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ABSTRACT
Adaptive optics methods have long been used to perform complex light shaping at the output of a multimode fiber (MMF), with the specific
aim of controlling the emitted beam in the near field and enabling the realization of a new generation of endoscopes based on a wide variety of
spectroscopic techniques. Gaining control of other emission properties, including the far-field pattern and the phase of the generated beam,
would open up the possibility for multimode fibers to act as miniaturized multi-beam steering components and to implement phase-encoded
imaging and sensing. In this study, we employ phase modulation using a spatial light modulator at the input of a multimode fiber to generate
multiple, low divergence rays with controlled angles and phase at the fiber output. Direct measurement of the output angle and the divergence
and phase of the generated beams show how wavefront engineering can be employed to perform complex far-field structuring of the emission
of a MMF.
© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0044666

I. INTRODUCTION

Multimode optical fibers (MMFs) are intrinsically turbid media
and the transmission of light through them is well known to scram-
ble the phase and amplitude distribution of coherent light entering
the proximal facet of the waveguide. As such, since the first demon-
stration of wavefront shaping through a highly scattering medium,1
there has been significant interest in developing methods to deter-
ministically pre-shape the phase of coherent light radiation, prior
to transmission through the fiber, to control the emission patterns
at the distal end. This approach has recently allowed the realization
of low-invasiveness endoscopes based on a single imaging MMF.2
Several adaptive optics methods have been applied to perform high-
resolution imaging through wavefront modulation, including spatial
light modulator (SLM) sub-domain optimization,3 SLM-based plane
wave generation,4,5 digital micromirror device (DMD) phase opti-
mization,6 digital phase conjugation,7 and a direct measurement of
the transmission matrix of the MMF.8 All these approaches enable

structuring light emission in the vicinity of the fiber facet, e.g., in
the near field. This has allowed for the development of a series of
high-resolution imaging methods in transmission, reflection, flu-
orescence,9 Raman imaging10 and Coherent Anti-Stokes Raman
Spectroscopy (CARS),11,12 optical manipulation,13 and through mul-
ticore fibers.14

Together with near-field structuring, engineering the far field
of coherent light emitted from the MMF also has peculiar potentials.
As the transmitted amplitude is scrambled, the same happens to out-
put angles in the far field, resulting in speckle patterns. Therefore,
structuring the far field emission offers interesting perspectives as
the fiber output can be collimated at arbitrary angles within the fiber
NA. This, in turn, paves the way for the exploitation of multimode
fibers as passive beam-steering elements and beam splitting com-
ponents in a miniaturized environment. For instance, optomechan-
ical components such as microelectromechanical (MEMS) mirrors
with sizes larger than an optical fiber could be substituted in minia-
turized microscopes for neuroscience applications.15 Additionally,
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direct monitoring of alterations in a structured far field transmitted
through a MMF can reflect variations in the near-field environment
at the MMF output and, for specifically designed claddings, those
taking place around the waveguide, potentially enabling remote
sensing applications with sensing elements placed either along the
optical fiber or at its output.16 However, the control of MMF far-field
phase and intensity patterns is typically achieved only with static
methods by realizing complex meta-surfaces on the fiber facet.17,18

An adaptive method based on the use of a segmented deformable
mirror has also been applied to explore the specific case of beam
shaping through a ytterbium doped multimode fiber with gain in
the far field,19 and re-configurable far-field space could also be
obtained based on a computation of the measured transmission
matrix through both distal and proximal fiber facets.8

In this study, we structure the far-field speckle pattern of a
MMF, implementing spatially resolved phase modulation based on
the plane wave optimization.4 The system is employed to tailor the
output angle from the waveguide within its NA to generate multiple
beams of low divergence angle emerging from the facet at different
angles and to modulate their phase in a manner that is easily translat-
able into imaging applications. We provide a set of characterization
data in the far-field plane that complement the existing reports in
the near field, enabling further investigations to widen the potential
applications of the technique.

