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We present a mode decomposition method for multicore
fibers (MCFs) that is based on intensity measurements in the
far-field. Mode decomposition of several homemade multi-
core fibers is demonstrated in the far-field with low residual
errors. Accurate measurement of supermode compositions
and of the electric fields among cores is crucial for many
applications involving multicore fibers as well as their inte-
gration into multimode platforms.
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Multicore fibers (MCFs) have attracted renewed interest in
recent years not only to boost the transmission capacity in opti-
cal communications [1] but also due to their high performance
in multi-channel propagation. Offering several degrees of free-
dom through diverse fiber designs, MCFs provide integration
with other types of fibers and/or waveguides. At present, they
have been widely employed in various applications, including
long- and short-distance communications [2], optical sensing
[3], image transmission and optical imaging [4], MCF ampli-
fiers and lasers [5,6], as well as nonlinear processes such as
pulse compression [7] and beam condensation [8].

MCFs support the propagation of a number of supermodes
(SMs), which is proportional to the number of cores [9]. As
with multimode fibers, light propagation in MCFs also suffers
from modal instabilities that could result from bending [10],
high transmission power [8], and nonlinear effects [11]. Because
the selective excitation of supermodes is highly demanded in
many applications [12], it is important to characterize the mode
composition at the output of MCFs, which can provide quan-
titative insights into light propagation among the supermodes
and across the cores. Consequently, mode decomposition (MD)
of MCFs also serves as a diagnostic tool for MCF coupling in
beam delivery systems.

MD is a fundamental tool in multimode optics, which provides
the relative power and phase (modal coefficients) of each guided
mode propagating through the fiber. Several techniques for MD
have been investigated in few-mode fibers, including complex
amplitude measurements [ 13], spectrum sweep [ 14], holography
[15], spatial light modulator [16,17], and numerical methods
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[18-22]. The latter techniques are based on intensity measure-
ments, where the modal coefficients are estimated by comparing
the reconstructed intensity distribution with the measured inten-
sity profiles. Optimization algorithms have been successfully
employed in MD of few-mode fibers [19]. Additionally, deep
learning has been demonstrated in real-time MD for multimode
fibers [20]. Recently, a matrix formalism method [21] has been
proposed for fast MD in few-mode fibers, which is based on a
transformation matrix connecting the measured output intensity
distribution to the distribution of guided modes.

These MD techniques could be potentially used for mode
analysis of MCFs. For example, a computer-generated holo-
gram method has been demonstrated to analyze the output from
a 19-core fiber [23]. However, this method has the limitation of
high cost and low flexibility [15]. Recently, an off-axis hologra-
phy method has been used for the estimation of mode content
for a six-core fiber [12], but this requires a reference beam,
and a detailed quantitative modal characterization remains to be
investigated. These methods implement mode decomposition in
the near-field (NF). However, when there are fabrication defects
(non-uniform core diameters or inconsistent core spacing) or
when the fiber is coiled with a small radius, the NF supermode
distributions will deviate from the ideal case [24], thus limiting
the MD accuracy of MCFs.

In this Letter, to the best of our knowledge, mode decompo-
sition in multicore fibers is investigated for the first time using
a numerical method based on far-field (FF) intensity measure-
ments. Accurate MD of MCF can be achieved through a modified
transformation matrix algorithm using noiseless FF intensity.
An optimization algorithm (stochastic parallel gradient descent,
SPGD) is employed to optimize the estimation of modal coeffi-
cients and maintain accuracy even if in the presence of intensity
noises.

In order to carry on this investigation, we designed and fabri-
cated several multicore fibers using a stack-and-draw technique,
including a dual-core fiber (DCF), a triple-core fiber (TCF),
a four-core fiber (4CF), and a seven-core fiber (7CF). Super-
modes in these MCFs can be calculated through finite element
method simulations (Comsol Multiphysics 6.0 is used). Figure 1
presents cross sections of the homemade multicore fibers and the
corresponding NF and FF intensity distributions of each super-
mode. In these fibers, each core has a diameter of ~5um and
the adjacent cores have a center-to-center distance of ~10 pm.
Each individual core has a numerical aperture of 0.15 and only
supports the propagation of the LPy; mode at a wavelength of
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Fig. 1. MCEF cross sections, corresponding supermode intensity
distributions, and MD examples. /samp: sampled intensity (normal-
ized to maximum value); Irec: reconstructed intensity (normalized
to maximum value) based on MD results; Idiff (Al): difference
between them. Ap: power error (total power normalized to 1), A6:
phase error (unit, rad).

