution. Also, in both, a priori theoretical information on the modal electric field in MMF
was used instead of a random estimate at the onset of the bandwidth optimization process. It is
shown that using the proposed technique for mode-selective launch, the bandwidth was
increased by more than 3 times. This agrees with the results achieved in [27] using a binary
phase filter.

Apart from offering a new experimental approach for mode-selective launching, this work
also examines the modal decomposition of the received signal at the output of a graded-index
MMF. While the modal analysis of the retrieved output modes plays an important role in
understanding the effects of power modal coupling within the channel, no special focus has
been given to this in previous mode-selective launches. To pave the way towards better
quantitative understanding of power coupling effects within the channel, the method and
results for a noninterferometric modal decomposition technique are presented. The results of
the modal decomposition are also used to analyze the channel impulse response and estimate
the improvement in the bandwidth compared to the bandwidth from a conventional launch.

The experimental setup and method will be discussed in Section 2. The modal
decomposition and bandwidth analysis will then be presented in Sections 3 and 4 respectively.

2. Holographic mode-selective launch experiment
2.1. Experimental setup

The experimental setup is shown in Fig. 1. A 128x128 pixel transmissive binary amplitude
spatial light modulator (SLM) and a combination of three lenses were used. The lenses consist
of achromatic doublets of focal lengths f1 = 300mm (L1) and f2 =100mm (L2); and a fiber
collimator with an aspheric lens of f3 =11mm (L3). A 632.8nm Helium Neon laser was used.
A visible laser was chosen for ease of alignment of optics and to easily measure the generated
modal field at various points along the system. Considering that a majority of MMF in LANs
is less than 1km [28,29], a MMF length of 1km was chosen for the experiment. The MMF
used was a lkm-long graded-index Thorlabs GIF625, with a refractive index profile
parameter, o = 1.81 [30] and a core diameter of 62.5um.

Binarized Fourier Fourier transform of Fiber Modal
Expanded transform of polarized modal electric field Collir/nator electric
modal field Pinhole N » field
Laser Beam t:// > \ Y >
expander ) > MMFE
Isolated 1% D / N
B diffraction
Linear Ll order

polarizer

L2 L3
Desired 7 X2 X3 X4
polarized ‘:\ 2 3 Y4
d V1
“ o v aere
Ji Ji fo f S

L1I: firstlens  L2:second lens  L3: third lens
fi: focal length of LI f5: focal length of L2 f5: focal length of L3 SLM: spatial light modulator

Fig. 1. Experimental setup for holographic selective mode excitation.

2.2. Mathematical description

The experimental technique for the holographic mode-selective launch is adapted from a
microscopy technique by Neil et al. [31] for generating a complex electric field for tuning the
pupil function of the objective lens in a confocal microscope. The experimental technique in
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[31] was modified in order to create the electric field of linearly polarized modes of a perfect
infinite parabolic MMF for the selective launch. In our experiment, instead of two lenses as in
[11] and [31], three lenses were used for gradual field reduction in order to reduce spherical
aberration of the generated modal electric field. This increases power coupling efficiency at
the input. Hence, for the hologram, instead of encoding the desired electric field itself as in
[31], here, the Fourier transform of the desired electric field will be encoded in the hologram.
A summary of the technique used for generating the modal electric field of is given in Fig. 2.

128 x 128 pixel polarized inherent modal electric field of MMF, b (x, y) ‘ =, — launch into

; Pad with zeros E MMF
Fourier transform I 480 x 480 pixel zero-padded b(x, y) | E
(Lens L3) ' . '
Fourier transform H
]
| 480 x 480 pixel Fourier transform of polarized modal electric field ‘ H
0 ]
; Crop edges E
128 x 128 pixel Fourier transform of polarized modal electric field, d(x, y) | E
. .
. 3 : ]
v Add linear tilt .:’
l Tilted Fourier transform of polarized modal electric field, f{x1, y1) ‘ H
v .
. 1 1 ]
v Binarize :
| Fourier series expansion of binarized waveform, g(x1, y1) | E
. T
Fourier transform ‘ Extract first harmonic (n = 1) ;
(Lens L2) S Legend
[ 15t harmonic of binarized waveform | = SLM hologram
---- Pre-processing
Fourier transform (Lens L1) before
| Displaced diffraction orders in Fourier plane, G(x2, 12) | experiment
¢ Extract 1st diffraction order (pinhole) » During
1st diffraction order, M (x2, y2) | experiment

Fig. 2. Summary of technique used for generation of modal electric field of an infinite
parabolic MMF.

