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Abstract: We experimentally demonstrate a simple method to characterize the temporal
dynamics of the power transfer matrix of a mode division multiplexed (MDM) system using the
time series of the output power in each channel. We consider a 3 X 3 MDM system consisting of
a pair of 3-channel photonic lanterns (PL) for mode (de)multiplexing and 1 km of few-mode fiber
(FMF) to evaluate the time evolution of channel selectivity, insertion loss, channel-dependent loss,
and accumulated cross-talk for each channel. We further compare the statistics of time evolution
of the above parameters for MDM systems utilizing mode-selective and non-mode-selective
photonic lanterns. Such results are used to evaluate the consequences of choice of photonic
lanterns and their utility in long-haul and short-reach mode division multiplexed systems.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Continuous demand for bandwidth-hungry applications, supported by the steady increase in
electronic processing speed, has paved the way for an exponential growth in capacity of fiber optic
communication in the past few decades. Mode division multiplexing (MDM) using few-mode
fiber (FMF) has emerged as a promising candidate for increasing transmission capacity [1].
Although the notion of using multimode fiber for optical communication dates as far back as 1982
[2], the recent progress in this field [3] is enabled by the phenomenal development in design and
fabrication of few-mode fiber and components such as mode multiplexers and de-multiplexers
(together referred to as (de)multiplexers in this paper), few-mode amplifiers, mode converters
and mode add/drop multiplexers [4-7].

Spatial multiplexers are crucial components, properties of which play a critical role in converting
the Gaussian transverse modes corresponding to that of the standard single-mode fibers to those
compatible with the few-mode fibers. There are different types of spatial multiplexers available
commercially, with specific advantages. Free-space based spatial multiplexers using phase plates
or spatial light modulators render high mode extinction, but at the expense of bulky free-space
setups and high coupling loss [8,9]. Photonic integrated circuits offer small device foot-print but
with high coupling loss [10] due to low efficiency of coupling from fiber to waveguide. Photonic
lanterns have recently become very popular as all-fiber mode coupling devices with tolerable
insertion loss and a reasonable reliability. A photonic lantern (PL) is an N X 1 all-fiber mode
multiplexer, in which N single-mode fibers (SMFs) are adiabatically tapered into a single larger
core corresponding to that of a few-mode fiber. The adiabatic transition results in a unitary
transformation of the N independent signals from the SMFs to N specific modes or a combination
of modes in the FMF.

In an N x N MDM system employing photonic lanterns as mode (de)multiplexers, N optical
transmitters are used as input to the N X 1 input PL followed by the FMF and the 1 X N output
PL, the N outputs of which are applied to the N independent receivers. The capacity of an
ideal N x N MDM system increases proportionally with the number of propagating modes (N)
[3]. However, a practical MDM system is limited by the mode-dependent impairments such
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as mode-dependent loss, cross-talk, and differential modal group delay, which also decide the
digital signal processing (DSP) complexity. The differences in the group velocities between the
modes of an MDM system, characterized by the differential modal group delay (DMGD), is an
important parameter that decides the complexity of the digital signal processing at the receiver.
The DMGD of the FMF used in our experiment is measured to be 60 ps/km using a Fourier
domain mode locked laser [11]. Characterization of DMGD and knowledge of the transmission
matrix of the PL-FMF-PL system is essential to understand the channel dynamics and optimize
the system performance.