1040 nm. In the NF, the fundamental supermode is the in-phase
combination of all cores, and the highest-order supermode has
adjacent cores that are in anti-phase. The FF distribution of
supermodes can be obtained through the diffraction theory or
the angular spectrum propagation method [25]. Note that in
an MCEF, different mode combinations can result in similar NF
intensity distribution, such as the even (SM1) and odd (SM2)
modes in the DCF, or the SM1 and SM3 modes in the TCF
(see Fig. 1). This similarity can lead to significant errors in NF
intensity-based mode decomposition measurements.

The output intensity distribution from an MCF is a linear
combination of supermodes. The 2D output intensity profile
measured by a camera (consisting of M X M pixels) can be
written as an M*x 1 vector with its entry [21] as follows:

N N
1" =35 GGE'E™, m=12,--, M, (1)

k=1 j=1

where Ci;=+/p; exp(i6,) is the complex modal coefficient for
the k(j)th mode, N is the number of modes, and m is the pixel
index. The complex amplitude of the k(j)th supermode is also
written in the form of an M>X1 vector, and E;;,™ is the value
at the mth pixel. By defining an M? x N? transformation matrix,
T, that contains only the E,;,* terms and an N*x1 vector V
that consists of the Cy, terms, the intensity / can be written in
matrix form as follows:

I1=TYV, (2)
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V=[CC; - CCy CC;---CChy -+ CyCi---CxCy |
(4)
The vector V is therefore computed as V ="T"'1, with T™' as the
pseudoinverse matrix of T. The relative power (p,) and relative
phase (6;) of the kth mode can be determined from Eq. (4),
assuming 6, =0 [21], as follows:
VIN(k-1)+k
Pr = N[ ( ) ] 7k:1,27“'7N, (5)
2 VIN(k = 1) + k]

V[k]+V[N(k—1)+1]) k=D ...

24/p1P:

Equations (5) and (6) yield error-negligible MD results for MCFs
in the far-field, as demonstrated by the simulation examples
shown in Fig. 1, where the sampled electric field is generated
by the combination of supermodes with random relative powers
and phases. The negligible MD errors (Ap, Af) and low discrep-
ancy (Al) between the reconstructed (/rec) and sampled (/samp)
intensities indicates the accuracy of this method. /samp (/rec) is
obtained by substituting the sampled (calculated) modal coeffi-
cients into Eq. (1), respectively. The MD errors are defined as
the weighted average over all the guided modes:

0, = acos

.N. (6)

N
Ap = Z(lpcalc,k - psamp.klpsampjc)’ (7)
k=1
A = i |0 0 | |05amp.k| (8)
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where Peuie(sampx aNd Ocacisampyx TEPrEsents the calculated (sam-
pled) relative mode power and phase for the kth mode,
respectively. It is worth pointing out that in Ref. [21], a similar
transformation matrix method was investigated for few-mode
fibers in the near-field. However, the approximation E;™E;"™ ~
E™E;"™ utilized in Ref. [21] is not valid for the FF supermodes
in MCFs.

In practical applications, we need to investigate the robust-
ness of the MD algorithm against the quality of the measured
intensity profile (which is influenced by noise, aberration,
spectral-linewidth, and camera resolution), as well as the defi-
nition of supermode distributions (deviation due to fabrication
imperfections) and the choice of the image center.

Figure 2 displays the MD error analysis for the homemade
MCFs under test. Each dot represents the averaged MD errors
of 200 simulations with the sampled intensity generated by
superposing all supermodes with random relative powers and
phases. Uniformly distributed random intensity noise is added
to the sampled intensity, characterized by a signal-to-noise ratio
(SNR) of 10-40dB.