II. EXPERIMENTAL METHODS
The implemented optical setup to control far-field emission

patterns from a MMF is displayed in Fig. 1(a). A continuous wave
632 nm laser beam was expanded to overfill the 512 × 512 pixel
screen of a SLM (ODP512, Meadowlark optics). The SLM phase
pattern generated a scanning beam and a reference beam (hereafter
referred to as Bscan and Bref ), both sent to lens L1 (focal length f L1
= 200 mm). A beam splitter (BS1), placed at 10 cm from L1, splits
the optical path into a scan path (transmitted by BS1), which exploits
Bscan, and a reference path (reflected by BS1), instead exploiting Bref .

On the scan path, lenses L1 and L2 ( f L2 = 200 mm) formed
a 4 f relay between the SLM and the back aperture of the micro-
scope objective MO1 (0.65 NA, 40x, AMEP4625, ThermoFisher),
while BS2 was used to image the input facet of the MMF onto a
camera (CCD1). MO1 focused the beam onto a slack, ∼5 cm-long
MMF (0.22 NA, 50 μm core diameter, Thorlabs FG050UGA), which
randomized the output pattern resulting in a new beam referred to
as Brandom. Light transmitted through the MMF was collected by the
microscope objective MO2 (10x, 0.3 NA, MPLFLN10x—Olympus,
f MO2 = 18 mm), and lenses L4 ( f L4 = 125 mm) and L5 ( f L5
= 100 mm) formed a 4 f optical system conjugating the back focal
plane of MO2 on CCD2 (CS505MU—Thorlabs), projecting on it the
far field of the fiber facet (referred to as the (u, v) plane).

The distance r of a generic point (u, v) from the center of the
far field is given by

r = f L5

f L4
f MO2 tan θout , (1)

where θout is the angle of the beam emitted by the fiber measured
with respect to the optical axis, or in the component form, along the
u and v axes, u = f L5

f L4
f MO2 tan θu and v = f L5

f L4
f MO2 tan θv.

FIG. 1. (a) Optical system for direct far-field shaping of the MMF output: M—mirror,
L—lens, MO—objective, MMF—multimode fiber, SLM—spatial light modulator,
BS—beam splitter, and CCD—charged coupling device. Dashed lines indicate
conjugate planes. Top inset: construction of the phase pattern displayed by the
SLM to obtain Bscan and Bref . Bottom left inset: indexing of the input facet of the
MMF in a grid of 25 × 25 pixel elements. (b) Example interferogram B

jx ,jy ,p
interfere. (c)

Intensity variation of B
jx ,jy ,p
interfere at pixel (u, v) over the phase shift. (d) Image on

CCD2 of a focused beam. (e) Images on CCD2 of different far-field foci (white
circle indicates the theoretical limit of the fiber NA). (f) Focused beam intensity
for each targeted far-field point. (g) Scatter plot of focused beam intensity (blue
circles) and average focused beam intensity over 1○ interval (black squares).
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On the reference path, an adjustable iris was placed at the focal
point of L1 blocking the residual scanning beam. Bref was then
expanded by a beam expander formed by lenses L7 and L8 ( f L7
= 30 mm and f L8 = 100 mm) before being re-joined with the scan-
ning beam by BS3. Thus, Brandom and Bref beams interfere on CCD2
with an angle controlled by BS3 [see the representative interfero-
gram in Fig. 1(b)]. To obtain the Bscan and Bref beams, blazed saw-
tooth gratings ϕscan and ϕref were generated and summed together

to obtain the image ϕjx ,jy ,p
intefere(x, y) on the SLM, whose screen plane is

represented by x and y axes, with

ϕjx ,jy ,p
scan (x, y) = mod(ax + by + p, 2π), (2)

ϕref (x, y) = mod(cx, 2π), (3)

where a and b define the periodicity of the grating along x and y so
that the beam Bscan can scan on a 25 × 25 grid in the input facet of
the MMF. Each element of this grid is identified by the indices (jx, jy)
[see the bottom left inset of Fig. 1(a)]. The parameter c defines the
periodicity of ϕref , and it was chosen such that Bref is aligned with
the iris on the reference path and not on the core of the MMF along
the scan path. Finally, p is the phase shift applied at each position in
the (jx, jy) plane as detailed below.

