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Design of FewMode Fibers witiM-modes and
Low Differential Mode Delay

Filipe FerreiraStudenMember, IEEI, Daniel Fonseca, and Henrique SilMembe, IEEE

Abstract—In this paper, we investigate the design of few-nue
fibers (FMFs) guiding 2 to 12 linearly polarized (LP) modes with
low differential mode delay (DMD) over the C-band suitable for
long-haul transmission. Two different types of refactive index
profile have been considered: a graded-core with &ladding
trench (GCCT) profile and a multi-step-index (MSI) profile. The
profiles parameters are optimized in order to achiee: the lowest
possible DMD and macro-bend losses (MBL) lower thathe ITU-
T standard recommendation. The optimization resultsshow that
the MSI profiles present lower DMD than the minimumachieved
with a GCCT profile. Moreover, it is shown that the optimum
DMD and the MBL scale with the number of modes forboth
profiles. The optimum DMD obtained for 12 LP modess lower
than 3 ps/km using a GCCT profile and lower than & ps/km
using a MSI profile. The optimization results reveathat the most
preponderant parameter of the GCCT profile is the efractive
index relative difference at the core centerAnc. Reducing Anco,
the DMD is reduced at the expense of increasing th¥BL.
Regarding the MSI profiles, it is shown that 64 stes are required
to obtain a DMD improvement considering 12 LP modeg-inally,
the impact of the fabrication margins on the optimun DMD is
analyzed. The probability of having a manufacturedFMF with
12 LP modes and DMD lower than 12 ps/km is approxiately
68 % using a GCCT profile and 16 % using a MSI proile.

Index Terms—Few-Mode Fibers, Differential Mode Delay,
Refractive Index Profile.

I. INTRODUCTION

HE ever growing demand for higher data rate is rapidl

Texhausting the capacity available for single-moitbers
(SMFs). During the last years, only a marginal éase in the
maximum bit rate distance product using SMFs waenked
[1], since the nonlinear Shannon limit is beingcread [2].
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Moreover, it has been demonstrated that even iifsignt
reduction of the fiber attenuation or of the fibonlinear
coefficient of standard SMFs (SSMFs) are achiev,
capacity increase per fiber is limited [3].

Mode-division multiplexing (MDM) over few-mode fibe
(FMFs) is emerging as an attractive solution far thquired
capacity increase with potential cost, space, andrgy
savings [3]-[4]. However, FMFs require the usagenottiple-
input multiple-output (MIMO) equalization to compsate for
the combined effect of differential mode delay (DM&nd
modal crosstalk (XT), which originates a channebpise
response (CIR) spread over time [5]. Therefore atthditional
processing complexity partially erodes the benedit
deploying FMFs. It has been shown in [6] that, cd&sng
similar levels of complexity for nonlinearity miagjon in a
SSMF, only FMF systems with 4 or more LP modesradie
actual capacity increase. One of the approachgsopeal to
reduce the equalizer complexity is the minimizatwhXT
along the transmission system so that each modebean
detected individually without MIMO processing. Hovee,
experimental interfaces/couplers with such propgngsent
high loss [7]. We follow another approach in theppr, the
reduction of DMD, and investigate techniques tagte§MFs
with low DMD over the C-band from 2 to 12 LP modes.

In the literature, two different schemes have bgeposed
to limit the accumulation of DMD in FMFs witlk modes
(xM): the usage of inherently low DMD FMFs (ILD-FMFs)
8]-[11], and the usage of DMD compensated FMFs {DC