Space division multiplexed-optical vector network analyzer (SDM-OVNA) based on swept
wavelength interferometry provides a quantitative estimation of complex transfer matrix across a
desired range of wavelength [12]. Measurement of mode-coupling in FMF is reported in [13] and
[14] using impulse response (IR) measurement and spatially and spectrally resolved (S?) imaging
technique respectively. While the complexity in hardware requirements in these methods are
relatively smaller, they characterize only the mode-coupling in the fiber and hence provide only
partial information on the linear transfer characteristics of the MDM system. There also have
been few demonstrations based on back-scattered power in an FMF, which measure only the
mode-coupling strength [15,16]. The Brillouin optical time-domain reflectometer [16] is also
limited by measurement distance due to reduction in stimulated Brillouin scattering efficiency
[16]. Although there have been several methods reported to characterize the mode-dependent
properties, estimation of the complex linear transfer matrix is the most comprehensive approach,
since it gives a very clear understanding of the mode-dependent properties of the N X N transfer
matrix. The measurement technique based on Rayleigh backscattering amplitudes [17] is simple,
but involves the use of an FMF circulator. A similar technique based on optical reflection reported
in [18] characterizes the power transfer matrix by using a highly reflective mirror at the end of
the FMF which allows the collection of back-propagated signal in the input PL. Hence, it does
not characterize the transfer matrix of a practical PL-FMF-PL system in which the input and
output PLs are actually different. Mode coupling dynamics in FMF has been studied in [19,20]
by estimating the complex field at faster time scales. However, this approach for characterization
of MDM systems involves complex expensive hardware while being energy-consuming. Study of
the temporal dynamics of the MDM system using a simplified approach is practically useful. The
crosstalk dynamics of an SDM system using few-mode multi-core fiber is investigated in [21]
by launching different wavelengths in different modes and by capturing the outputs sequentially
from each core, in an optical spectrum analyzer. In this study, we perform a simultaneous
measurement of all the output modes, while using a common wavelength of operation for all the
spatial modes. In addition to communication systems, FMFs find a wide range of applications in
sensing, microwave photonics and in optical signal processing [22—25]. The characterization
technique presented here would be useful in such applications as well.

In this work, we experimentally demonstrate a simple, on-the-fly, and non-destructive power
transfer matrix characterization technique using minimal hardware. We evaluate channel
selectivity, insertion loss, channel-dependent loss and coupling strength of the PL-FMF-PL
system in both forward and reverse directions. We also study the time evolution of these
properties to understand the channel dynamics and compare the results for mode-selective and
non-mode-selective excitation. We use the statistical understanding of the mode-dependent
properties to comment on the relevance of mode excitation method on system performance both
for short-reach and long-haul systems. In Section 2, we define different performance metrics of
an MDM system and discuss their relevance. In Section 3 we discuss the experimental setup
to measure these parameters and in Section 4 we discuss the details of the experimental results
along with their relevance in an MDM system.
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2. Theory
An N x N PL-FMF-PL system is characterized by the power transfer matrix,

T=[Rjl;: 1<ij<N (1)

where R;; is the excitation efficiency which represents the fraction of power input in a particular
channel (i) of the input PL (P;:”) that gets coupled in a particular channel (j) of the output PL

out

(Pj‘.’“’ ). R;; is mathematically defined as R;; = # Figure | schematically represents the excitation

efficiencies for a 3 x 3 PL-FMF-PL system. Each column of T contains the excitation efficiencies
corresponding to a particular input channel of the PL-FMF-PL system.
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Fig. 1. Schematic representing the excitation efficiencies (R;; i,j = 1,2, 3) in a PL-FMF-PL
system

There are broadly two types of photonic lantern designs based on their excitation properties
namely (a) non-mode-selective photonic lantern and (b) mode-selective photonic lantern. In a non-
mode-selective photonic lantern (NMPL), N SMFs of identical core diameters are adiabatically
merged to excite an orthogonal combination of modes supported in the FMF [26]. A mode-
selective photonic lantern (MPL) on the other hand, excites only specific modes from a given
input SMF. This design was first proposed in [27], where N independent pre-tapered SMFs of
dissimilar core diameters are adiabatically combined in order to achieve selective excitation of
modes. Mode-selectivity in a photonic lantern requires breaking the degeneracy between the
modes while avoiding any overlap between the propagation constants during the transition.