To obtain a specific emission angle θout from the MMF, a plane
wave calibration procedure was applied based on the method pro-
posed in Ref. 3. In the algorithm, the (u, v) point related to a specific
θout is monitored in intensity on the interference pattern on CCD2
while scanning the beam on the (jx, jy) plane using the following
equation as an input to the SLM:

ϕjx ,jy ,p
interfere(x, y) = arg(exp(iϕjx ,jy ,p

scan (x, y)) + exp(iϕref )). (4)

For each (jx, jy) pair, p was tested from 0 to 2π [the full scan
procedure on the input facet is shown in visualization (1) of the
supplementary material]. The intensity variation as a function of p
on a representative (u, v) point of the far-field plane is displayed
in Fig. 1(c), from which the phase step pjx ,jy

opt giving the maximum
intensity value at the coordinate (u, v) is extracted and used to
generate the phase pattern for the jth

x , jth
y grid element, ϕjx ,jy

opt (x, y)

= ϕ
jx ,jy ,p

jx ,jy
opt

scan (x, y). This input-phase optimization procedure is
repeated for all the 625 points on the (jx, jy) plane, generating the
SLM input image to focus light on the point (u, v) of the far field, as
given by the sum of all optimized phase patterns,

Φ(x, y) = arg
⎛
⎝

25

∑
jx=1

25

∑
jy=1

exp(iϕjx ,jy
opt (x, y)

⎞
⎠

. (5)

III. RESULTS AND DISCUSSION
Typical results of this optimization are shown in Figs. 1(d)

and 1(e) for different (u, v) far-field points and in visualization 2
of the supplementary material. Once the fiber is bent or moved, Φ
needs to be recomputed. Concerning computational times, for the
30 × 30 square array of focused spots in the (u, v) plane shown
in visualization 2 of the supplementary material, the entire process

was completed within ∼15 min. The majority of this time is dedi-
cated to the computation of the optimized gratings on the graphics
processing unit (GPU—NVIDIA GeForce GTX 960 in our case)
and refreshing the SLM. On average, about 9% of the total inten-
sity transmitted through the MMF is contained within the focused
spot in the far field. This is comparable to what has been achieved
in the near field,20 although by applying polarization control, this
could be further increased.3 In the near field, after removing lens
L4, the intensity distribution appears to be stochastic and no trace
of the far-field focus (shown in 1D) is visible (see Fig. S1 of the
supplementary material).

A set of images of the 30 × 30 array of far-field spots [with the
optical path in the configuration shown in Fig. 1(a)] were recorded
on CCD2. The intensity of each far-field spot for each targeted pixel
is shown as a color-map in Fig. 1(f), with related distribution dis-
played in Fig. 1(g). Although an overall decrease of intensity has
been observed for high values of θ, the mean value of the beam waist
remains much more stable across the entire fiber NA (see Fig. S2 of
the supplementary material) although a small increase is observed
close to the limit of the fiber (along the v axis, a 10% increase in
average spot size was observed between spots generated at 0○ and
12○). It has previously been demonstrated that in the near field, the
signal to noise ratio increases at the edge of the fiber facet due to a
higher availability of guided modes7—this is not the case when the
system works in the far field. This can be likely assigned to the fact
that the high order modes in the linearly polarized mode formula-
tion (LPl,m) are associated with a higher transversal component of
the wavevector kt and a lower power transfer efficiency.21 Indeed,
as the number of modes available at a specific kt increases for high
order modes, a given position in the far field does not only foster the
system working point at a specific kt but also a specific pair (ku, kv),
being kt =

√
k2

u + k2
v . Recently, results showing a similar decrease in

the intensity for lower values of θ have been reported for a DMD
based calibration used to image distal objects from the fiber.22

