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Mode-dependent Loss and Gain Emulation in
Coupled SDM Transmission

Ruby S. B. Ospina, Menno van den Hout, Chigo Okonkwo and Darli A. A. Mello

Abstract— Space-division multiplexing (SDM) is currently the
only solution to cope with the exponential growth of data traffic
in optical transmission networks. The performance of long-haul
SDM transmission is fundamentally limited by mode-dependent
loss (MDL) and mode-dependent gain (MDG) generated in com-
ponents and amplifiers. To enable the study of MDL/MDG effects
in SDM systems as well as MDL/MDG estimation methods within
the context of experimental setups, we evaluate an MDL/MDG
emulator based on variable optical attenuators (VOAs) and
photonic lanterns. We assess MDL/MDG emulation in different
attenuation scenarios and demonstrate the capability of the
emulator to artificially introduce a wide range of MDL/MDG
in a short-reach 3-mode transmission system.

Keywords— Mode-dependent loss, mode-dependent
space-division multiplexing, long-haul transmission.

gain,

I. INTRODUCTION

Space-division multiplexing (SDM) has been regarded as
the only solution to sustain future requirements of information
traffic in optical core networks [1], [2]. Optical SDM can be
implemented over bundles of single-mode fibers (SMFs) [3],
[4], multi-core fibers (MCFs) [5], multi-mode fibers (MMFs)
[6] or few-mode multi-core fibers [7]. Coupled SDM transmis-
sion over multi-mode fibers or coupled-core multi-core fibers
(CC-MCFs) [8], [9] demands adaptive multiple-input multiple-
output (MIMO) equalizers at reception to compensate for
linear coupling among the propagating modes. Unlike mode
coupling, mode-dependent loss (MDL) and mode-dependent
gain (MDG) generated in components and amplifiers are not
compensated by digital signal processing (DSP). MDL/MDG-
induced random power variations of the guided modes turn the
channel capacity into a random variable, reducing the average
capacity and generating outages. Accumulated MDL/MDG
poses fundamental performance limitations to high-capacity
SDM systems deployed at long distances. In [10], Ho et
al. characterize statistically the MDL effect and analyze its
impact on the channel capacity in strongly coupled SDM
systems. In [11], Winzer et al. also discuss the MDL-induced
capacity reduction in SDM channels and study the system
outage performance. In [12], Mello et al. study the effect of
frequency diversity on the MDG-induced outage probability
and quantify the maximum tolerable per-amplifier MDG for
a certain average capacity metric in ultra-long-haul systems.
MDL/MDG management is usually addressed at component
design and fabrication levels. In [13], [14], Lobato et al. review
alternative approaches to relieve MDL/MDG effects.

As the achievable channel capacity and transmission dis-
tance in SDM systems are fundamentally constrained by
MDL/MDG, the study of the MDL/MDG impact on the system

performance as well as MDL/MDG estimation methods should
be performed in laboratory complex setups. Alternatively, as
multiple multi-mode amplifier spans or recirculating loops
may not be available, accumulated MDL/MDG can be ar-
tificially introduced in a smaller-scale experimental setup.
In [15], Mizuno et al. emulate MDL using attenuators and
mode multiplexers based on planar lightwave circuits (PLCs).
However, mode multiplexers based on photonic lanterns (PLs)
are currently regarded as the most promising solution for
mode multiplexing. Therefore, MDL/MDG emulation must
be aligned with the potential integration of these devices in
practical SDM systems.

In this work, we experimentally evaluate an MDL/MDG em-
ulator based on variable optical attenuators (VOAs) and mode-
multiplexers and demultiplexers based on photonic lanterns.
The MDL/MDG emulator is implemented to introduce accu-
mulated MDL/MDG in a short-reach 3-mode (32.5 meters)
fiber link. We assess MDL/MDG emulation at different VOA
configurations and demonstrate the capacity of the emulator
to provide a wide range of MDL/MDG as a function of the
difference among mode launch powers.

II. MDL/MDG FUNDAMENTALS

High capacity SDM optical systems deployed at long dis-
tances require multiple inline amplifiers that may have a non-
flat gain profile over guided spatial modes, resulting in MDG.
Moreover, fiber bends, connectors, splices, and optical devices,
such as multiplexers, introduce MDL. Usually, analytical mod-
els for SDM systems are employed to study the MDL/MDG
impact in numerical and simulation contexts [10], [16]. The
multi-section model proposed in [10] splits the fiber link into
K sections. At an angular frequency w, the transfer matrix of
the k*" section, H®) (w), can be modeled as the product of
3 D x D matrices, with D being the number of orthogonal
modes (spatial and polarization modes)