In case of an ideal PL-FMF-PL system consisting of reciprocal and identical PLs used as
multiplexer and demultiplexer, T is expected to be an identity matrix which means, power
launched in channel i of input PL is expected to get coupled to only channel i of the output
PL. However, in a practical scenario, photonic lanterns have finite mode extinction, the input
signal experiences mode-dependent propagation effects in the FMF such as differential modal
group delay, intermodal mixing, and mode-dependent loss and no two fabricated lanterns (used
for multiplexing and demultiplexing) have identical transfer functions. Characterization of an
individual PL and/or FMF contributes to the understanding of the MDM system, albeit partially.
The output of an MDM system is not only affected by the power coupling between modes but also
by the nature of mode (de)excitation at the input and output of FMF. The mismatch between the
PLs and the FMF under test, would also influence the coupling matrices. Hence, it is important
to characterize the complete PL-FMF-PL system.

The individual SMF ports of the input PL are used to launch signal with Gaussian transverse
intensity profile in an MDM system. Based on the design of the multiplexer used (MPL or NMPL),
signal launched in a particular port of the input PL excites either a specific mode or a combination
of modes in the FMF-end of the PL. Similarly, after propagation in the FMF, based on the design
of the demultiplexer used, either signal corresponding to a specific mode or signal corresponding
to a linear combination of the supported modes is recovered in the individual SMF ports of the
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output PL. Each pair of input-output port in the N X N PL-FMF-PL system is considered as an
information carrying channel. Since we consider both mode-selective and non-mode-selective
photonic lanterns in this work, we will use the term "channel" instead of "mode" to define
the properties of the MDM system [18]. If we use a pair of ideal mode-selective PLs in the
back-to-back configuration, "channel” is identical to "mode", while in case of non-mode-selective
PLs, "channel" would refer to a combination of modes.

A practical PL-FMF-PL system can then be characterized using the following channel-
dependent metrics : (a) channel selectivity (CS), (b) insertion loss (IL), (c) channel-dependent
loss (CDL), and (d) cross-talk based on the excitation efficiencies [18]. These properties are used
to characterize each channel of a PL-FMF-PL system by assuming, power is launched only in
that channel of the input PL. The mathematical definitions of the above-mentioned properties
are stated in Table 1. Channel selectivity in linear scale is defined as the ratio of the diagonal
excitation efficiency (R;;) to the summation of the non-diagonal excitation efficiencies of the i
column, and it quantifies the power leaked into other channels. Larger the selectivity, smaller is
the leakage of power to other channels. On the other hand, insertion loss of channel 7 in linear
scale is defined as the sum of all the excitation efficiencies in i column of the power transfer
matrix. Channel-dependent loss of a given channel is measured relative to the channel with the
least insertion loss. It is the difference (in logarithmic scale) in insertion loss experienced by a
channel compared to the minimum insertion loss observed in the system.

Table 1. Channel-dependent metrics of the PL-FMF-PL
system. PP, Pj"“' : power in the i, j output channels

respectively.

Property Mathematical representation
Channel selectivity CS; = lOlog]O( R ),j #i
Z Ry
J
Insertion loss IL; = —1010g10( D R,j)
J
Channel-dependent loss CDL; = IL; — min(IL;)

v pout
J
J
pout
1

=-CS;;j#i

Accumulated cross-talk XT; = IOl()glo(

Signal launched in a particular mode of FMF can get coupled to a different mode during
propagation due to non-uniform index distribution and/or longitudinal variation of fiber geometry
along the length of FMF. Coupling strength or accumulated cross-talk in channel i denoted as
XT;, is also defined under the condition of single channel launch [28] at the input. It is the ratio of
total power in all the other channels after propagation through the PL-FMF-PL system to power
remaining in the launching channel [28]. It is important to notice that cross-talk and channel
selectivity are negative of each other in logarithmic scale. Large value of coupling strength
suggests considerable leakage of power from the launched channel to the other channels. In order
to achieve theoretically expected capacity, it is desired to have maximum channel selectivity and
minimum insertion loss in each channel. Absence of channel-dependent loss is also desirable
such that each MDM channel equally contributes to the expected increase in channel capacity.
We now proceed to experimentally characterise the PL-FMF-PL system using the above metrics.