The transverse electric field for the LPIm mode of a weakly-guiding infinite parabolic
MMF, elm is composed of two orthogonal polarizations:

b=F sin g, (D)
b=Fcoslg. 2)
F is the radial dependence of the transverse electric field, given by [32]:

F=R'L)

m—1

(VR*)exp(=0.5VR?), 3)

where R is the normalized core radius, ¢ is azimuthal angle in the plane of the MMF core, V
is the normalized frequency, L is the generalized Laguerre polynomial, 1 is the azimuthal
mode number and m is the radial mode number.

First, for the mode to be launched, the Fourier transform of any polarization of the
transverse modal electric field in Egs. (1) and (2) is taken. Then, a linear tilt is added to the
Fourier transformed field. This yields the complex field:

f(x17y1):d(x1’yl)exp[j(z-xx1+z-yy1)], (4)

where x1 and y1 are spatial coordinates shown in Fig. 1, d (x1, y1) is the polarized Fourier
transform of the polarized modal electric field; t x and ty are linear tilt constants in the
Fourier plane in the horizontal and vertical directions respectively. The tilting facilitates the

#142771 - $15.00 USD Received 16 Feb 2011; revised 7 Apr 2011; accepted 17 Apr 2011; published 25 Apr 2011
(C) 2011 OSA 9 May 2011/ Vol. 19, No. 10 / OPTICS EXPRESS 9059



The tilting facilitates the isolation of the first diffraction order by spatially separating the
higher diffraction orders from the center of the Fourier plane.

Following this, the phase of the complex field f (x1,yl) = u (x1,yl) + jv (x1,yl) is
binarized according to the amplitude mapping shown in Fig. 3, adapted from [31]. The
binarized modal field is then displayed on the SLM. The binarized waveform may be
expressed as a series of harmonics in a Fourier series expansion:

4 00
g(x,,y)=a, t— > a, cos{n[§(xl,y1)+rxx1+ryy1]}, )

n=1

where ao= 2a (x1, yl)mr —1 is the constant term and an= sin [na(x1, y1)]/n is the Fourier
cosine coefficient of the Fourier series expansion. L1 then takes the Fourier transform of the
binarized modal field on the SLM. Taking the Fourier transform of Eq. (5) yields:

G(x,,) =M (x,,y,) + Z:[Mn()c2 +nt_, y, +m'y)+M:(nTx —x,,n7t, = y,)], (6)

n=1

where x2 and y2 are spatial coordinates in the Fourier plane of L1 as shown in Fig. 1, * is the
complex conjugate and Mn (x1, yl) is the n-th diffraction order. The effect of the tilt is to
separate the diffraction orders by multiples of the tilt constants in the Fourier plane. The first
diffraction order, M1 is then spatially filtered using a pinhole located in the back focal plane
of L1. M1 is a magnified version of the original polarized modal electric field b(x, y).

The telecentric L2-L3 combination scales the magnified modal electric field by a reduction
factor given by the conjugate ratio of L2 and L3. The input endface of the MMF is placed in
the back focal plane of L3 to couple the generated modal electric field. The applied tilt is
removed by moving the two lenses laterally in order to accommodate for the deviation in the
direction of propagation of M1 from the original Fourier plane axis. The generated theoretical
modal electric field is then optimized for improving the power coupling efficiency.

o
o =
—

Imaginary part, v
S

S
[
Amplitude

(=}

'
—_

-1 0.5 0 05 1
Real part, u

Fig. 3. The mapping of a complex field onto the required amplitude, adapted from [31].
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Fig. 4. Fourier transform of electric field of LP33 and corresponding binarized SLM hologram.
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Fig. 5. Measured intensity distribution of Fourier plane of L1 for LP41 mode and location of
first diffraction order.

