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Abstract—This letter proposes the introduction of discrete
modal crosstalk (XT) through fiber splices for theimprovement
of the distance reach (DR) of mode division multigixed (MDM)
transmission systems over few mode fibers (FMFs) hE proposed
method increases the DR reducing the time spread tfie FMFs
impulse response. The effectiveness of this methasl assessed
through simulation considering 3 x 136 Ghit/s MDM-oherently-
detected polarization-multiplexed quadrature-phaseshift-keying
ultralong-haul transmission systems employing inhemntly low
differential mode delay (DMD) FMFs or DMD compensaed
FMFs. A maximum DR increase factor of 1.9 is obtaied for the
optimum number of splices per span and splice XT iel.

Index Terms—Few-Mode Fibers, Differential Mode Delay,
Modal Crosstalk, Mode Dependent Losses.

I. INTRODUCTION
ODE-DIVISION MULTIPLEXING (MDM) over few-mode

M

matrices distributed along the FMFs [2]-[3]. Howevgiven
that current experimental FMFs present weak disted XT
(dXT) (reported value of -18 dB after 33 km [1]])[4he XT
accumulated along transmission can be increasedg usi
discrete XT, introduced at specific points. In [Bhas been
shown that ideal discrete mode permutation, withoatde
dependent losses (MDL), within the transmissiore lmay
effectively increase the maximum distance reach Eactor of
5. However, such conclusion was based on the titatief
multiple-input-multiple-output  (MIMO) outage cap§gi
ignoring DMD and optical signal-to-noise ratio (OSN

In this letter, we propose the introduction of tésed core
fiber splices along the transmission fiber as atpral method
to implement discrete mode permutation. As suchcepl
introduce MDL, the transmission distance gain isleated
considering ultralong-haul transmission simulatioakng
inherently low DMD FMFs (ILD-FMFs) and DMD
compensated FMFs (DC-FMFs), supporting 3 LP modes

fibers (FMFs) has been proposed as a next_generati@.POl, LP11a and LPllb) In Section ”, the diffégreources

solution to overcome the impeding installed capacittf XT and MDL considered in this letter and respect
exhaustion of current single-mode fibers (SMFs) . [1]models are presented. Additionally, Section |l fdeg a

However, the equalizer complexity is significarttigher than
that required for SMFs due to the channel impuesponse
(CIR) spread over time, resulting from the combie#ect of
differential mode delay (DMD) and modal crosstaXd} [1].

Recently, the minimization of the CIR spread aléiFs has
been investigated considering
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description of the simulation setup and a concéptua
discussion about the principle behind the use ludrfisplices
for reach improvement. Section Il presents simafatesults
showing a distance increase by a maximum factod.ef
Conclusions are drawn in Section IV.

II. CONCEPTDISCUSSION ANDSIMULATION SETUP

A. Modeling of modal XT and MDL

There are several sources of modal XT and MDL when
considering  transmission along FMFs:  waveguide
imperfections distributed along the fiber, fibente and fiber
splices. The XT introduced by the waveguide impsites
and the fiber bends can be described as distribxitedXT)
along the FMF, and the splice XT (sXT) can be cderd as
discrete XT introduced at a specific point of tivekl Along
this paper, modal XT (sXT or accumulated dXT) ikokated
as XT = Prpi1a+ Prri1p)/Piros, WherePipiia Pipiis @andPipos
are the powers of modes LPlla, LP1lb and LPO1,
respectively, after the fiber segment (or spliceder test,
when only the LPO1 was launched. The dXT is modakidg
the work presented in [6], where the fiber is daddinto
multiple sections each with a random displaceméthe core
center position. Considering a fiber step of 200the, core
displacement distribution parameters have beerdtimerder
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to match the experimental measurements presentgd],in
where the accumulated dXT at the end of 33 km W&8B.

Additionally, MDL arising from the waveguide impedtions
and bends
measurements presented in [1], [4].