H®(w) = VOAR(UWH - withk=1,...,K, (1)

where (.)# denotes the Hermitian transpose operator, and V
and U are frequency-independent random unitary matrices that
describe mode coupling at the input and output of the span,
respectively. The diagonal matrix A (w) that accounts for
MDL/MDG is given by

A®(0) = ding [ebsl?1or ohel?ort? oty ort?
(2
where
k k k

)
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and
T(k) = (Tl(k)? T2(k)7 [RED) Tl(jk)) 9 (4)

are the uncoupled log-power gains and the uncoupled modal
groups delays, respectively. The overall transfer matrix H(w)
of a fiber of K spans is given by

K
H(w) = [[H® (w). (5)
k=1

The transfer matrix H(w) can be also expressed as the product
of three matrices as

H(w) = V(w)A(w)U" (w), ()

where V and U are unitary matrices, and A is a diagonal
matrix. The overall coupled modal gains g = (g1, g2, .--,&D)
contained at the main diagonal of A(w) characterize the
system MDL/MDG. The overall coupled modal gains in log-
power-gain units are given by the logarithm of the eigenvalues
A2 of the operator H(w)H(w). In the strong coupling
regime, the overall MDL/MDG is usually quantified by the
standard deviation of the coupled modal, gains denoted by
Omde [10], [12], [17]. In links with weak mode coupling,
the peak-to-peak MDL/MDG is a more relevant metric and
is given by the ratio between the highest and the lowest
eigenvalue A7 [11].

In a simulation context, the overall MDL/MDG is controlled
through the MDG standard deviation per span, 0. The accu-
mulated MDL/MDG standard deviation, &, increases with the
square-root of K as { = o, VK. The standard deviation of the
overall MDL/MDG, and the accumulated MDL/MDG standard
deviation, &, are related as

_ £
Umdg—g\/l“rm(l_m- @)

In SDM coherent transmission systems that employ MIMO
equalizers to compensate for linear channel impairments,
MDL/MDG is estimated from the inverse of the MIMO
transfer matrix, W1, as an estimate of H [18]. Therefore,
the peak-to-peak MDL/MDG and 0,4, are computed from the
eigenvalues of the operator W1 (W 1) Fig. 1 shows the
peak-to-peak MDL/MDG and the overall 0,4, in dB units
computed from H and W~! as a function of the number
of spans in a 3-mode system with polarization multiplexing,
og=0.55 dB, span length of 50 km, group delay standard
deviation o, = 3.1 ps/+v/km [19] and symbol rate of 25 Gbaud.
Table I summarizes the main simulation parameters. In Fig. 1,
Omdg estimated from H and W1 tracks the analytical curve
given by (7) with negligible error.

III. EXPERIMENTAL MDL/MDG EMULATOR

In small-scale laboratory setups, long fiber links, recircu-
lating loops and SDM amplifiers may not be available. In
this case, MDL/MDG can be emulated by selective atten-
vation using VOAs preceding spatial multiplexing. Spatial
mode multiplexers and demultiplexers play a critical role
in SDM systems. Depending on the component type and
design, these devices can have large insertion loss, strong

18
——pk-pk W !
= 161 —-—gk-ng
=3 141 {degw-l
E12p T Tme
“zlo —Eq.()
@)
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Fig. 1: Accumulated MDL/MDG as a function of the number
of spans in a 3-mode system with polarization multiplexing.
The MDL/MDGyk_pk metric is shown at the left y-axis. The
Omdg metric is shown at the right y-axis. Dashed lines show
interpolated curves. In the legend, H is the channel transfer
function and W is the equalizer filter coefficients.

TABLE I: Simulation parameters

Parameter Value
D, number of orthogonal modes 6
K, number of spans From 0 to 100
Span length 50 km
AZ, eigenvalues of H(w)H (w) Variable
0g, MDG standard deviation per span 0.55 dB
&, MDG accumulated standard deviation Variable
Omdg, standard deviation of the overall MDG Variable
o, group delay standard deviation 3.1 ps/\/m
Symbol rate 25 GBaud