3. Experimental setup

We consider a 3 X 3 PL-FMF-PL system where 1 km long three-mode graded-index fiber
supporting LPg;, LPy1, and LP;1, modes is spliced on both ends to a pair of commercially
procured photonic lanterns. The choice of this length is based only on the availability of the
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fiber. However, the proposed technique can be applied to characterize a PL-FMF-PL system
consisting of any length of FMF. We study the channel-dependent properties and the linear
transfer characteristics of the following two PL-FMF-PL systems.

1. NMPL1 - 1 km FMF - NMPL2 with non-mode-selective (de)multiplexer
2. MPL1 - 1 km FMF - MPL2 with mode-selective (de)multiplexer

The schematic of the experimental setup is shown in Fig. 2(a). Output of laser source at 1550
nm (linewidth 2 MHz) with 6.25 dBm average power is connected to each channel of the input
PL, one at a time. Note that the definition of R;; defined in Section 2 requires a single-channel
launch condition. The images obtained from an infrared charge-coupled camera device, captured
at the FMF side of NMPL1 and MPL1, when each channel is excited individually is shown in
Fig. 2(b). Note that images shown in Fig. 2(b) are not at the output of the PL-FMF-PL system,
but at the output of the input PL. Outputs of the PL-FMF-PL system are SMFs and hence the
corresponding outputs are expected to have Gaussian profiles. The application of signal to an
individual input SMF of NMPL excites a distinct linear combination of the supported modes
in the FMF end whereas the MPL excites specific modes at the FMF end based on the input
channel excited. It is to be noted here that, as shown in Fig. 2(b), channel 2 of the NMPL1
excites significant fundamental mode content compared to the other channels.

System under test
1 Automation
e & Control
H
=)
3 1 km FMF

(a) (h)

Fig. 2. (a) Schematic of the experimental setup; PM: power meter and (b) Images at the
FMF end when input being applied to each channel of NMPL1 (1-3) and MPL1 (4-6)

The input PL is spliced to a 1 km long graded-index few-mode fiber (OFS-60815), which is
further spliced to the FMF-end of the output PL. Core matching with a commercial arc-fusion
splicer is used in the automated mode, and this ensures minimal splice loss [29]. The PLs are
fabricated such that the FMF used in the PL and that used in the transmission fiber match in their
refractive index profiles and numerical aperture. Power at the three ports of the output PL are
monitored simultaneously using three power meters (represented as PM1, PM2 and PM3 in Fig.
2(a)), and the data acquisition is automated and controlled with a computer, with a capture rate
of 5 samples/second and a total duration of 30 minutes. The data acquisition from all the three
power meters are synchronised so that the power received in all the three output ports are logged
simultaneously. The automated process is repeated by launching power in each channel of the
input PL. The recorded time series are used to evaluate the parameters discussed in Section 2.
The experiments are repeated with both NMPL and MPL. Reciprocity of the transmission system
is verified by launching power from the output end and recording the power at the input end of
the setup shown in Fig. 2(a). Experiments are also repeated without the FMF by directly splicing
the two PLs in order to study the influence of FMF on the channel transfer matrix and its time
dynamics.

4. Results and discussion

After propagation through FMF and the output PL, power in each output channel is expected to be
a linear combination of the power excited in the input channels. However, weights of the excited
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modes fluctuate with time due to environmental disturbances and this leads to a time-varying
transfer of power from one channel to the other. We proceed to evaluate the time evolution of the
excitation efficiencies from the recorded time series captured using PM1, PM2 and PM3. We
further evaluate the time evolution of channel-dependent properties mentioned in Table 1 using
excitation efficiencies defined in Eq. 1. We plot histograms corresponding to the time series of
channel selectivity, insertion loss and channel-dependent loss of the PL-FMF-PL systems for
an observation duration of 30 minutes. We discuss below the inferences drawn on each of the
channel-dependent properties.

