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Abstract

The ever decreasing limits imposed on allowablkenatition due to
optical interconnects in multi-mode fiber optic wetks has
prompted the development of harmonized and
measurement methods. Standardization committees fenently
agreed to prescribe the launch conditions knowenrasrcled flux
(EF). Regardless of the measurement method, fib&ingic
attenuation effects are often attributed to thdoperance of the
connectors, in that they become crucial in termshef minimum
achievable attenuation. In the development of #hmdh, the core
diameter has always been identified as an imponanameter.
However, according to geometrical optics based firagipresented
in this paper, the numerical aperture is identifiecbe at least as
important. Tight tolerances on intrinsic fiber pasders have
become ever more important for the developmengfefence-grade
connectors as well as of future high-performancéiimode fiber
connectors.

Keywords: Multi-mode fiber, core diameter, numerical aperture

encircled flux, geometrical optics, connectors.

1. Introduction

The ever increasing demand for higher bandwidtimirti-mode
fiber networks constrains the allowable attenuatioe to optical
interconnects. To meet that demand, state-of-thdemt light
sources typically consume more power, while thetquhetector
needs to become smaller which reduces the coueffigency. In
Figure 1, this decrease in the maximum allowed pdwelget is
shown as function of increasing channel bandwidtHEEE 802.3
standards [1].

Power budget [dB]

l | | | | |
10 Mbps 100 Mbps 1 Gbps 10 Gbps 40 Gbps 100 Gbps

Figure 1. The maximum allowed power budget decreases
with increasing channel bandwidth standards

In order to meet the power budget, the attenuaiiroptical

interconnects should be reduced as much as posEititebecomes
even more urgent as optical networks grow in simk @mplexity,

which drives the need for an increased number oletutive
interconnects along a link. From a connector petsme the biggest
contributor to attenuation is the misalignment toé fiber optical
axis with respect to the circumference of the ferwhich holds the
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fiber. Prior to making a connection, the ferrulek the two
connectors are aligned in a coupler [2]. The eciuitigs effectively
result in a lateral misalignment of the two fibeores, thus
contributing to the attenuation. Over the yeargneators have not
only been improved by reducing the fiber misaligntmelso the
connector end-face geometry has been prescribestaindards
known as the optical interface [5]. However, theraiation is not
fully determined by the design of the connectone@ithat fiber-
intrinsic attenuation effects are often attributedhe performance
of the connector, the minimum attainable attenunaéitso depends
on the fiber geometry governed by the refractideinprofile [3].
As such, subtle differences in fiber geometry ac$éber junction
will contribute to the attenuation.

In practice, the attenuation of a particular imbergect is determined
by measuring the difference in optical output poweor to, and
after connecting the fiber under test (FUT). Thsaaption losses of
the FUT are considered negligible for short-lerfgibrs. Although
this describes a straightforward measurement,viteié understood
that the optical launch has significant impact loe dutcome of the
measurement [6]. For example, when low-order mdieads are
dominantly present as a result of an under-filmeshth (UFL), the
outcome of the attenuation measurement will benogtic as
compared to when an over-filled launch is appliedthe same
interconnect. In the latter case, high-order modes prone to
leakage due to fiber bends and coupling losses,thieaocutcome
may be pessimistic compared to the typical appdinatwhen
VCSELs are employed. To quantify the launch, ong deermine
the coupled power ratio (CPR), which defines thie i&f two scalar
measurements: the total optical output power beddding a FUT,
and the power that would couple into a single-med&. The ratio
is then considered indicative for the presenceoafdrder modes
compared to the high-order modes. UnfortunatelyR G®es not
accurately characterize the launch. To improve lzthonize the
measurement method of multi-mode interconnectsdatdization
committees like the IEC [4][5][6], ISO/IEC [7], TIA[8],
CENELEC [9], and JIS have recently developed amdembupon a
specific UFL known as the encircled flux (EF) labreondition for
attenuation measurements. It prescribes targetth@mear-field
pattern in the reference fiber for the sake of atgde and
reproducible measurements [6]. This metrology isignificant
improvement over CPR, because it incorporatesrtieeaear-field
pattern. In order to indicate the performance sihgle connector, it
may be measured against a reference-grade connedtmh is
defined in the standard as well [5].