As the fiber length and bending could potentially influence the
method, we investigated if far-field structuring is possible also for
longer or bent fibers. Figures S3–S5 of the supplementary material
show the distribution of beam intensity for a straight 5 cm fiber, a
5 cm-long fiber bent by 90○, and a 15 cm fiber, respectively. In these
experiments, due to the changing position of the fiber, an inter-
nal reference beam was used to keep the reference signal preserved
across different measurements and make them more comparable.
In all three cases, more intense beams are generated at the center
of the far field; however, beams of lower azimuthal angle generated
through the 15 cm fiber appear to be of slightly weaker intensity than
the 5 cm fiber. It is important to highlight, however, that the here-
applied calibration procedure is sensitive to a dynamic deformation
of the fiber. Although the transmission can be calibrated with the
bent fiber, once the fiber is moved, a new calibration is required.
Methods to compensate for bending have been investigated for near
field optimizations,5,23 which could potentially be applied in our
case. The guide star approach has been well established for focus-
ing light through highly scattering media without prior knowledge
of the distal side, with some approaches highlighted in Ref. 24, and
recently applied to optical fibers.25

To measure the azimuthal angle θout and the divergence angle
α of the beam emitted by the fiber, MO2 was removed and a
CCD (CS505MU—Thorlabs) fixed to a single axis translation stage
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was positioned ∼5 mm from the output of the MMF, as shown in
Fig. 2(a). Thus, by measuring the profile of the speckle pattern (emit-
ted directly from the fiber) in two positions (1 mm apart), θout and α
could be estimated. Images of the beam in both CCD positions are
shown in the inset of Fig. 2(a) (profile plots are shown in Fig. S6 of
the supplementary material). Uncertainties were calculated by con-
sidering the distance between the two positions to be 1.0± 0.1 mm
account for error in the position of CCD2.

To calculate θout , we considered the coordinate difference in
the maximum intensity pixel for the first set (u1, v1) and second set
(u2, v2) of images. For α, we consider the full width at half maxi-
mum (FWHM) of the intensity. Two example images of the speckle
pattern emitted from the fiber in each position are shown in the inset
of Fig. 2(a). The pixel size on the CCD was 3.45 × 3.45 μm, and
therefore,

θout = tan−1(3.45
√
(u1 − u2)2 + (v1 − v2)2

1000
), (6)

FIG. 2. (a) Optical setup to measure θout and α with CCD2 placed on a translation
stage. (b) Measurement of θout for a 30 × 30 matrix of far-field foci. (c) Line plot
of B—blue dashed lines indicate the error on θout . Black dashed lines indicate the
theoretical limit from the fiber NA. [(d) and (e)] Measurement of θoutu and θoutu for
a 30 × 30 matrix of far-field foci. (f) Measurement of divergence angle α for a 30
× 30 matrix of far-field foci. Points outside of the NA indicated in white (by setting
a threshold on the intensity ratio of the far-field focus). (g) Histogram of α.

α = 2 tan−1(3.45(FWHM1 − FWHM2)
1000

). (7)

Figure 2(b) is a color-map showing the measured θout for the tar-
geted point of the (u, v) plane. As expected, at the center of the
far field, the azimuthal angle is close to zero, whereas at the edge,
θout approaches the limit of the numerical aperture of the fiber (NA
= 0.22 corresponding to 12.7○). The relationship between the far field
coordinate and the azimuthal angle is expected to follow (1). The
experimental relationship between the far field coordinate and the
measured θout is shown in the profile plot in Fig. 2(c). The angular
components in the u and v directions are shown in Figs. 2(d) and
2(e), calculated as

θoutu = tan−1(3.45(u1 − u2)
1000

), (8)

θoutv = tan−1(3.45(v1 − v2)
1000

). (9)

The divergence angle α is plotted as a color-map in Fig. 2(f). The
histogram of the data in Fig. 2(f) is shown in Fig. 2(g), featuring
over 80% of the points between −1○ and 1○ (an average of 0.70○

and a standard deviation of 0.68○). The low divergence angle and
uniformity of the profile plots demonstrate that a far-field intensity
structuring resulted in complex beam steering at the tip of a MMF.