4.1. Channel selectivity

The time series showing channel selectivity of each channel of the MPL-FMF-MPL and the
NMPL-FMF-NMPL system are shown in Fig. 3(a). In case of the MPL-FMF-MPL system,
channel 1 which excites fundamental mode in the FMF has the highest selectivity (mean: 7.27
dB). However, in case of the NMPL-FMF-NMPL system, channel 2 has the highest selectivity
(mean: 2.07 dB). As discussed in Section 3 and shown in Fig. 2(b), signal excited by channel 2
of NMPL1 has strong fundamental mode content. The coupling strength of a particular channel
is the inverse of its channel selectivity as discussed in Section 2. Hence, from Fig. 3(b), it can
be deduced that channel 2 in case of the NMPL-FMF-NMPL system and channel 1 in case of
MPL-FMF-MPL system have the least coupling strength (less prone to coupling). Fundamental
LPy; mode is excited predominantly by channel 1 and 2 of the MPL and NMPL respectively.
Hence, it can be inferred that the fundamental mode is less prone to coupling and is excited
with the highest selectivity irrespective of the design of photonic lantern. The design of the
photonic lantern plays a major role in preserving the purity of the fundamental mode. However,
the specific mode pattern of the fundamental mode where the energy is confined to the center of
the fiber makes it more resistant to the impact of mode coupling [21,28].
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Fig. 3. (a) Time series and (b) histograms representing variation of CS of all the channels
in case of MPL-FMF-MPL and NMPL-FMF-NMPL system for a duration of 30 minutes

Histograms showing variation in channel selectivity of each channel of the two PL-FMF-PL
systems are shown in Fig. 3(b) with the standard deviation observed in these parameters
mentioned in the inset. For a duration of 30 minutes, channel selectivities of all the three channels
are found to fluctuate with considerably larger variances in case of the NMPL-FMF-NMPL
system compared to that observed in case of the MPL-FMF-MPL system as evident from the
spread of the histograms in both cases. This clearly shows that, for the given length of FMF,
channel conditions are more stable for mode-selective excitation compared to non-mode-selective
excitation. There is also considerable overlap observed among the histograms of channels 1 and
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3 in case of the NMPL-FMF-NMPL system whereas there is hardly any overlap between the
histograms in the MPL-FMF-MPL system. This indicates that channel selectivity has strong
mode dependence and is hence distinctly different for various channels of the MPL-FMF-MPL
system. This also explains the distinct selectivity of channel 2 of the NMPL-FMF-NMPL system
which has strong fundamental mode content. The larger spread and overlap in the histograms of
the NMPL-FMF-NMPL system also indicate continuous transfer of power between channels and
hence stronger coupling compared to the MPL-FMF-MPL system for the same length of FMF.

Interplay of cross-talk between channels and differential modal group delay deteriorates
transmission distance and performance thus playing a critical role in deciding the capacity
and digital signal processing complexity of an MDM system [30,31]. There are two general
approaches to reduce computational complexity and resulting energy consumption per bit of a
multi-input-multi-output (MIMO) equalizer. The first approach, more suitable for a long-haul
link, is to use strong coupling such that each mode is statistically fully coupled with other modes
resulting in reduction of group delay spread. The second approach which is more applicable for
a short-haul MDM system is to have limited coupling strength along the length of the fiber (high
mean and low standard deviation of channel selectivities). The relatively high channel selectivities
observed in case of the MPL-FMF-MPL system is desirable for short-haul optical links which
require low-cost implementation and hence minimal DSP. However, for long-haul optical links,
where mode coupling is inevitable, non-mode-selective (de)excitation is more suitable. In such a
case, significantly different channel selectivity in a particular channel (as observed in channel 2
of the NMPL-FMF-NMPL system in our case) can lead to unequal convergence time for different
channels of the MDM system. Hence, it is desirable to have better accuracy in fabrication of PLs
to avoid mode-selectivity in any particular port of a non-mode-selective PL. The quantification
of channel-dependent properties using the power transfer matrix approach is a simple method
to evaluate the system performance by identifying the relative coupling strength of different
channels in an MDM system.