2.3. Experimental demonstration of holographic mode-selective excitation

Prior to the experiment, the binarized SLM hologram for the desired mode was generated
using MATLAB. The steps are summarized in Fig. 2. First, a 128x 128-pixel array of the
linearly polarized modal electric field of the desired mode was simulated. The array was then
zero-padded to 480 x 480 pixels before taking the Fourier transform. The zero-padding
increases the discernibility of fine details in the Fourier plane. The empty edges of the
480 x 480 pixel Fourier plane were then cropped to obtain an array of 128 x 128 pixels to
match the number of pixels on the SLM. The array was then tilted and binarized according to
Fig. 3, as described in Section 2.2. Fig. 4 illustrates a typical Fourier transformed modal
electric field pattern and the corresponding binarized pattern for the SLM. The binary
hologram of the desired mode was displayed on the SLM. A collimated beam from the laser
was expanded and directed through the SLM. The binarized hologram was Fourier
transformed by L1. An example of the Fourier plane of L1 and the location of the first
diffraction order is shown in Fig. 5, for the excitation of LP41. A 0.2mm diameter pinhole
was then used to isolate the first diffraction order. The first diffraction order was then scaled
to the inherent size of the modal electric field of the MMF by L2 and L3. The amplitude and
phase of the generated modal electric field were measured before the launch. The power
coupling efficiency into the desired mode at the input of the MMF is given by:

2
Coin =| [[ B, 3) €, (x, y)dxdy / [[ 1., e dxdy [[ [e,, Cx. v dxdy, (D)
Aore Aore Acore

where Ein is the generated electric field of the desired mode at the input and elm is the
polarized transverse electric field for LPIm of a weakly-guiding infinite parabolic MMF.
LPIm modes within the range of 1 = 0, 1,.. 4 and m = 1, 2, .., 4 were excited. The power
coupling efficiencies of the generated modal electric fields were in the range of 90.15% to
95.79%. Thus, the generated modal electric field is a close approximate of the theoretical
modal electrical field. The power loss may be due to the slight misplacement of the pinhole
for isolation of the first diffraction order or the misalignment of the lenses to accommodate for
the change in the direction of the propagation of the first diffraction order with respect to the
zeroth diffraction order. The power coupling efficiency at the input is the percentage of the
generated modal electric which was coupled into the MMF at the input assuming no insertion
loss.

The MMF was connected to a fiber collimator, located in the back focal plane of L3. This
couples the generated electric field into the MMF. The generated modal electric field provides
a priori information for the optimization process. It is noted that although a perfect infinite
parabolic refractive index profile (o = 2) was assumed in calculating the theoretical modal
electric field and used for generating the incident modal electric field at the input enface of the
MMF, it is shown in [15] that the effect of the refractive index profile parameter, o on the
modal electric field distribution for manufactured MMFs with a finite cladding (1.8 <0 <2.2)
is negligible. For maximum power coupling at the output, the diameter, X, y, and z positions,
tilt and yaw of the generated modal electric field at the input has to be matched to those of the
inherent modal electric field of the MMF used. Thus, for each of these parameters, a small

#142771 - $15.00 USD Received 16 Feb 2011; revised 7 Apr 2011; accepted 17 Apr 2011; published 25 Apr 2011
(C) 2011 OSA 9 May 2011/ Vol. 19, No. 10 / OPTICS EXPRESS 9061



change in the value was introduced at each iteration while the values for other parameters
were maintained. This was followed by the calculation of the channel impulse response width.
The particular parameter was varied until the squared error between the previous channel
impulse width and the current channel impulse width was less than 1 x 10-6. This was
repeated for all the aforementioned parameters. The optimization is complete when all the
aforementioned parameters have been adjusted such that the squared error between the
previous channel impulse width and the current channel impulse width is less than 1x 10-6. A
typical set of the final measured output intensity distributions is shown in Fig. 6.

Near-field cos Far-field cos Near-field sin Far-field sin
polarization . polarization w ,  polarization 2 polarization
2 2 = g !
= = I <
8 05 S5 Sas o L
9] [ 2 :5
5 1S S 51 06
= < = N 3
'§ S ."E’ N o4
= 05 =05 = 05 <
< < =} 0.2
£ g g g
S 4 05 0 05 1 Z 41 45 0 05 _ 1 z 1 1 Z Was 0 081 Y
2 3 9 3 . 1 05 0 05 ? .
Normalized core radius Normalized core radius Normaiized core radius Normalized core radius

Fig. 6. A set of four measured output intensity distributions for the noninterferometric modal
decomposition of selective excitation of LP44 mode at the output of the MMF.