From a theoretical point of view, fiber couplingnsilations should
be based on electromagnetic field computationghumg mode-
matching techniques as a means to quantify thagten. Given
that standard multi-mode fibers may support seviesaldreds of
modes, it is a time-consuming task to compute thapling
attenuation for a large number of fiber junctionghwsubtle
deviations in the refractive index profile. Henoag often resorts to
models based on geometrical optics (GO). We haee sisch a GO
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model to evaluate the performance of multi-mode erfib
interconnects. The advantage of this approadfaisatlarge number
of couplings can be evaluated very rapidly. We hdeeeloped
dedicated code that allows us to determine rayclautistributions
that satisfy the EF targets, even for variationshef core diameter
(CD) and numerical aperture (NA) about nominal ealuBy
applying the launch on a large number of receivifitoer
configurations, we modeled the attenuation wittpees to core-
diameter mismatch, NA mismatch and lateral misatignt. As
such, we obtained requirements on intrinsic fiteameters, which
should subsequently enable us to manufacture nefergrade
connectors. While the NA has not been incorporatqulicitly in
the development of EF, it turns out that NA misrhattays at least
as important a role in the coupling attenuation.ndde tight
tolerances on intrinsic fiber parameters have becewen more
important for the development of future multi-modiber
connectors.

2. Geometrical optics approach

To model the fiber, we assume that the refractidex profile of the
multi-mode fiber only depends on the radial dicti
Throughout this paper, the cross-section of therfib considered
as the transverse plane, and is oriented perpdadita the
longitudinal axis, or optical axis, which is aligheith thez -axis.
We assume that the refractive index profile is dbsed by

a
r
n(r) = Neor l_ZA(Ej forr<R, )

Nejadding forr=R

wherengeandngggingdescribe the core- and cladding refractive

index respectively. The core radius is denotedRmynd we assume
that the power coefficiemt = 2 . Further,

2 2
A= Neore = chadding , @
2ncore

so that the numerical aperti¢A) given by

— 2 2 — /
NA = 4/ Ncore ™ Neladding™ N cor 2A . 3)

The cladding is typically pure silica, with an indef refraction
Ngjadding = 1452 at the wavelengtit =850nm. A typical multi-

mode fiber has a core radiRs= 25 pum, andNA =0.2[3]. With
the cladding refractive index chosen fixed, the NAletermined
by the core refractive index in Eq. (3).

The refractive index profile of two multi-mode fifseas described
by Eq. (1) may be different due to variations on @@l NA, so
that an interconnect between the two will exhibitrinsic
attenuation. Such junctions have already been reddeking
modal electromagnetic fields that are associateda tsimilar
refractive index profile as in Eq. (1) by the IE€].[In fact, they
used an unbounded refractive index profile. Moreovie
attenuations due to various receiving fiber geoi@ethave also
been evaluated. Because typical multi-mode fibeay support
several hundreds of modes, studying large numbkedifferent
fiber junctions is a time-consuming task. Partidylaincluding
variations in the transmitting fiber requires théte modal
amplitudes be recomputed in order to assure thechauis EF
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compliant. So for each configuration, the modaldieon either
side of the junction need to be evaluated. Thea,ctntribution
of each mode to the launch needs to be redeternpried to
solving the reflection-transmission problem. To rweene that, we
have taken a geometrical optics (GO) approach srrie the
field in the transmitting fiber that ensures EF qpdiance. By
tracing the rays, we may determine the powgr carried by the

rays that are considered guided in the receivibgrfirelative to
the powerR in the transmitting fiber in less then a seconide T

attenuation follows from

n[dB]= —10|ogO(F%t) . @

In order to compare the GO model with the work thatIEC has
already performed, consider two typical multi-mdideers with
CD=50 um and NA=0.2 and the attenuation versusrdhte
misalignment in Figure 2. The results agree renidykavell,
given the fundamentally different approach and 8lightly
different refractive index profile. For exampleghiorder modal
electromagnetic fields typically have a tail extergd in the
cladding region, a region that cannot be descrivid real-ray
GO, but instead requires complex rays as an extensiGO [10].