power coupling, and high MDL. Photonic lanterns are low-loss
passive optical waveguides that efficiently convert multi-mode
light into multiple single-mode signals, or vice-versa [20]. The
PL is a bundle of single-mode fibers adiabatically tapered to
form a single glass body that progressively reduces its cross-
sectional dimension to form an MMF core. During the taper
transition, light propagating in the single-mode cores evolves
into a linear combination of the MMF modes at the lantern
output [21]. Mode selectivity in PLs is achieved during the
fabrication process, in which the use of different single-mode
core diameters allows the selective excitation of a specific
mode group [20]. Fig. 2 shows the transfer matrices of two
6-mode photonic lanterns in back-to-back configuration, with
a section of 32.5 meter MMF between them, as shown in Fig.
2a. Fig. 2b corresponds to the transfer function in which the
signals are transmitted in PL 2 and received in PL 1. In Fig.
2c, the signals are transmitted in PL 1 and received in PL
2. The color bar indicates the power transmission from the
TX port located in the vertical axis to the RX port located in
the horizontal axis. The measurement process is performed by
launching a signal with a known power at each port of the
input PL and measuring the output power at all ports of the
output PL in the configuration depicted in Fig. 2a. The power
transmission is given by the ratio between the output power
and the input power. From Figs. 2b and 2c, both PLs have
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Fig. 2: Power transfer matrices of two photonic lanterns in
back-to-back with a section of 32.5 meter MMF between them.
(a) Experimental setup. (b) Transmission with PL 2 at the
transmitter and PL 1 at the receiver. (c) Transmission with PL
1 at the transmitter and PL 2 at the receiver.
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similar performance. For LPy; and LPy,, most of the power
launched at the input port is received at the corresponding port
at the output PL, indicating low mode coupling. In the case
of mode groups with degenerated modes “a” and “b”, such as
LPy; and LP,,, although high levels of mode coupling exist
between LP,;, and LP;jp, and LP;y;, and LP,};, the largest
portion of energy remains within the same mode group as
expected. In general, modes within the same mode group or
with similar propagation constants experience strong mode
coupling, while low mode coupling is experienced by modes
whose propagation constants are highly unequal [22].

The experimental setup evaluated for MDL/MDG emu-
lation based on VOAs and PLs is depicted in Fig. 3. At

the transmitter, a pseudo-random bit sequence is generated
and mapped to 2'® 16-QAM symbols at 25 GBd. Pulse
shaping at the transmitter is done using a root-raised-cosine
(RRC) filter with 0.01 roll-off factor. The shaped signal is
converted to analog by a 100-GSa/s digital-to-analog converter
(DAC) followed by 40GHz (3dB bandwidth) RF-amplifiers.
The analog signal modulates the output of an external cavity
laser (ECL) with 80-kHz bandwidth using a dual-polarization
in-phase and quadrature modulator. After optical modulation,
the signal is amplified by an erbium-doped fiber amplifier
(EDFA), split and delayed to generate 3 decorrelated data
streams that are passed through VOAs and then multiplexed
by a mode-selective photonic lantern [20]. Although the used
photonic lanterns and the fiber support six spatial modes (LPy,,
LPi1a, LPyip, LP21a, LP21y, LPgy), only three are used for data
transmission (LPy;, LP;, and LPy;,). The VOAs allow the in-
dependent control of the launch powers in the 3 spatial modes
LPy;, LPy, and LPyyy to artificially introduce MDL/MDG into
the system. The mode-multiplexed signal is coupled into a 50
pm core diameter graded-index few-mode fiber (GI-FMF) of
32.5 meters whose refractive index profile supports up to 6
linearly polarized (LP) modes at 1550 nm. After propagation,
the signals are demultiplexed by a second PL and sent to a time
domain multiplexed (TDM)-SDM receiver [7] that delays two
flows by 3 km and 6 km of standard single-mode fiber (SSMF)
to reduce the complexity of the coherent receiver. After the
TDM-SDM device, a noise loading stage composed of two
EDFAs, a wavelength selective switch (WSS) and a VOA is
placed to vary the OSNR at the coherent receiver input. The
average OSNR is measured by an optical spectrum analyzer
(OSA) after the last amplification stage. The noisy signal
is amplified and converted from the optical to the electrical
domain by the receiver front-end that integrates a second ECL
as local oscillator (LO). The TDM electric signals are fed into
80-GSa/s analog-to-digital converters (ADC) to be digitized.
In the DSP block, the TDM streams are parallelized and down-
sampled to two samples per symbol. Next, the frequency offset
is estimated and compensated for. The signal is matched-
filtered by a RRC filter, and, finally, decision-directed (DD)
equalization is applied. 6 x6 MIMO equalization (processing
3 spatial modes, with 2 polarization modes each) is carried
out using a widely linear complex-valued adaptive equalizer
with 72 finite impulse response filters with 1001 taps each,
updated by a fully supervised DD-LMS algorithm [23].