MFs) (FMFs with positive DMD followed by FMFs with
negative DMD) [12]-[17]. The main target in thispea is a
DMD lower than 12 ps/km over the C-band, since thithe
DMD required for 2000 km of MDM transmission at 1G0/s
using an overhead of up to 10% [5]. Note that tHd[D
should be lower than 12 ps/km over the C-band,ridermto
allow the transmission of wavelength-division-mplkixing
signals. In [17] a 4M-DC-FMF with 59 km and a diffatial
group delay of 350 ps over the C-band (the equitddMD is
5.9 ps/km) allowing long-haul transmission was presd.
However, such tightty DMD compensated span requied
FMFs with different DMDs. Moreover, increasirlyl an even
higher number of FMFs with different DMDs will bequired,
imposing difficulties in the field deployment conmpd to
ILD-FMFs. Therefore, in this paper we investigatedyolLD-
FMFs. The ILD-FMFs considered have mainly two typés
refractive index profile: graded-core with cladditgench
(GCCT) [8]-[9], [11]-[15], and multi-step-index (MB[10],
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function of the radial coordinate, and is given byAn(p) =
[n(o) - ne]l/n(), wheren(p) is the refractive index g andng
is the cladding refractive index. For both profjlése guided
modes (LRw) and their characteristics are calculated solving
the Maxwell equations numerically using the method
described in [21]. The L#& mode characteristics calculated
are the effective inder-"*", the effective group indesi;-"+,
the DMD and the MBL. The DMD of the /R mode is
Wi wy 1 s 1 measured relatively to the LPO1 mode and is given b
@ () DMDypufA) = [ﬁgLfﬂ"(A) - r_ig'-P‘)l(/])] Ic, where A is the
wavelength and is the light velocity in vacuum. The MBL
Fig. 1. (a) GCCT profile. (b) MSI profile with cotaitws are calculated according to [20]. The dispersiospprties of
) ) ) the doped silica have been modeled using the Sieitme
[16]. The experimental and simulation based repoft?M-  coefficients provided in [22].
ILD-FMFs presented in the literature have shown\CDover The GCCT profile is presented in Fig. 1 (a) andyitally
the C-band lower than 6 ps’/km along 10 km [9] aoder  described by:
than 25 ps/km along 50 km [11]. In [18] we demoaistd the
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possibility of obtaining a GCCT profile for a 2M{D-FMF n(o)[l‘Ar‘w(p/V\{)a] o< w

with negligible DMD over the C-band. However, favi4LD-

FMFs, several DMD values times higher than 12 pshave n(p) = Ny, w<|pl<w+w )
been reported: [15] presented a DMD lower than dsSEm n/(1-4n.), w+ws|o<w+w+ w
along 7 km over C+L band using a GCCT profile, §bd] Ny, |p|2 W+ W+ W,

presented a DMD lower than 20 ps/km over only @rdusing

a MSI profile with 18 steps (simulation result). [19] we wherew; is the core radiusy, is the radial distance between
optimized a GCCT profile for 4M and 6M, obtainingD  the end of the core and the beginning of the tremghs the
values of 5 and 10 ps/km, respectively, over th®a@d. trench width,Ane, = An(0), andAny is An at the trench. When
Therefore, further improvement on the design of EMFs is  designing a graded core fiber with a givév, one must first

required, in order to achieve cost-effective lorglh choose the normalized frequend# galue.V is given by:
transmission systems.

In this work, the optimization of a GCCT profile chiof a vV zzﬂtﬁrf _ rﬁ]ﬂz
MSI profile is performed for 2M to 12M, with the jelative of A ot
obtaining a DMD lower than the 12 ps/km over théaid

requirement. Although the GCCT profile designs havherene =n(0). For eachxM fiber, we choose the highest
presented lower DMD over a wider wavelength rarthe, PossibleV value that guarantees the guidance of the first
MSI profile is also considered in order to evalualternative Modeswhile cutting off the next higher-order modes, mg43],
profiles. The optimization of the GCCT profile puged in considering a GCCT ipfile with a=2.3 andAny =0. As a
this paper extends the work that we presentedghdtd [19]. Fesult, for 2M, 4M, 6M, 9M and 12M, thé values are chosen

As the optimized DMD grows significantly witkM [19], we (© be 5.10 [18], 7.25 [19], 9.00 [19], 11.15 and.9E
proposed to optimize the refractive index relathfference at respectively. As a consequence, s@odes have the highest

; : ; ) possiblen-4#” values and are thus more strongly guided. The
the core centein,, which was fixed in [18]-[19]. However, , for eachxM fiber is obtained using (2) and considering the

as/Ang has a direct impact on the macro-bend losses (MBII\%West ) of the C-band (1530 nm). Along this paper
[20], we ta.ke Into acgount such |mpactl on the of N references to @nc, change imply av; change such tha¥
function. Finally, the impact of fabrication margiron the remains constant

DMD. .O.f the optimum profiles is .analyzed, since ~ high The impact ofa and Any on the DMD of a GCCT profile
sensitivity of FMFs to such margins has already nbeewas explained in [18] for a 2M-FMF allows controlling the
identified [9] and [18]. The paper is organized falows. P 9