4.2. Insertion loss

The time series and histograms showing variation in insertion loss of each channel of the MPL-
FMF-MPL and NMPL-FMF-NMPL systems are shown in Fig. 4(a) and Fig. 4(b) respectively
for an observation duration of 30 minutes. The maximum insertion loss per photonic lantern as
per the test reports is ~ 3.5 dB. Hence, the worst-case overall loss for the PL-FMF-PL system is
expected to be ~ 8 dB, considering an insertion loss of =~ 1 dB for the 1 km long FMF and the
splice losses. However, average value of the experimentally observed insertion loss shown in Fig.
4(b) is found to be higher in the case of MPL, especially for the higher-order modes, possibly
because of the non-ideal polarisation state of the mode launched into the output lantern. The
performance of the MPL is expected to be dependent on the input polarisation conditions [18].
Electronic control of input polarisation state may further improve the insertion loss values of
the input lantern, but since the FMF is non-polarisation maintaining, the polarization state of
the launched power into the output lantern may not be ideal, resulting in a larger overall loss- as
observed in the manuscript. This would be the scenario in a practical communication link as well.
In the case of NMPL, the average of the measured loss values match with those in the test reports.

Channel 1 of the MPL-FMF-MPL system has the least insertion loss and channel 3 has
the highest insertion loss. In case of NMPL-FMF-NMPL system, the insertion loss of the
three channels are mostly identical. However, channel 2 (with predominant fundamental mode
excitation) has the least insertion loss among all channels. It is important to note here that low
channel selectivity does not necessarily mean high insertion loss and vice versa as evident from
Fig. 3 and Fig. 4. This is because low CS implies relatively smaller magnitude of X R; (i # j)
compared to R;; whereas insertion loss represents »; R;; which is independent of their relative
magnitudes. There is very limited fluctuation in IL recorded in both cases over the observation
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Fig. 4. (a) Time series and (b) histograms showing the variation of IL in case of MPL-FMF-
MPL and NMPL-FMF-NMPL system for a duration of 30 minutes

duration of 30 minutes as indicated by the small values of standard deviation in each case. The
FMF considered in this work exhibits negligible insertion loss of around 0.2 dB/km similar to
that observed in standard single-mode fiber. Hence, the insertion loss of a PL-FMF-PL system
is largely contributed by the pair of photonic lanterns used for (de)multiplexing, especially for
short-haul links. Even though low insertion loss is the most remarkable feature of all-fibre
photonic lanterns compared to other (de)multiplexing technologies, the insertion loss observed
in a particular channel of a commercial PL depends on the excited mode and the accuracy of the
tapering and fusion process. The significantly higher insertion losses observed in channels 2
and 3 of the MPL-FMF-MPL system compared to the NMPL-FMF-NMPL system indicate that
higher order modes are more susceptible to minor imperfections in the fabrication process leading
to higher levels of loss. Unequal insertion loss of channels leads to disparity in signal-to-noise
ratio and departure from the mode orthogonality in the receiver.

4.3. Channel-dependent loss

As discussed in Section 4.2, channels 1 and 2 experience the least insertion loss in case of
the MPL-FMF-MPL and the NMPL-FMF-NMPL system respectively and hence are used as
reference channels for the channel-dependent loss calculations. The time series and histograms
showing variation of channel-dependent loss in case of MPL-FMF-MPL system (for channels
2 and 3) and NMPL-FMF-NMPL system (for channels 1 and 3) are shown in Fig. 5(a) and
Fig. 5(b) respectively for an observation duration of 30 minutes. Histograms showing the
variation in CDL of channels 2 and 3 for the MPL-FMF-MPL system and of channels 1 and
3 for the NMPL-FMF-NMPL system are shown in Fig. 5(b). Channel-dependent loss of the
NMPL-FMF-NMPL system is significantly lower compared to the MPL-FMF-MPL system.
This is because, as discussed in Section 4.2, the insertion loss of different channels of the
NMPL-FMF-NMPL system are mostly identical and hence difference in insertion losses are
significantly low. Similar to IL, there is very limited fluctuation observed in the time series data
as evident from standard deviation values mentioned as inset of Fig. 5(b). Chcannel-dependent
loss has very detrimental impact on the complexity and performance of an MDM system. The
presence of a strong channel experiencing low insertion loss results in the issue of singularity in
the MIMO DSP of an MDM system where all the weaker data tributaries converge to the stronger
channel [32].