25*777777’ﬁ’7ﬁff777T T I A B N B
Geometrical optics : : : : : : : ) :

2ll * Modal theory (R R A Dy B

E ] ] ] ] ] ] | | | | | | | | |
E | | | | | | | | | | | | | |
R ey .
=1 | | | | | | | | | | | | | |
© | | | | | | | | | | | | | |
g 177L74747J77L7L7L7L 0 e
8 | | | | | | | | | | | | | |
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Figure 2. The attenuation versus lateral misalignment
for a typical multi-mode fiber interconnect

In order to gain more confidence in the GO moded also
compared four models incorporating CD mismatched B\
mismatches with respect to a transmitting fibethw@tD=50 pum
and NA=0.2 as shown in Figure 3. The core diam&@®Br and
numerical aperturblAr of the receiving fiber are specified in the
legend. Again, we observe good agreement betweentviio
approaches.

CDr=47.5ym, NAr=0.185_ , _  _ __ __
CDr=47.5um, NAr=0.215§ | | |
CDr=52.5um, NAr=0.185"~
CDr=52.5um, NAr=0.215

<

Attenuation [dB]

I I I I I I
2 3 4 5 6 7 8 9 1011121314 15
Lateral misalignmentym]

[ S

Figure 3. The attenuation versus lateral misalignment
for various multi-mode fiber interconnects
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Based on these results,
configurations which yield up to 0.5 dB of atteriaaf despite
ideal alignment. This means that such a fiber $ijpation
definitely does not permit the desired low atteraratfor the
reference-grade connectors to be achieved. We waistdlike to
point out that other effects, like core non-cireitjaand alpha-
profile mismatch will also affect the attenuatiaiith aid of GO,
these effects may also be readily analyzed.

3. Analysis of subtle parameter variations
Before we proceed to determine sensible toleramresfiber
geometry parameters that would enable the manufagtiof
reference-grade connectors, consider a measureocagability
comparison on core diameter measurement perfornesdra
decades ago [11]. This study showed an intralaboratandard
deviation of 0.5 um, and an interlaboratory agregmeithin
1um was achieved. Similar experiments have recebden
conducted by the IEC on an industry level [12], veheve
contributed as a participant. Moreover, five ydaefore, we also
hosted a similar experiment [13]. Although threeates have
passed, these studies did not show any significaptovements
in measurement capability. From an industry perspedt seems
difficult to measure the nominal value and an ad#gly tight
tolerance. The fiber geometry standard prescrit@asynaspects of
multi-mode fibers, such as mechanical, transmissiamd
environmental requirements, but also dimensionglirements
including CD and NA [3]. Regardless of the well-kno
bandwidth performance classifications like OM2, Ot8 OM4,
the tolerances on the dimensional aspects havieasot tightened.
In fact, the CD and NA are specified by nominalues of 50 um
and 0.2, and tolerances 2.5 um and 0.015 resphctife®
investigate the influence of the respective toleesn we have
conducted a series of experiments for pairs ofrdibeith core
diameters that are uniformly distributed within egsence of set
variation bounds (or limits) indicated on the honml axis
(associated with the black dashed curve) in Figérewhile
keeping the numerical apertures fixed at the nomiradue.
Likewise, while keeping the core diameters fixedrst nominal
value, the worst case attenuation due to variatwnsnposed
bounds on the numerical apertures are shown onséicend
horizontal axis (associated with the red solid elrvThe
horizontal axes are chosen such that each divisioresponds to
1% of the nominal value. It readily indicates tttag attenuation is
much more sensitive to variations in NA than in CD.