Four MD algorithms are compared: Matrix-ref is the method
introduced in Ref. [21]; Matrix-new is the method introduced
in this manuscript, as described in Eqs. (1)-(6); SPGD is an
optimization method introduced in Ref. [19], where the modal
coeflicients can be obtained from random initial values; and
Matrix-new + SPGD is the optimization based on the Matrix-
new with the support of SPGD.

Figure 2 shows that both averaged power and phase errors
can be suppressed across different SNRs and across different
number of cores by using the Matrix-new + SPGD method (see
green dots), which generally outperforms the other algorithms.
The mode power error is less than 2% and the relative phase
error can be suppressed below 0.3 rad for the fibers under test
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Fig. 2. Mode decomposition error analysis for the MCFs under test at different noise levels. (a-1)-(d-1) Averaged mode power errors of
200 simulations. (a-2)—(d-2) Averaged mode phase errors of 200 simulations. The image size is 1400x1400 pixels in the simulations, with a

pixel size of 5.5 um.
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Fig. 3. Experimental setup and cross-section images of MCFs
under test. An SLM is used for coupling into the MCF. The MCF
output is sampled by a wedge prism and then imaged on FF and NF
cameras. A linear polarizer is used to select one polarization. BS:
beam splitter.

with SNR > 10dB. A higher SNR of the measured intensity
profile could further compensate MD errors, especially for the
fibers with more cores. When the SNR is larger than 20dB,
the Matrix-new method can already provide high-precision
mode decomposition for up to seven-core fibers. In addition,
the Matrix-new method provides appropriate initial values for
SPGD optimization, with the further benefits of shorter conver-
gence time and less local optimum (see the comparison between
SPGD and Matrix-new + SPGD in Fig. 2).

To verify our mode decomposition method, an experimental
setup was implemented to collect the output intensity profiles
from the DCF, TCF, 4CF, and 7CF, as shown in Fig. 3. A lin-
early polarized 0.5 ns-pulsed fiber laser, operating at a repetition
rate of 800kHz, is coupled into the test fiber via a spatial light
modulator (SLM). By properly setting the phase pattern dis-
played on the SLM screen, light can be coupled into different
fiber cores with specific powers and phases to selectively excite
random combinations of supermodes. The fiber output power is
monitored on a power meter (PM), and a portion of the output
is reflected by a wedge prism for beam profile measurement.
An FF camera is used to collect the FF intensity profiles used
for mode decomposition. As the fiber may be rotated, the core
distribution at the output facet may not be consistent with the
distribution shown in Fig. 1. A NF camera placed in a 4-f sys-
tem configuration (see Fig. 3) measures the NF beam profiles,
which are used for identifying the rotation of fiber as well as
the core-to-core distance. The focal lengths of the two lenses
are f; = 13.8mm and f, = 500 mm, corresponding to a magnifi-
cation factor of ~36x. The pixel size of the cameras is 5.5 um,
and the captured image was cropped to the size of 1088 x 1088
pixels. The analog-to-digital converter level of the camera is
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e “ n n n “
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Cor(%) 992  99.2
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Fig. 4. Experimental results for MCFs under test. Each column
displaying the comparisons between the measured and recon-
structed intensity profiles (/meas and Irec, both normalized to
maximum value), along with their difference (/diff), and correlation
factors (Corr).

12 bits, corresponding to a total of 4096 intensity levels. After
appropriate modifications (rotation and core spacing) on the NF
supermode distributions, the FF supermode distributions can
be obtained using the angular spectrum propagation method.
Due to the short fiber lengths (<1 m) used in the experiments
and good birefringence produced by the non-circularly symmet-
ric core arrangements, the MCF output beam can maintain the
input linear polarization and has a high polarization extinction
ratio >10dB. A linear polarizer is used to select the polariza-
tion. It is worth noting that a polarization beam splitter can be
employed to measure the intensity profiles of two polarizations
simultaneously, so as to achieve both polarization and mode
decomposition.