Regarding splices, the displacement of the fibee tweaks
the orthogonality between the field spatial disitibns of the
modes, introducing sXT and MDL. Along this papengt
transfer matrix of the splices has been computedutih an
overlap integral of the field distribution over tlieer cross
section, except when it is said explicitly that tNMDL is
neglected. For those cases, the transfer matroalisulated
using the coupled-mode theory (CMT) consideringydtie
guided-modes. The splice lossxs and the MDL are
computed as described in [7]. Fig. 1 shows the sd&Tand
MDL as functions of the radial displacement. Ndtattthe
difference between the sXT given by the overlapgral and
by the CMT can be considered negligible. The ré¢ifvadndex
profile considered to obtain the results in Figafd along this
letter) is composed by a graded core and a cladulengh,
since this profile proved to be capable of guarintg
arbitrary DMD [4], [8]. The results in Fig. 1 arerfthe case
DMD = 0 ps/km. The variation of the sXT, MDL angs
dependencies on displacement among the FMFs coediie
this letter is almost negligible.

In practical cases, the target sXT intended foresalice
can be set during splicing. This can be achievéugustate of
the art fusion splicer machines, capable of intoinly a fixed
loss with a 0.01 dB step (for SMFs) through an rititsal
core axial offset, using a 0.01 pm stepper motess(lthan
0.1 % of displacement in Fig. 1). Assuming suchuaacy,
variation of sXT in steps of 0.5 dB above -25 dBxpected.

B. Simulation Setup

The simulation setup is shown in Fig. 2. The trattemis
composed by 3 single mode transmitters (SMTX) gativey 3
signals at the same wavelength carrying 136 Gédth, from
which 24 % are forward error correction and 10 %taaining
symbols, using coherently detected polarizationtipieked
quadrature-phase-shift-keying (CP-QPSK)
modeled as in [9]. The 3 data signals are launc¢hted the
FMF using a mode multiplexer (MMUX). In the MMUXaeh
input corresponds to a different launch mode: LAR]11a
and LP11b. The mode demultiplexer (MDMUX) perforthe

is neglected according to the experithen

modulatiopolarization diversity (SMCoRXSs).
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Fig. 2. Span configuration: (a) ILD-FMF link and) @C-FMF link.

splices. Two different configurations are considei@achieve
low DMD transmission: ILD-FMFs [4], Fig.2a), and
DC-FMFs [11], Fig. 2 b). An ILD- FMF segment is cposed

by two pieces of FMF of equal length and DMDDMD. A
DC-FMF segment is composed by one positive DMD FMF
with DMD = pDMD and lengthLp and one negative DMD
FMF with DMD =nDMD and lengthLn. The average DMD
(aDMD) for the last segment type &MD = [pDMD x Lp +
nDMD x Ln] / Ls. The simulation considerggDMD equal to
200 ps/km,nDMD equal to -200 ps/kmlIDMD and aDMD
ranging from 0 to 9 ps/km (according to the experital
measurements presented in [4], [11]). The rangofiD and
aDMD takes into account practical cases of wavelength-
division-multiplexed signals where the DMD slope rien-
negligible. TheaDMD was set changing*/L. The IDMD,
pDMD and nDMD values of the respective FMFs were set
through the optimization of the refractive indexofile, as
presented in [8]. The refractive index profile wastimized

for an effective core area of the LPO1 mode of <288, in
order to guarantee that linear transmission albegRMF can

be assumed with 5dBm of launch power per mode [6].
Regarding the fiber loss, the value considered was
0.19 dB/km, independently of the mode considered, a
experimentally verified in [1], [4]. The polarizati mode
dispersion, dispersion and dispersion slopalues are

1 pstkm, 22ps/km/nm and 0.06 ps/(fm), respectively,
independently of the LP mode.

The multimode amplifier (MMA) is composed by 3 dimg
mode erbium doped amplifiers (SMEDFAS) arrangedavbeh
a MMUX and a MDEMUX, as experimentally implemeniad
[12]. The SMEDFAs gains are set to guarantee tieatdunch
power per mode at the output of the MMA is 5 dBmtdNthat
this amplifier allows the correction of the accuated MDL.
The SMEDFAs have a 5 dB noise figure (NF).