The presence of large channel-dependent loss represents the non-unitary nature of the MDM
power transfer matrix. Mode multiplexers and few-mode amplifiers are generally found to
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Fig. 5. (a) Time series and (b) histograms showing the variation of CDL of all the channels
in case of MPL-FMF-MPL and NMPL-FMF-NMPL system for a duration of 30 minutes.

contribute to the mode-dependent loss. Hence, even though the results shown in this work are
for FMF of length 1 km, the inference of the MPL-FMF-MPL system being significantly more
non-unitary compared to a NMPL-FMF-NMPL system is expected to be true for longer lengths
of FMF as well. Appropriate pre-equalization of input power or modified MIMO DSP routines
are essential in combating the CDL-induced singularity issue in MDM application [32].

4.4. Reciprocity of Power Transfer Matrix

In order to verify the reciprocity of the system, experiments are repeated by launching power
from the output end as shown in Fig. 2(a), and the received power is observed in different ports
at the input end. In case of the NMPL-FMF-NMPL system, the mean channel selectivity of
all three channels are comparable in the reverse operating condition whereas the values are
significantly different in the forward operating condition. The maximum observed variance
in channel selectivity is > 10 dB for two channels of the NMPL-FMF-NMPL system in the
forward condition whereas the overall fluctuation is comparatively lower in the reverse direction
of operation. Under stable laboratory conditions, we do not expect the channel conditions to
drastically differ in the forward and reverse direction of operation. Hence, it can be inferred
that the PL-FMF-PL system is not reciprocal in terms of mode coupling and the input PL plays
a significant role in deciding the stability (low variance of CS) of the power transfer matrix,
especially for short-haul MDM links. For a given length of FMF, a slow variation in channel
selectivity and hence coupling strength results in less frequent filter tap update. Hence, the
stability in the power transfer matrix is always desirable and the choice of input PL is critical.
However, the difference in performance between forward and reverse operating conditions is not
observed in case of insertion loss and channel-dependent loss. This is because, unlike CS, these
two properties represent end-to-end loss and hence do not depend on input condition.

The magnitudes of the normalised power transfer matrices of the MPL-FMF-MPL and the
NMPL-FMF-NMPL systems are visually represented in Fig. 6(a) and Fig. 6(b) under forward
and reverse operating conditions respectively, where the gray scale represents the strength of
the respective excitation efficiency. These are evaluated using the mean excitation efficiencies
calculated from the time series data. A PL-FMF-PL system is expected to transmit all the
channels with equal and high selectivity at low insertion loss in the presence of unitary mode
mixing (CDL = 0 dB) to achieve optimal performance, longer reach and minimal DSP complexity.
We found that the channel-dependent properties in a practical PL-FMF-PL system vary with the
design of mode (de)multiplexer, specifically with the choice of input multiplexer. The non-unitary
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nature of the MPL-FMF-MPL system is evident in both forward and reverse operating conditions
with significantly higher value of R;; compared to R and R;3. Similarly, channel 2 in case of
NMPL-FMF-NMPL system has higher selectivity compared to the other channels (Ry;>R51,
R»3). However, the NMPL-FMF-NMPL system has a better distribution of power in different
channels compared to the MPL-FMF-MPL system.
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Fig. 6. Power transfer matrices for MPL-FMF-MPL and NMPL-FMF-NMPL system in (a)
forward and (b) reverse operating condition. Histograms showing variation of (c) channel
selectivity, (d) insertion loss, and (e) channel-dependent loss in case of non-mode-selective
(de)excitation for a duration of 30 minutes in back-to-back condition and in the presence of
FMF.