Section Il describes the profiles considered armviges an DMD average amh.n” allows controlling the DMD slope. In

. . . the following, the impact ofAn,, on the DMD of a GCCT
analysis of the impact of their parameters on DMid ¥BL. rofile is explained. considering a 2M-EME with= 2 and
Section lll presents the optimization function altons. Zn ~0. Fi p2 shc; < the DMgD as a f nct'on_faf for
Section IV presents the optimization results, whsre . "~ '9. W unctl

Section V presents the tolerance to the fabricati@mgins of different A.n“’ value_s (\(ery lonAng, valu_es are considered in
. . . . order to increase its impact). From Fig. 2 one canclude
the optimum designs. Section VI summarizes the ma

conclusions of this paper mat the DMD decreases withne,, over a wide wavelength
' range. Further reducinfine, negligible levels of DMD are

obtained since, for an infinitesimAhc, value, the difference
II. FIBER PROFILE DESCRIPTION ANDANALYSIS ’ TR
[Pt - AtPOY would be also infinitesimah{™# is bounded by

In this section the GCCT and MSI profiles are diégtt | andng) as well asig-"- =%y (proportional to DMD)
using the refractive index relative differencln). An is a  sjnce P4 = ntP# + AIdAP#Y/dA]. Therefore, reduction of
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Fig. 2.DMD [ps/km] as a function of, for differentAn,, values.

Ane, has the potential to further reduce the DMD values

obtained in [19]. The drawback of the utilizatiohaolow Anc,
is related to MBL. According to [20], the power $o0at bends
increases with decreasid, for a certain curvature radius
and, as a consequence, low DMD and low MBL are sippo
requirements. The trade-off between DMD and MBLtba
optimization ofAn is analyzed in Section IV.

The MSI profile is shown in Fig. 1 (b), where eatbpi
has an arbitrargn value @\n;) and step widthvs. The number

of steps isNs. The MSI profile allows evaluating arbitrary

profiles by simultaneously increasiilg: and decreasings:.

In this section, the optimization function usedstarch for
the optimum parameters of each profile is presem@tedvell as
the optimization algorithms for each profile. Thatimization
parameters of each profile can be gathered in anpster
vector pv): pv=[a, Anco, Ang, Wo, W] for the GCCT profile
andpv = [ws, Ang, ..., Any_] for the MSI profile.

OPTIMIZATION FUNCTION AND ALGORITHMS

A. Optimization Function

where thegs factor can be 0 or 1 in order to consider or ignor
the R: <30 mm requirement. Thg(R: - 30)/30 factor in (4)
introduces a penalizing factor for solutions wirh> 30 mm,
sincefis equal to 0 folR: <30 mm and equal to 1 fd¥. >

30 mm. Note that, for each differgmt tested, if the number of
modes is not the desired tk¥- value is set to infinity. The
optimization function (4) is subject to differenets of
constraints depending on the profile being optimhiZeor the
GCCT profile,OF is subject to the following constrains:

(an,” =110%)<an, <(An,) = 5010°) (5)
(a' :1.5) <as (af+ = 2.5) (6)

(an,” =-5010°)<an, <(An =0 @)
(Wz' =O)SW2S(W2+ = W]/2) (8)
(WB':O)SV\@s(V\g:V\{) (9)

(A =1530 nm < A < (A" = 1565 nih (10)

Angy in (5) takes into account the difficulties of méamturing
Ang, lower than 1103 [25] whereasAn,' is used as upper
bound of An, taking into account thammaxDMD increases
with Ance. (6)-(9) were defined in [18]. (10) bounddo the C-
band. In the MSI profile cas®©F is subject to the following
constrains:

(an~ =-500°%)<an <(an* = 5010°) (11)
N, ={16 32 64 (12)
(w; =0.5um) < w, <(w,=5um) (13)

(11) constrains than; of each step between-183 and 5103,
taking into account the same reasoning used tothset

The optimization function takes into account twgufies: one constraints foAnc, andAn. (12) constraindls: to powers of 2
related to DMD and another related to MBL. The Dvilated between 16 and 64, since a lower number of stepsdwot
figure is the maximum DMD among the guided moded arhave sufficient flexibility to reducenaxDMD and R; at the
over the defined wavelength rangeaxDMD), given by: same time, and a higheKs would be too complex to
manufacture. (13) constraing: between 0.fum and 5um,
such that the total length of the profiles(- Ns) takes values
similar to the total length considered for the GC@ibfile
(w1 +ws +ws). Moreover A is bounded to the C-band.