The receiver is composed by a MDMUX followed by 3
typical single mode coherent receiver front-endgleging
The outputs ofeth
SMCoRXs are then connected to a DSP to mitigate
transmission effects, namely dispersion, XT, and DM
between modes and polarizations. A 6 x 6 MIMO DSP i
used, since FMFs with 3 LP modes (each with 2 patons)

reciprocal function. The MMUXs/MDMUXs are modeleg b are considered. The DSP used is the 6 x 6 datalleagslizer

an insertion loss of 5.2 dB per mode [10].

presented in [9], considering 1001 taps, allowiritigation of

The fiber span has a total lengtl) 6f 80 km composed by the transmission effects contained within a timterival of

m segments of equal lengthsf, each segment with 2x— 1

15 ns.
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Fig. 3. (a) CIR length as a function of fiber lemgor m = 4 without splice
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The performance was measured considering: the restjui
OSNR (rONSR) for a 19 bit-error-ratio on the worst mode,

m=38
N
X
_ N
R R R 5 T Seehy
. Fi
+-E-8-6-6 A e ]
sXT [dB] -10-15-20-25 O |[sXT[dB] -10-15-20-25
TOSNR & b~ TOSNR - —b- -
10 aOSNR  -¢- s 10 aOSNR  -4- X O
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Total Length [km] Total Length [km]

(a) (b)
Fig. 4. Required OSNR and availalixsNR for the ILD-FMF link as a
function of total length, for: (an=2 and (byn=8.

different modes in the splices, which introducesamaraging
effect of the group velocities of the respectivedes thereby
reducing the increase rate of the CIR length. Nbt, this
method is applicable independently of the numbenodles.
The analysis up to now considered the introductbsXT

and the available OSNR (aOSNR) on the worst modg, gpiices in the absence of MDL. However, for #igant

(determined by the launch power, the SMEDFAs NE,fiber
losses, the MMUX/MDMUX losses, and the splice MDL).

C. Conceptual Discussion

This sub-section explains the principle behind tise of
fiber splices for reach improvement, by analyzig tCIR
time spread due to the combined effect of DMD afd X

The CIR provides a qualitative evaluation of tleguired
equalizer complexity, particularly the time lengththe CIR,
as the number of taps required to compensate ¢tlyrrne
transmission effects scales with the CIR lengthe THR is
calculated using a least square error estimatdgirubg the
36 impulse responses of the 6 x 6 MIMO channelerfards,
the CIR length is computed as the time intervaltaiming
95 % of the power of the sum of the 36 impulse oesps
(less than 100 % in order to exclude the CIR poivite very
low amplitude, and thus negligible impact in thei@gation)
In order to evaluate the dependence of the CIRtleng the
transmission distance, Fig. 3(a) presents the €hgth for the
span configuration in Fig. 2(a), wittDMD =9 ps/kmm= 4
and different levels of sXT introduced by each pli
neglecting MDL. The purpose of neglecting the MDOiLtlas
point is to separate the two degrading effectsudised along
this letter: the MDL and the residual crosstalk tlua limited
MIMO receiver memory. Fig. 3(a) shows that the GéRgth
scales almost linearly with transmission distancer f
sXT =-25 dB (consistent with the weak dXT), as daam
concluded by comparing with the dashed line reprtéasg the
CIR length in the absence of any form of XT. Inciag sXT,
Fig. 3(a) shows that a higher transmission distacee be
reached for the same CIR length, and thus for tmaes
equalization complexity. To better understand thavior,
Fig. 3(b) shows the CIR for 80 km and 1200 km. 80rkm,
the CIR length is almost the same for sXT equaR&dB and
-5 dB. However, for 1200 km, the CIR is clearly qgmaessed
for sXT = -5 dB compared to the case of sXT = -B5 This is
explained by the extensive exchange of power betwhe

MDL levels the DSP equalizer performance is degiaj@g.
Since sXT,as and MDL increase simultaneously with the core
displacement, see Fig. 1, there is an optimal s¥ues M
dependent) for which the penalty due MDL equals ghi
due to sXT. This is analyzed in Section Il for MD&}ystems
with 3 modes. For more than 3 modes, the optimurh akd

m are expected to vary due to the MDL impact.