Fluctuation in channel selectivity is much higher in case of the NMPL-FMF-NMPL system
(larger variance value) as shown in Fig. 3 indicating more frequent transfer of power among
channels. Usage of mode-selective photonic lantern for excitation can result in high channel-
dependent loss while minimizing mode coupling at the multiplexers. However, usage of
non-mode-selective lantern can potentially induce intermodal coupling in the presence of
minimal channel-dependent loss. Strong intermodal coupling is reported to reduce the group
delay spread [30]. Hence, in case of long-haul MDM links, where presence of CDL can be
extremely detrimental on the DSP, a non-mode-selective excitation can be useful since intermodal
coupling is anyway inevitable in the FMF beyond 100s of km. However, for short-haul applications
where mode-coupling in FMF is limited to weak polarization-coupling, usage of mode-selective
lantern may be useful to limit the accumulated cross-talk and hence DSP complexity.

4.5. Influence of FMF

‘We now proceed to evaluate the role of FMF in our observed results. The histograms corresponding
to channel selectivity, insertion loss and channel-dependent loss are shown in Fig. 6(c), 6(d) and
6(e) respectively for the case of non-mode-selective excitation in back-to-back condition and in
the presence of 1 km FMF, for the reverse operating condition. It is clear that variance of the
parameters are considerably increased in the presence of FMF. This is expected since there is
transfer of power between the channels due to the presence of coupling events resulting from
environmental perturbations and imperfections in index and uniformity of core, cladding along
the length of FMF. The minimal variance in the channel properties in back-to-back condition for
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the same observation duration confirms that the variance observed in the presence of FMF has
limited dependence on interference due to change in center frequency fluctuations of input signal.
As discussed in Section 2, for a given length of FMF, the accumulated cross-talk of a channel is
inversely proportional to the channel selectivity. Knowledge of accumulated cross-talk in both
back-to-back condition and in the presence of FMF, can aid in characterizing the distribution of
perturbation due to the length of FMF [28].

The mode mismatch between the PLs and that between the PLs and the FMF can lead to
potential error in simultaneous characterization of different channels of the FMF. This inevitable
mismatch could be compensated by use of a tunable mode coupler system placed at transition
points from SMF to FMF and vice versa [33,34]. In-situ modal decomposition could be used
to adjust pressure applied on the FMF placed below a micro-bending based long period fiber
grating (LPFG) [35]. After achieving the best possible mode matching between the PLs and the
FMF, the procedure mentioned in this work can be followed to obtain more accurate information
about the mode coupling effects of the few-mode fiber.

5. Conclusion

We present a simple power-transfer matrix characterization method for an MDM system and
experimentally demonstrate the same for an all-fiber 3 X 3 system involving a 1-km long few-mode
graded-index fiber with photonic lanterns used for mode (de)excitation. We evaluate the time
evolution of channel selectivity, insertion loss and channel-dependent loss for each channel of two
systems using (a) mode-selective excitation and (b) non-mode-selective excitation. Fundamental
mode is found to be excited with the highest selectivity irrespective of the design of photonic
lantern. We find that the PL-FMF-PL system is not necessarily a reciprocal system and the choice
of a specific configuration has implications on the stability and performance of the overall system.
Mode-selective excitation is found to induce large channel-dependent loss in the presence of slow
time variation of channel-dependent properties while non-mode-selective excitation is found
to induce a fast variation of channel-dependent properties with negligible channel-dependent
loss. Digital equalization of system and channel impairments in an MDM system involves
computationally complex multi-input multi-output signal processing which scales linearly with
the number of propagating channels and group delay spread. Hence, simple and energy efficient
on-the-fly characterization techniques are essential in understanding the system dynamics, which
helps in accurate channel modelling and appropriate optimization of input conditions to improve
performance. Although in this work we considered an all-fiber MDM system involving 1-km
of FMF, the proposed technique is useful in end-to-end characterization of a complete MDM
system using any alternate mode multiplexer, longer length of FMF or in the presence of any
other few-mode component in the link such as few-mode amplifier or mode add-drop multiplexer.
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