maxDMD( py = mﬂa{n)l?x| DMD,,, (4, p\)D @)

The MBL related figure is the curvature radiuR)( for
100 turns and MBL = 0.1 dB at 1625 nm. For a gixkh the
R. of each mode is calculated and the highest vatue
considered. Considering the ITU-T recommendatid@4, R.
must be lower than or equal to 30 mm. The optinopat
function OF) is given by:

OF ( pv) = maxDML p?E{l”EEﬁ E(Rcs_iom)}}

B. GCCT optimization algorithm

i The optimization algorithm for the GCCT profile is
designed to take advantage of thmeaxDMD function
properties. In the order to present thexDMD properties a
2M-FMF with Aneo = 1103 w,=3um and wz=3pm is
considered. Fig. 3 (a) presents the contour mapafDMDas

a function of @, Any). Fig. 3 (a) shows thanaxDMD is a

convex function of €, Any), such thatmin(maxDMD) as a

function of Ang or Tin(maxDMD) as a function ofa, are
Ny

0, for R <30 4)

{1, for R > 30

with R in millimeter units.

convex functions. Fig. 3 (b) showmin(maxDMD) as a

function of Any. Therefore, the search for the padr, (\ny)



that minimizesmaxDMD for a given {nc, We, W3) point can
be done one dimension at a time using for instangelden
section search (GSS) [26]. The GSS oweand the GSS over
Any are arranged as:

maxDMD™ (An,, w, W) :mlr\n( maxDMID p)) =

(14)

Gsqan; A ,GS$a™ g* maxoMO py))
The first and second GSS function parameters adater
and the upper bound, respectively, of the independariable
of the function under optimization. Further restiitsre shown
that considering different numbers of modes akitio Wo, W)
values within the domains defined in (5)-(10), thaxDMD
function properties presented are still valid.

Finally, in order to find the full optimunpv set, an
exhaustive search (ES) is performed owaaxDMD""(Anco,
Wz, W3). The GSS optimizegr and An, with a termination
tolerance ormaxDMD of 0.001 ps/km. The ES optimizes th
Ance, We andws with tolerances of 20%, 0.25um and 0.5um,
respectively. Further reducing these tolerancea fgctor of 2
changednaxDMDnegligibly.

C. MSI optimization algorithm

The optimization algorithm used for the MSI profie a
genetic algorithm (GA),
optimization parameters.
[Wet, ANy, ..
inverse ofOF in (4) considering = 1.

The initial population is randomly generated withime
predefinedAn; and ws; constraints given by (11) and (13

The individual genes

respectively. TheAn, genes are generated using an unifor
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Fig. 3. (a) Contour map aghaxDMD [ps/km] as a functiorr and Any. (b)
min(maxDMD) as a function on.

parents (parents with higher fitness) and applyfregmutation
operator (the original parents are kept in the peimn).

In the process of selection of the next generati@% of
the best individuals (individuals with higher fis® are
always chosen, and the remaining population isctsdeusing
the roulette wheel selection scheme already usedhén
crossover operation.

IV. OPTIMIZATION RESULTS
The optimization results are shown in this sectionthe

due to the high number of5CCT and MSI profiles. ThmaxDMDandR; are required to
ardse equal or lower than 12 ps/km and 30 mm, resgsygti
.,Annsg, and the individual fithess is given by the

A. GCCT Profile
In this sub-section the optimum results for the GQofile

)are presented. Fig. 4 (a) and (b) shavaxDMD and R:
'rﬁptimum values, respectively, as a functionAof,, obtained

distribution and thews gene is generated using a Gaussia#SINgOF with £=0 ande= 1.

distribution with mean equal tav(+w.+ws) / Ns;, considering
the optimum GCCT parameters obtained wih.,, = 0.001,
and standard deviation equal tes{ - wsf)/6. The size of the
initial population is 2000. After the first gendoat the
population size is reduced to 200. The followingeations
are created using crossover, mutation and selesperators.