A. Inherently Low DMD FMF

In order to understand the impact of the proposethad on
the distance reach (DR) of the span configurati@sented in
Fig. 2(a), the rOSNR and aOSNR are analyzed ffig. 4
shows the OSNR results fidMD = 9 ps/km and differenn
values. In Fig. 4(a) and (b) it can be seen thatinbreasing
sXT, higher distances can be reached for the sameired
OSNR due to a reduction of the CIR spread, excapinf= 8
and sXT=-10dB. In the latter case, the perforrean
degradation is justified by the increase of MDLyc& this is
the only source of penalty increasing from= 2 tom=8 and
no penalty is visible fom= 2 and sXT =-10 dB. Additionally
it can be seen that, by increasimgand/or sXT, the aOSNR
decreases, which is due to the increase obgend MDL per
splice and/or number of splices per span. The Dflisulated
from Fig. 4, taking into account the intersectidrttee rOSNR
curves with the aOSNR curves or with the OSNR limit
(defined as a the maximum OSNR penalty of 3dB fmkkto-
back).

Fig. 5 shows the DR as a function of (sXi) given by
Fig. 1, for differeniDMD values and differentn values. All
curves in Fig. 5 can be decomposed in three differegions.

In the first region (low sXT values), the DR do&s wary with
mor sXT, which means that the splices do not hayeaizhon
the performance, for the evaluated cases. The DR
determined by the aOSNR (~13.95dB, at ~5500 knt) fo
IDMD < 3 ps/km, and by the maximum CIR length (15 ns) for

SIMULATION RESULTS
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eventual sXT fluctuations in practice, the commdats-ig.

15 nsIDMD (meaning that the impact of dXT and sXT isapply also for Fig. 6.

negligible). In the second region (moderate sXTuga), DR
increases due to the sXT averaging effect (seed®elitC).

For IDMD > 3 ps/km there is an increase by a factor froén 1.
to 1.9. However, folDMD < 3 ps/km there is no DR increasefib

since the performance is determined by the aOSNfRe Mhat
the sXT value corresponding to the maximum DR desge

with increasingm, since for a higher number of splices les

sXT per splice is needed for the same CIR lengihaton. In
the third region (high sXT values), the DR decreagee to
the highas and MDL values (see Section Il C) for dbMD

ormvalue. In practice, some fluctuation of the sX¥tained
through splicing is expectable. Further results ehathown
that, when considering sXT following a Gaussiartritigtion
with a standard deviation of 0.5 dB (see Sectioi\)| the
distance gain remained nearly.

B. DMD Compensated FMF

In this sub-section the performance of the sparfigoration
shown in Fig. 2 b) is analyzed. Fig. 6 shows the 8Rka
function of (sXT,as) given by Fig. 1, for differer@aDMD and
m values, calculated considering a methodology sini the
one used in Section lll A. The DR results in Figo6 m=8
are similar to the results in Fig. 5 far= 8, with the same
limiting effects. The DR increase factors far= 8, are 1.9 for
aDMD = 6 ps/km and 1.6 faaDMD = 9 ps/km. However, for
m= 1, increasing sXT only leads to an increased [eliRjth
and consequent shorter DR, independently of @D
value. The difference of performance betwear= 1 and
m= 8 is present even for negligible sXT (particlylafor
aDMD = 3 ps/km). This is explained due to the presesice
dXT [4] and consequent exchange of a fraction oivero
between the modes for which there is an excessradation
of DMD in each segment (in comparisonNox L x aDMD,
when absence of XT is considered). For the fraotibpower
exchange around the middle of the segment, thenadeted
DMD in one segment can reach |HDMD|xLp +

| nDMD | xLn]. Form= 1, accumulated DMD can reach 16 n
in one segment, a value above the maximum CIR her@ht

can reach only 2ns in one segment. Therefore, tiier

DC-FMF case,m should be high, even for perfect splices[n]