For the range of modes excited, it was found that about 3 to 4 iterations were required
when a priori information of the theoretical modal electric field in graded-index MMF was
used at the onset of the optimization process. As a comparison, a random modal electric field
estimate was used at the onset of the optimization process. It was found that 14 to 20
iterations were required. This agrees with the results in [22] for another holographic selective
mode excitation setup where no a priori information was injected into the system during the
optimization process. Thus, this demonstrates that a 15% to 28% reduction in the number of
iterations was achieved when a priori information of the modal electric field of the MMF is
introduced at the onset of the optimization process.

3. Modal decomposition of output field

At the MMF output, the power coupling coefficient into any given mode is determined by the
normalized overlap integral of the electric field at the output and the transverse electric field
for LPIm mode [32]. For this experiment, a noninterferometric modal decomposition adapted
from [33] was used to retrieve the power coupling coefficients. The advantage of this
technique is the lower computational requirement for acquiring the power coupling coefficient
distribution compared to using the overlap integral. Also, the power coupling coefficients can
be retrieved directly without interferometry. In [33], the modal decomposition for a hollow-
core photonic-band gap fiber was examined. Here, the technique will be applied to an infinite
parabolic silica MMF. For faster computation, several aspects of the algorithm in have been
improved. Firstly, instead of using both the transverse modal magnetic and electric fields for
the LPIm modes as in [7], here, the transverse modal magnetic field, hlm has been replaced by

the transverse modal electric field elm using =(e,/u,)" n, (3 x e,) [32], where Z is the unit

vector parallel to the MMF waveguide axis, nco is the refractive index of the MMF core, €0 is
the free-space permittivity and po is the free-space permeability. Secondly, in our derivation,

Lymylymylymylymy

the order of the indices of tensor
summing repeated indices [34-36] as follows:

was reduced from 4 to 3, by implicitly

11mllzmzl3m3l4m4zcl3m3c lymy = Allmllzmzl3m3 : (3
Following the approach in [33], applying Eq. (8) and replacing hlm by elm, for each
excited mode, four images of the output intensity distribution were recorded, one for each
orthogonal polarization in both the near-field and far-fields. The new error function between
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the reconstructed estimate and the actual measure intensity for a weakly-guiding infinite
parabolic MMF was then derived. The derived error function for an infinite parabolic MMF

may be expressed as:

p!q _ 1 * *
A - N2[ l Z[: l C[]m]C Izmzcl3m3c I4m4/\[]1711121712[31713141714
ymoylymylsmslymy
5 ©)
_ * p.q p.q
Z Cllmlc lym r[ +P 4

N 21y pmylym,
Lymlym,

where p defines the plane of measurement; p =1, 2 for the far-field and near-field planes
respectively. q defines the MMF two orthogonal polarizations of the transverse electric field.
For q = 1, b = Flm cos 1¢ and for ¢ = 2, b = Flm sin 1¢. N is a power normalization

c
constant. """ is the power coupling coefficient for the LPIm mode of a weakly-guiding
infinite parabolic MMF at the MMF output, where the subscripts In and mn are the n-th
indices for the azimuthal and radial mode numbers respectively. The measured output power,

pri = I[I M (x, y)TdA , whereby A is the cross-sectional area of the MMF core and Ime is
the measured intensity distribution at the output. The measured output power takes into
account the free-space path loss from the output endface of the MMF to the charged-coupled
device sensor used for the power measurement. The derived tensors for a weakly-guiding
infinite parabolic MMF are given by:

Ff;zllz"l: = '[ I |:e)”]ml (x, y)exlzm (x,y) te,, (x, y)eylzm2 (x,y) :| dA, (10)

me

core

Ayt smstam, = I [e . ye,, (x,y)+ey,m(x,y)ey,zmz(x,y)}<
A core (11)

e, (e, () te,  (nye,  (x)]dA,

A=Y AT

e, . Lo
where ¢ , , =Flmcosly, '+ =Flm sin 1¢. The overall error function is "=

am

Normalized power Normalized power
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Fig. 7. Modal decomposition of output field for selective excitation of various modes.