The crossover operator randomly selectsjthgene in the
solution structure and, given two pareds [ws, Ang, ...,
Annst] and Y = [wst, AnyY, ..., Annet'], the generated offspring
are constructed adJ = [wsf, AnX..., Ani %, AnyY, ..., Annst']
and W = [we", AnyY..., Ani1Y, An%, ..., Anns{]. The selection
of the individuals for the crossover operationxs@ited using
a roulette wheel selection scheme. In this schethe,
probability of an individual being selected is pogjonal to
its fitness. The size of the offspring generate208.

The mutation operation is executed adding tolthgene
(randomly selected) a Gaussian random variable wgétio
mean and standard deviation The standard deviatioq is

Fig. 4 (a) shows thatmaxDMD decreases with decreasing
Ang, for all numbers of modes, in line with the expliom
provided in Section Il, independently &f Fig. 4 (b) shows
that R. increases whenn, decreases fog = 0, such that for
Ane, < 510°% the R. requirement is not satisfied for all the
numbers of modes considered. On the other handjdenng
=1, Fig. 4 (b) shows that tH& requirement is satisfied for
all Ane,, values and numbers of modes considered,
1-10°<An,, <5108 Comparing the results shown in
Fig. 4 (a) obtained using= 0 ande=1, it can be concluded
that theR; requirement can be satisfied from 2M to 12M with
small maxDMD degradation (lower than 0.5 ps/km for
Ang = 1:103). Therefore, Fig. 4 shows that theaxDMD and
R. requirements are satisfied simultaneously for
1108 <Ang < 410° from 2M to 12M. Moreover, it can be
concluded thatmaxDMD cannot be reduced to negligible
levels (MaxDMD< 0.1 ps/km) for more than 2M. This
limitation is explained noting that the field camdiment effect

weighed by the domain of tH& gene, in order to compensateof the trench affects each higher-order mode (LRO221,

for the different orders of magnitude betwenandAn. o is
given by: (v - ws)/6 forl =1 and An* - Any)/6 forl > 1. In
each generation, the mutation operation is appt@®dhe
offspring with a probability of 50 %. Additionally20 new
individuals are added to the offspring selecting #0 best

LP12, LP31, ...) with different strength, since altvie a
considerable power concentration near the core deynbut
different distributions [19]. Therefore, each motias a
different optimum trench dimensioning and it is passible
to reduce the DMD of all modes to negligible valusthe
same time over the C-band. Moreover, increasingithmber
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TABLE |
OPTIMIZED FIBER PARAMETERS AND CHARACTERISTICS FOR THE OPTIMUM
GCCTPROFILE WITHANc, = 0.001AND £= 1

Number of modes

2 4 6 9 12
a 2.15544 1.96677 1.97257 197291 1.97228
Any-10° 31221 -2.9888 -3.4030 -3.2370 -3.3598
Wa[pm] 19.2056 27.3020 33.8922 41.9886 48.7671
w[pm] 6 45 5.5 6 6.5
w; [pm] 25 15 15 15 15
maxDMD[ps/km]| 0.004  1.347  2.252 2487  2.997
R [mm] 15.1 19.9 20.8 25.6 28
minD); MaxP) | 5 400 5 204:225 22.4:225 22.4:225 22.3:22.6
[ps/(nmkm)]
Min(S; Max®) | 6c 5.65.6 63.0:65.7 61.9:65.8 61.3:65.8 57.3:65.9
[fs/(nnP&m)] : : ' ' '
y-LPOL[WYkm]| 0222 0461  0.130 0.105 0.09
of modes, the « Any, W, ws) domain satisfying

maxDMD< 12 ps/km decreases for a givm,.

The optimum parameters fakne, = 1:10% and £=1 are
shown in Tablel, as well as the respectmaxDMD, R,
chromatic dispersion) at 1550 nm (for the mode with
highestD, max), and for the mode with loweEt, min(D)),
chromatic dispersion slop&)(at 1550 nm (for the mode with
highestS, max@), and for the mode with lowe§ min(S))
and nonlinear coefficient)( for LPO1 (the mode with the
highest)). Comparing with typical SSMF values, tbevalues
are only slightly higher than ~17 ps/(fkm), whereas th&

—— GCCT optimum  —— MSI optimum
2 v 2
’ HHh”“M u il oM
£ ww* El
5, 5,
i
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Fig. 5. Optimum MSI profile with 64 steps and optimum GC@fofile
consideringAng, = 1:10% as a function op/wy, for: (a) 4M, (b) 6M, (c) 9M an
(d) 12Mm.