Finally, it can be concluded that reducing the mman
accumulated DMD over one segment to a low fract@mound
13 %) of the compensation time interval providedtey DSP

taps, the impact cdDMD can be reduced by increasing the

sXT as in the ILD-FMF case. Note that, concernifig t

o

the other hand, fom= 8, the maximum accumulated DMD [10]

IV. CONCLUSION

In this letter, we propose and prove that the ghiaion of

er splices allows the improvement of the diseneach of

MDM transmission systems. The concept was applied
Itralong-haul transmission over ILD-FMFs and DCHM

t

he optimum number of segments/splices per span and

respective XT values were determined taking intwoaat the
consequent MDL. The results show that the DR can
increased by a factor from 1.6 to 1.9 for the ocdesad
transmission systems. Additionally the results shbat, for
the case of DC-FMFs, the DR can be improved just
increasingm, even for negligible splices XT.

REFERENCES

R. Ryf, et al., “Mode-Division Multiplexing Over 98m of Few-Mode
Fiber Using Coherent 6 x 6 MIMO Processind,'Lightw. Technglvol.
30, no. 4, pp. 521-531, 2012.

K. Ho, J. Kahn, “Statistics of group delays in rmtide fiber with
strong mode coupling,J. Lightw. Technglvol. 29, no. 21, pp. 3119-
3128, 2011.

S. Arik, D. Askarov, J. Kahn, “Effect of mode coing on signal
processing complexity in mode-division multiplexihgd. Lightw.
Techno] vol. 31, no. 3, pp. 423-431, 2013.

L. Gruner-Nielsen, Y. Sun, J. Nicholson, D. Jakohse. Lingle, B.
Palsdottir, “Few Mode Transmission Fiber with lowGD, low Mode
Coupling and low Loss,” iffroc. OFC'2012, USA, paper PDP5A.1.

S. Warm, K. Petermann, “Splice loss requirementsititi-mode fiber
mode-division-multiplex transmission linkYSA Opt. Expressol. 21,
no. 1, pp. 519-532, 2013.

F. Ferreira, et al., “Nonlinear Semi-Analytical Mador Simulation of
Few-Mode Fiber TransmissionlEEE Photon. Technol. Lettvol. 24,
no. 4, pp. 240-242, Feb. 15, 2012.

P. Winzer, G. Foschini, “MIMO capacities and outgmebabilities in
spatially multiplexed optical transport systen®3A Opt. Expressol.
19, no. 17, pp. 16680-16696, 2011.

F. Ferreira, D. Fonseca, H. Silva, “Design of Fewdd Fibers with
Arbitrary and Flattened Differential Mode Delay/EEE Photon.
Technol. Lett.vol. 25, no. 5, pp. 438-441, 2013.

A. Lobato, et al., “Impact of Mode Coupling on tMode-Dependent
Loss Tolerance in Few-Mode Fiber TransmissiddSA Opt. Express
vol. 20, pp. 29776-29783, 2012.

R. Ryf, et al, “Low-Loss Mode Coupler for Mode-Mplexed
transmission in Few-Mode Fiber,” iRroc. OFC2012, USA, paper
PDP5B.5.

M. Li, et al., “Low delay and large effective arfeaw-mode fibers for
mode-division multiplexing,” inrProc. OECC2012, pp. 495-496, paper
5C3-2.

S. Randel, et al., “Mode-Multiplexed 6 x 20-GBd @P¥ransmission
over 1200-km DGD-Compensated Few-Mode Fiber,” Rroc.
OFC2012, USA, paper PDP5C.5.

(1

(2

(3]

(71

(8]

[12]

be

by