MATLAB was used to construct the tensor function for each polarization of the output
modal field in each plane using the corresponding measured intensity distribution. The
MATLAB optimization toolbox was then used to minimize the total error function. Typical
modal decomposition results are presented in Fig. 7. The power coupling efficiency into the
desired mode generally decreases the further the mode number is from the mode number of
the desired mode. Also, the effect of power modal coupling is more dominant on the radial
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mode number than on the azimuthal mode number within a particular selectively excited
channel. In addition to this, selective excitation of lower-ordered modes at the input exhibited
less power modal coupling at the output than selective excitation of higher-ordered modes at
the input.

4. Channel bandwidth estimation

To determine the bandwidth of the experimental holographic selective mode excitation
channel, the channel impulse response was first calculated. In the worst-case scenario, it is
assumed that complete redistribution of power occurs immediately after the generated modal
field is coupled into the MMF. Under this assumption, the lowest bandwidth gain is achieved.
Thus, the worst-case channel impulse response may be expressed as:

h(t) :inqs(t—tq ): (12)

where o (t) is the delta function, g=2m+ 1 —1 is the mode group number, nq is the power
coupling coefficient for the q-th mode group from the modal decomposition in Section 3. tq is
the modal time delay for the q-th mode group from the formula in [37] , given by the inverse

of the modal group velocity for mode group q, v =4, ‘// da)’ using the profile parameter

= 2aja+2

a=1.81 and the scalar propagation constant A, =[V/(p ZA)] I_ZA(q/Q)( g where o is
the laser angular frequency, V is the normalized frequency, p is the core radius, A is the
profile height parameter, R is the normalized distance from the core centre, q is the mode
group number and Q is the number of mode groups in the MMF. It is shown in [38] that a
finite cladding affects the modal time delays of only modes near cutoff which are expected to
be attenuated rapidly along the fiber so that there is little difference between the time delay of
an infinite and finite cladding fiber. Typical channel impulse responses from the experiment
are shown in Fig. 8 (a)-(b).
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Fig. 8. Channel transfer functions for selective excitation of modes (a) LP21 and (b) LP32 and
corresponding channel transfer functions (c)-(d) at 633nm wavelength.
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Fig. 9. Estimated 3dB channel bandwidths of holographic selective excitation of various
modes.

The transfer function for each selective mode excitation channel was obtained by taking
the Fourier transform of the corresponding channel impulse response. Examples of typical
transfer functions are shown in Fig. 8 (c)-(d). The 3dB bandwidth for each selectively excited
channel was then interpolated from the corresponding channel transfer function. A summary
of the interpolated 3dB bandwidths is given in Fig. 9. The estimated 3dB bandwidths were in
the range 0.62 GHz to 1.03 GHz for the range of modes excited. Specialized tests by the
manufacturer for the particular MMF show that the estimated bandwidth for the 1km of
GIF625 MMF used was 0.3GHz.km at 633nm [30]. Thus, it has been demonstrated that the
conventional bandwidth of a MMF has been increased 2.0 to 3.4 times using the new
holographic selective mode excitation technique. This agrees with the results achieved in [27]
using the SLM as a binary phase filter.

There are some minor fluctuations when the measurement is repeated on consecutive days
due to changes in the output modal content. The resulting bandwidth fluctuation is within 1%.

5. Conclusions

A new mode-selective launch has been demonstrated experimentally using a binary amplitude
SLM and three lenses. The new approach provides an alternative means of generating the
optimum input modal electric field into the MMF in order to maximize the bandwidth. The
theoretical modal field of the desired mode is generated and coupled into the MMF, while
maintaining a substantial amount in the same mode at the output by basic mean-square error
minimization. The bandwidth was increased by up to 3.4 times while the number of number of
iterations was reduced.

Unlike the continuous laser used in this work, the output modal distribution of a pulsed
VCSEL changes during the period of the pulse and this will change the distribution of modes
launched into the fiber [39]. However, as shown in [39], the VCSEL modal output is almost
constant for 90% of the pulse duration, and only changes during turn-on and turn-off. This
indicates that the methods described in this paper will also be applicable to pulsed VCSELSs.

#142771 - $15.00 USD Received 16 Feb 2011; revised 7 Apr 2011; accepted 17 Apr 2011; published 25 Apr 2011
(C)2011 OSA 9 May 2011/ Vol. 19, No. 10 / OPTICS EXPRESS 9065