TABLE Il
CHARACTERISTICS FOR THE OPTIMUMMSI PROFILES
Number of modes
Nst
4 6 9 12

maxDMD[ps/km] 1.21 3.10 3.51 5.26
16 maxDMDred.[%]* 10.7 -36.8 -41.1 -75.6

R; [mm] 23.9 19.4 24.2 25

maxDMD[ps/km] 1.06 2.20 2.76 3.58
32 maxDMDred. [%]* 21.3 3.1 -10.7 -19.5

R; [mm] 21.5 19.6 28.9 24.8

maxDMD[ps/km] 0.93 1.75 1.95 2.43
64 maxDMDred. [%]* 31.3 22.9 21.8 19.1

R. [mm] 215 19.5 26.6 26.3

*maxDMDred. [%] - is the relative difference between tmaxDMD of the
MSI profile and the maxDMD of the GCCT optimum profile with
Ang, = 1:103, for the same number of modes.

values are lower than ~80 fs/(fikm). The y value is
significantly lower than the SSMF typical value of
1.3 W¥km, as expected due to the higher core radiughén
Appendix, Table Il provides for all modes the veduof the:
DMD.py for the worst wavelength of the C-banD, at
1550 nm, effective ared{x) at 1550 nm, an@&..

As a main conclusion, the results presented in ghigion
allow stating that optimizingAn., allowed to fulfill the
requirement ofmaxDMD< 12 ps/km andR; <30 mm, which
was not achievable in [19].

B. MSI Profile

In this sub-section, the optimum results for thel M&file
obtained using the algorithm described in Sectib&lare
presented. The MSI profile is optimized for: 4M, 6%M and
12M (2M is skipped since negligiblmaxDMD levels were
obtained with the GCCT profile), considering
Ns: = [16, 32, 64].

Table Il presents themaxDMD andR; of the optimum MSI
profiles at the end of 400 generations, for 16@ed#nt initial



populations. The results show that 64 steps araine] to
obtain amaxDMD value lower than thenaxDMD of the
optimum GCCT profile withAnc, = 1103, for 9M and 12M.
Moreover, themaxDMD of the best individual decreases with a
Ns;, for a givenxM, due to the increase of the profile flexibility = 0.01x
with Nst. For Nst = 64, themaxDMD reduction comparatively
to the GCCT results ranges from 19 % to 31 %. Réggrthe 0
R: values, the best individual meets fRe< 30 mm constraint,

for all the cases considered. Note that the indigiditness is

given by the inverse oOF in (4) consideringe= 1. In the 02
Appendix, Table Ill provides, for all modes, thdues of the:
DMD.p,y for the worst wavelength of the C-banD, at
1550 nm, effective are@d\x) at 1550 nm, ang.

Fig. 5 shows the superposition of the optimum ME&ilfife
with Nst=64 and the optimum GCCT profile with 0
Ango = 1:10%, for 4M, 6M, 9M and 12M. Analyzing Fig. 5 it
can be concluded that the optimum MSI profilessanglar to
the optimum GCCT profile forAne, = 1:10%. The similarity
between profiles holds for smalli; Fig. 6. GCCT profile parameters MTD: (&) (b) Anc, (C) An, and (d) (i, Wa,

In conclusion, the results presented in Table divsthat the Wa)-
MSI profiles present lowemaxDMD than the minimum (46

0.02

[21

Any-10° MTD

achieved with a GCCT profile for akM considered with A On -
Nst = 64. However, sucmaxDMDreduction is obtained at the 5004 —— 16 steps =
expense of a more complex profile. In order to c®o0 o éﬁiﬁiﬁi =
between these two types of profile, the tolerangette =992 §~
manufacturing margins will be analyzed in Section V ° ey o T ostems -~ s
4 N6umber of L% modes 12 4 Nl?mber of LPgmodes
V. MANUFACTURING MARGINS (@ (b)

The optimized parameters in Section IV were Obﬁlil’leFi 7. MS! profile parameters MTD: (& and (b
ignoring the finite precision margins of the maratfaing 97 P P e *

control processes. These margins lead to dgviabibrlhe Anco, Any andAn; parameters. The of the layers widthsd,)
manufactured fiber parameters from the optimum eslu g 5 oy of the respective mean layer width, Wz, W, or Ws),

fﬁgingmzl\rﬂn[) ?O?X;?'?;S'ag%ne%etgs dg\igﬁgﬂ??ﬁgﬁ% (;fs taking into account that [25] states that thef the core radius
P P P of a conventional MMF (2fim) is 0.5um. Theoof a (o) is

the maximum tolerable deviation (MTD), positiveragative, L .
such thatmaxDMD and R. remains lower than 12 ps/km and0.00B, taking into account the tolerance specifiefd9).