Figure 4 displays several experimental results for different
MCFs at an average output power of ~2 W. The optical SNR
at the 1040 nm wavelength is higher than 20 dB, ensuring that
the measured beam profiles are not affected by other spectral
components. The measured FF intensity profiles and calcu-
lated FF complex amplitudes of each supermode were written
in the form of M*x1 vectors and then substituted into Eq. (2)
to obtain the vector V, yielding the modal coefficients (p, and
6:). The measured images have a SNR of ~15dB, which was
calculated as the standard deviation of the intensity values in
the pixels outside the main beams [21]. The estimation of the
modal coefficients was therefore optimized via a SPGD algo-
rithm to further minimize the discrepancy between the measured
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Table 1. Modal Coefficients for the Measurements in
Fig. 4

Fiber DCF TCF

o) 0.93, 0.73, 0.62, 0.32, 0.08, 0.98, 0.18, 0.06, 0.22,
[SM1, 0.07 027 038 068 092 0.02, 0.39, 049, 057,
SM2, 0 043 045 021

]
6(rad) 0, 0, 0, 0, 0, 0, 0, 0, 0,
[SM1, 185 163 0.66 164 193 188, 1.08, 3.74, 28I,

SM2, 272 199 157 127
-1

Fiber 4CF 7CF

o) 0.86, 0.02, 0.23, 0.17, 0.59, 0.04, 0, 047, 0.09,

[SM1, 0, 085 0, 001, 0, 0.14, 0.34, 0.03, 0.02,
SM2, 0.08, 0, 0.5 028 024, 0.74, 0.58, 0.01, 0.13,
] 0.06 0.13 022 054 0.17 0.01, 0.06, 0.06, 0.18,
0, 0.02, 0.05 O
0.07, 0,0 037, 0.01,
0 0.01 0.57
6(rad) 0, 0,11, O, 0, 0, 0,52, 0, 0,49 0,18,
[SM1, 0.62, 0.8, 1.17, 448, 0.71, 0.3, -2.01, 1.5, 5.01,
SM2, 0.16, 28 0.78, 0.14, 045, 23, 5.82, 322, 499,
| 5.75 0.64 582 027 3.02, 13, 057, 1,
1.59, 3.68, 4.6, 532,
174 29, 62 325
4.31

and reconstructed intensity profiles. Figure 4 shows high mode
decomposition accuracy and the mean correlation factor (Corr,
[18]) between the reconstructed and measured intensity profiles
is 99.3%, 98.6%, 96.4%, and 94.8% for the DCF, TCF, 4CF,
and 7CF, respectively. The degraded correlation in 4CF and
7CF could result from intensity noises, aberrations, and fabri-
cation imperfections. The calculated modal coefficients of each
supermode in these fibers are listed in Table 1. The relative mode
powers and relative mode phases in each column correspond to
the measurements in each column of Fig. 4.

Mode decomposition over supermodes also provides an effec-
tive way to estimate the phase information of the individual
cores. According to the coupled mode theory, we can derive a
relationship matrix, R, that connects the supermode distribution
to the electric field in each core [26] as follows:

EcN]T = R[\/Eeiel \/p_zemz . \/P_NemN]T, (9)

where E, is the electric field in the kth core with its phase
determined by arg(E,), and R is a N x N matrix. The matrix R
strictly depends on the core arrangement. For example, in the
case of the 4CF under test, the matrix R is given by Eq. (10),
with the core indices labeled in Fig. 1. Equation (9) indicates
that the electric field in the individual cores can be evaluated
from our MD method.

[Eci Ec> -

V50 2v2 V3
1IV3 2v2 0 =5
Rae=31vs 0 —2v1 v (19

V3 22 0 -5

In conclusion, in this Letter we proposed a mode decomposition
method for multicore fibers using FF intensity measurements.

Letter

We have demonstrated mode decomposition with strong sup-
pression of error even when dealing with noisy images. We
have successfully demonstrated mode decomposition in several
MCFs with the number of cores of up to N=7. The reported
method can provide a quantitative characterization of not only
the mode composition in MCFs but also the electric field dis-
tribution in the cores, representing a significant step forward in
advancing the potential of MCFs for future photonic devices and
applications.
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