After demonstrating how far-field beam steering of a laser beam
can be performed through a MMF, next, we show how beam splitting
may be performed to simultaneously generate n multiple beams f θk

exiting the fiber with azimuthal angle θk. If pjx ,jy ,k
opt is the optimized

phase shift for a given kth far-field focus, with k ranging from 1 to n,
the phase image on the SLM is then

Φ(x, y) = arg
⎛
⎝

25

∑
jx=1

25

∑
jy=1

n

∑
k=1

exp(iϕjx ,jy ,p
jx ,jy ,k
opt

scan )
⎞
⎠

. (10)

Figure 3 shows the far-field image of three multiple beam arrays
with 1, 2, and 3 different angles simultaneously. In this example,
between 4% and 6% of the total intensity is contained in each hot-
spot array, with a signal to noise ratio reduced as the number of

FIG. 3. Multiple far-field foci generated simultaneously and normalized profile plots
(averaged over 20 pixels). (a) Single far-field focus. (b) Two far-field foci. (c) Three
far-field foci.
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beams is increased: the average beam intensity ( 1
n Σn
(k=1)Bθk) falls

from 1 to 0.5 to 0.39 and the signal to noise ratio falls from 268
to 132 to 108. Therefore, a far-field optimization of light transmis-
sion through a MMF can be used to perform complex beam steering
of multiple beams, with the above-detailed limitations in terms of
divergence angle and signal to noise ratio.

Another parameter that can be controlled by the optimization
procedure is the phase of the outputted beam. So far, we have opti-
mized the phase of the input beam to pjx ,jy

opt , which gives the maximum
intensity of the interference fringes at the targeted spot (u, v), i.e.,
giving constructive interference between Bref and Bout . However, it
is also possible for Bref and Bout to be out of phase by p, where p is
in the range of 0–2π. This can be done by applying a shift p to pjx ,jy

opt ,

i.e., the phase is shifted by q = mod(pjx ,jy
opt + p, 2π). This gives an input

phase image

Φphase(x, y, p) = arg
⎛
⎝

25

∑
jx=1

25

∑
jy=1

exp(iϕjx ,jy ,q
scan (x, y)

⎞
⎠

, (11)

generating the beam Bphase(p). To do this, 16 phase steps were
applied to a single focused spot in the far-field plane. The inten-
sity distribution is unaffected by the application of phase shift p. To
measure the induced phase shift, the phase Ψ of Bphase(p)was recon-
structed from the Fourier transform of the interferogram between
Bphase(p) and Bref .7 The interferogram and the reconstructed phase
of Bphase for a representative value of p = π are shown in Figs. 4(a)
and 4(b), respectively.

Figure 4(c) shows the calculated phase shift ΔΨ(p)
= Ψ(Bphase(p)) −Ψ(Bphase(0)). The linear fit of ΔΨ(p) was ΔΨ(p)

FIG. 4. (a) Interferogram between Bref and Bphase. (b) Direct phase measure-
ment of Bphase(π)—circle indicates the limit of the NA of the fiber. (c) Top
row: measurement of the phase shift between Bphase(0) and Bphase(p). ΔΨ(p)
= Ψ(Bphase(p)) −Ψ(Bphase(0)): blue line is the experimental data and black
line is a linear fit. (d) Bar graph showing the standard deviation of ΔΨ(p) over the
entire core (blue) and in the region corresponding to the far-field focus (orange).

= 0.98p + 0.18, indicating that the phase shift applied by the SLM
was well preserved at the modulated beam emitted by the MMF.
We have observed that this phase modulation takes place within
the entire fiber NA, although the system provides a focused spot
in a specific point of the far field, where the phase values are less
dispersed than in the rest of the core [Fig. 4(d)].

IV. CONCLUSION
In summary, we report evidence that wavefront engineering

techniques can be employed to achieve full control on the distri-
bution of intensity and phase of light in the far field of a MMF.
We have employed a plane wave based method, which complements
other techniques such as the direct measurement of the transmis-
sion matrix,8 which could potentially be applied to control the far
field transmission. Deep learning algorithms have also been applied
to structure the near field without the need for any reference beam
and could be investigated for the generation of low divergence rays.26

Our results can potentially enable pure fiber-based beam steering of
multiple collimated beamlets and open the door to the development
of phase-encoded imaging and sensing through a MMF. Potentially,
by adding a second fiber for collection, the weak scattering signal
from distal objects is decoupled from the background signal from
the fiber.

SUPPLEMENTARY MATERIAL

See the supplementary material for Figs. S1–S6.
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