30 mm, respectively. The tolerance of each paramite A. GCCT Profile
calculated considering the remaining parameteedfixt their In this sub-section the MTD of the GCCT profile

optimum values, except for the layers widths. AYdrs that parameters are presented, considering the optinauemeters
compose the optimum profiles (GCCT or MSI) arggjues obtained in Section IV-A with= 1.
simultaneously and proportionally.changed: Fig. 6 (a), (b), (c) and (d) show the MTD of Anco, Any,

In order to assess the probability of having a rfertured 504", w,, ws), respectively. It has been verified that the
FMF satisfying themaxDMD andR. requirements, the MTD 1D is always limited by thenaxDMDrequirement. In most
values have to be compared to the statistics oArpefers (.,ses two trends can be identified in Fig. 6, rpmiae

deviations on conventional multimode fibers (MMF),, 1ease of the MTD with the decrease Mo and the
Accordmg to.[27], parameters d.eV|at|ons are weﬁm‘.lbe.d by decrease of MTD witlxM increase. Exceptions to these trends
normal distributions \_/v_lth a given standard devnatloa)_. are a consequence of considering an optimizatigorighm
Therefore, for a specific parameter, when the MTM® IS {argeting the absolute minimurmaxDMD, since further
close tog; 20 or 30, the manufacturing success probability iesylts have shown that non-optimum parameterseeanhto a
approximately 68 %, 95 % or 99.7 %, respectively. higher MTD. The MTD decrease witkM increase can be
In this paper, theo values of the parameters are definedinderstood noting two different facts: in the alzseof any
considering as reference the standard requirena@itprofile  deviation of the parameters, the absolute minimmaxDMD
distortions reported for M.MFS of category QM3. Nttat the  jncreases withxM for a givenAne,, getting closer to 12 ps/km;
OM1 and OM2 categories are not considered because }t has been verified thamaxDMD changes more abruptly
profile distortions reported for these categoriesil lead to 8  5round the optimum parameters with the increaséofSuch
very low probability of suceess in the design of FV[28].  facts are responsible for the, (ny, w, ws) domain reduction
The o of An (o) is 5107, according to [25], applicable t0 satisfying maxDMD< 12 ps/km withxM, as identified in



Section IV-A.

The MTD results in Fig. 6 allow estimating the pabbity
of having a manufactured FMF withraaxDMD < 12 ps/km
and R: <30 mm for a giverxM. For 2M, that probability is
higher than 95 % forAn, < 3103 Note that the success
probability for Ane, = 4.510° is closer to 68 %, limited by
(w1, Wz, Wg) MTD andAny MTD (as in [18]). In the case of
4M to 12M, the manufacturing probability goes fr&% % to
68 %, respectively, fonc, = 1:103, set byAnco MTD.

B. MSI Profile
In this sub-section, the MTD of the MSI profile pareters

APPENDIX

TABLE Il
CHARACTERISTICS FOR THE OPTIMUMSCCT PROFILE AND
OPTIMUM MSI PROFILE

Number of modes

An; andws are presented, considering the optimum paramete LP31

values obtained in Section IV-B. Th@ MTD of each step is
calculated independently, but only the lowést MTD is

presented. Moreover, th&n; MTD for Nst=32 and 64 is
calculated considering pairs and quads of adjesteps, since

thews: for Nst = 16 is used a reference. Fig. 7 (a) and (b) sho | ps;

the An; MTD andws; MTD, respectively, as functions &,
consideringNs: = [16, 32, 64]. As in the MTD analysis for the
GCCT profile, it has been verified that the MTD dkvays
limited by themaxDMDrequirement.

Fig. 7 (a) shows thaan; MTD is 5 times lower tharoan,
with reduced dependency dh: and onxM. Fig. 7 (b) shows
that thewst MTD is higher tharng, for all Ns; values, from 4M
to 12M. These results, allow concluding that thebaibility of
having a FMF withmaxDMD< 12 ps/km andR: < 30 mm is
approximately 16 %, set by tidey MTD.