IV. MDL/MDG EMULATION RESULTS

The experimental emulation of MDL/MDG is carried out by
attenuating the single-mode signals at the input of the multi-
plexer PL. At 0 dB attenuation, the launch powers are 0.55
dBm, —0.15 dBm and —0.15 dBm for LPy;, LP;;, and LPyy,
respectively. The system has an inherent MDL/MDGk_px =
3.9 dB and oygg = 1.3 dB coming from the different launch
powers, imperfections of the optical splitters and different
insertion losses of the VOAs. In order to keep the total launch
power constant at —4.9 dBm, the 3 VOAs are initialized
in 5 dB attenuation to attenuate or de-attenuate the signals
according to the configurations defined in Table II. In case 1,
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Fig. 3: Experimental setup for MDL/MDG emulation in a 3-mode transmission system with polarization multiplexing. The
launch powers of the 3 modes (LPy;, LP;;, and LPy;p) are independently controlled through VOAs before spatial multiplexing
performed by a photonic lantern (PL). At the receiver, the signals are demultiplexed by a second PL, digitized and processed.
MDL/MDG estimation is performed by DSP based on the MIMO equalizer transfer function.

the LP;;, mode is gradually attenuated, while the attenuation
of the LPy; mode decreases in such a way that the total launch
power is constant. For case 2, the LPy; mode is attenuated
instead of the LPj;;, mode. In cases 3 and 4, the LPy,
and LP;j, modes are simultaneously attenuated, while the
attenuation over the LPy; mode decreases.

TABLE II: VOA attenuation for MDL/MDG emulation

Attenuation sweep

Case
LPy; LPy1a LPy1p
1 Decreases Constant at 5dB 5 dB to 17 dB
2 5dB to 17 dB  Constant at 5 dB Decreases
3 Decreases 5dB to 17 dB 6 dB to 18 dB
4 Decreases 5dB to 17 dB 5dB to 17 dB

The induced MDL/MDG is estimated after DSP from the
MIMO transfer function and averaged over 5 iterations. Fig. 4
shows MDL/MDG_pk and Omdg as a function of the
ratio between the maximum and minimum attenuation for
the four cases of Table II. From Fig. 4, the MDL/MDG
emulation is effectively achieved by means of the different
attenuation scenarios described in Table II. For the four
attenuation scenarios, in general, the higher the ratio between
attenuations, the higher the induced MDL/MDG. In case 2,
at low attenuation ratios, the induced MDL/MDG decreases
slightly before turning into an increasing curve. Such behavior
comes from the fact that, in this configuration, the strongest
mode, LPy;, is more attenuated than modes LP;;, and LPp.
Then, at some attenuation settings, the induced MDL/MDG
counteracts the inherent system MDL/MDG. Using cases 3
and 4, MDL/MDka_pk and o,q; achieve values higher
than 15 dB and 6 dB, respectively, as a consequence of the
simultaneous attenuation of both LP;;, and LP;;, modes. From
these results, MDL/MDG emulation can be carried out by
the independent attenuation of the single-mode signals before
spatial multiplexing. Next, we sweep the attenuations from 0
dB to 17 dB in the 3 VOAs in order to generate a wide range
of MDL/MDG. Fig. 5 shows the contour plot of MDL/MDG
as a function of the launch powers in LPy; and LP;; modes.
From the contour plot, MDL/MDGyk_pk and op,qg increase
from the middle of the grid towards the top left corner and
the bottom right corner, where the difference between the
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Fig. 4: MDL/MDG versus attenuation ratio at different VOA
configurations. (a) Peak to peak MDL/MDG. (b) Tmdg-

launch powers is maximized. On the other hand, the region
encompassing the diagonal between the bottom left corner and
the top right corner presents low MDL/MDG ,x_px and Omdg
as a consequence of the high similarity between the launch
powers.

V. CONCLUSION

Space Division Multiplexing (SDM) is the only technology
capable of supporting the sustained increase of traffic in core
optical networks. In SDM with coupled channels, the MDL
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Fig. 5: Estimated MDL/MDG as a function of the launch
powers in the LPy; and LP;; modes. (a) MDL/MDGk_pk
metric. (b) oyq, metric.

generated in optical components and the MDG generated
in optical amplifiers fundamentally limit the system capac-
ity. In small-scale laboratory experiments, the emulation of
MDL/MDG is useful to investigate the MDL/MDG impact
on the system performance and validate DSP algorithms in
different propagation conditions. In this paper, we evaluate
an MDL/MDG emulator based on variable optical attenuators
and photonics lanterns. We assess the MDL/MDG emulation
at different VOA attenuation configurations in a short-reach
3-mode SDM transmission system. We demonstrate the capa-
bility of the emulator to generate a wide range of MDL/MDG
in laboratory setups. As future work, we will evaluate the
performance of an alternative MDL/MDG emulator based on
variable optical attenuators and photonics lanterns set up in
the middle of the fiber span.
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