VI. CONCLUSIONS

In this work, the design of FMFs with low DMD ovtre
C-band was investigated. Two different profiles daween
considered: a GCCT profile and a MSI profile. Thefites
parameters were optimized obtaining the lowestxDMD
achievable for 2M to 12M, witR; < 30 mm. The optimization
results have shown that the MSI profiles presemelo
maxDMD than the minimum achieved with a GCCT profile
Additionally, it has been concluded thataxDMD and R;
scale withxM. For 12M, it was obtained maxDMD lower
than 3 ps/km using a GCCT profile and lower thaig/km
using a MSI profile. An,, was shown to be the most
preponderant parameter of the GCCT profile, allgwin
reducingmaxDMD at the expense of increasiRg Regarding
the optimum MSI profiles, it was shown that 64 stepe
required to achieve anaxDMD improvement considering
12M. Furthermore, the impact of the fabrication gias on

the optimummaxDMD was analyzed and used to derive th

probability of having a manufactured FMF withaxDMD
lower than 12 ps/km an: lower than 30 mm. For the GCCT
profile it was shown that the probability increasegth
decreasingi\ng,, whereas, the probability for the MSI profile
has reduced dependency Ng independently okM. In the
case of 12M, the probability was estimated to b
approximately 68 % considering a GCCT profile arg@l9d
considering a MSI profile with 64 steps. In conans the
GCCT is the preferred profile with current fabrioat
margins.

2 4 4 6 6 9 9 12 12
GCCT|GCCT MSI |GCCT MSI | GCCT MSI | GCCT MSI

DMD* [ps/km]
LP11f 0.00|-135 0091(-158 1.04| -1.14 -1.63| -1.21 1.06
LPO2 -1.35 0.92| 198 -1.70| -1.58 1.95| -1.27 1.18
LP21 -1.35 -0.93| -2.25 -1.74| -2.49 -1.72| -2.49 1.44
LP12 -158 0.77| -1.14 -1.88| -1.21 2.28
-2.25 1.75| -1.85 -1.93| -2.77 1.86
LPO3 -240 165| 281 243
LP22 -2.49 -0.98| -2.77 2.29
LP41 -1.85 1.86| -1.79 2.21
LP13 -2.49 -2.27
LP32 -1.79 -1.87
-3.00 -2.33

Rc [mm]

LPO1| 124 | 148 16.1| 148 139| 175 181 18.7 175
LP11| 151 | 175 19.1| 169 15.8| 196 20.5| 20.7 19.4
LPO2 19.8 21.5| 187 175| 21.4 223| 223 207
LP21 199 215|187 175| 214 225| 223 208
LP12 20.8 195| 23.8 249| 244 228
LP31 20.3 19.0| 23.3 243| 239 223
LPO3 25.4 265| 26.1 24.2
LP22 25.6 26.6| 26.2 243
LP41 249 26.0| 256 237
LP13 28.0 26.3
LP32 27.7 25.9
LP51 27.0 25.0

D [ps/(nnrkm)]
LPO1| 225 | 225 225|225 225| 225 225| 225 225
LP11| 224 | 225 225|225 225| 225 225| 225 225
LP0O2 224 223|225 225| 225 225| 225 225
LP21 225 224|225 225| 225 225| 225 225
LP12 224 223| 225 225| 225 225
LP31 225 225| 225 225| 225 225
LPO3 224 219| 226 225
LP22 225 222| 225 225
LP41 225 224| 225 225
LP13 223 222
LP32 225 224
LP51 225 225

Agt [pm?]

LPO1| 476 | 645 653 | 813 727 | 1007 926 | 1167 1078
LP11| 627 | 959 869 | 1096 1014| 1355 1135| 1571 1497
LP0O2 1390 1095| 1680 1553| 2077 1745| 2393 2143
LP21 1250 1179| 1462 1410| 1805 1712| 2094 1908
LP12 1724 1585| 2213 2112| 2561 2415
LP31 1731 1689| 2166 2057| 2508 2397
LPO3 2928 2849| 3593 3311
LP22 2667 2472| 3202 2863
LP41 2454 2288| 2870 2596
LP13 3307 3400
LP32 3616 3677
LP51 3145 3059

*DMD of the worst wavelength of the C-band.
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