Variation bounds on NA only
0.72—0.002 0.004 0.906 0.908 0.01 0.912 0.914

I
o _NAomy
o B CD only,| | | | | |
D05 F A e
gO47777:77777:777,:,,,,:,,,,:, ,,L,,,L,
= i | | | | | |
S GECEEEEEEEED Po e (ERR LR
902 | | | | | | |
202r-———1-"~"17-~= i el R [l i
< | | | [ J\ | |
0.1F---+-= ———_—___—_——-—‘—:\————\————F———#—
A e I

0 0.5 1 15 2 25
Variation bounds on CD onlyin]

Figure 4. The attenuation when variation bounds on CD
and NA are considered independently

Remarkably, the biggest contributor to attenuati®rcurrently
allowed to have the largest tolerance. Upon incating both
tolerances simultaneously in our model, the attBonadecomes
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one may expect that theee a much larger, and can be as high as 1.2 dB for thestwcase

configuration. In view of the development of the EEtrology, it

now seems incomprehensible that the impact of Né\riat been
recognized, and has been incorporated only imjlicne can

now imagine that the worst case attenuation rapigtyeases to
levels that are far too large in view of the avaléapower budget.
However, we would like to stress that such largenratation

measurements are not commonly seen in practiceas$ess the
performance of an arbitrary connector, the attéomaheasurement
should be conducted with respect to a referenadegrannector. A
reference-grade connector permits good alignmerg thu a

negligible eccentricity, and should have an attéonaas low as
0.1 dB when measured against other reference-gradeectors [5].

In view of Figure 4, the choice of the fiber in treference-grade
connector will have a profound impact on the cfasgion of large

numbers of connectors. Moreover, to assure thataefe-grade to
reference-grade connections keep below 0.1 dB,tdkerances
should be tightened, and measurement methods exf d&ometry
improved drastically.

4. Towards reference-grade connectors

The tolerances in the examples shown above ardotmse for
reference fibers. To satisfy the required low attion values, we
have evaluated the worst case attenuation as fumoficombined
variation bounds on CD and NA in Figure 5. For eglanupon
considering all possible configurations where tbescdiameters
of both the transmitting and receiving fiber sati§0 +0.5 um
(highlighted in the figure below), we determinedittlihe worst
case attenuation associated with a variation boond$he NA of
+0.0025 gives a worst case attenuation of 0.1 di& fBlerance
configurations that have a worst case attenuatiof.b dB are
subsequently listed in Table 1.

0.2 -1
0/ ——CD=50+ 0pm
| ——CD=50+0.5m
——CD=50+ 1.0um
—6—CD=50 2.5um*

0.15-

Attenuation [dB]

Variation bounds on NA

Figure 5. The maximum attenuation associated with
variation bounds on CD and NA

The figure above also shows that the variationtdirmay certainly
not be treated independently. For example, consisecase when
the maximum allowed variation on CD and NA ard.® pm and
+0.004 respectively, then wupon considering all ibbss
connections, the maximum attainable attenuationldvexceed 0.2
dB, rather than get to 0.16 dB upon consideringutirelependently
from Figure 4. For reference fibers in referencadgrconnectors, a
tight tolerance similar to configurations listed Table 1 should
be used, albeit even tighter to allow for a firgecentricity. We
may then proceed to determine the attenuationiloligion for
reference-to-reference connections. We argue tlate sthe
tolerances should be so tight, the fibers may né&mdbe
preselected from a normal distribution with a rekly large
standard deviation, so that the eventual collecobmeference-
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grade fibers may subsequently be considered
distributed in CD and NA.

Table 1. Fiber geometry specifications which result in a
worst case attenuation of 0.1 dB

uniijorm

CD [um] NA

50 +0.0 0.2_+0.0036
50+0.1 0.2 +0.0034
50 +0.2 0.2_+0.0031
50+0.3 0.2 +0.0029
50+0.4 0.2_+0.0027
50+0.5 0.2 +0.0025
50+0.6 0.2_+0.0023
50 +0.7 0.2 +0.0021
50+0.8 0.2_+0.0019
50+0.9 0.2.+0.0017
50+1.0 0.2_+0.0015

mean and standard deviation of the approximateds&au
distributions are listed in Table 3. Upon considgrconnector 1,
the variation in attenuation is mainly caused bgmatches in CD
and NA with respect to all reference connectorse Variation is
very close to 0.1 dB, because the connector wasethto have a
particularly small eccentricity. Obviously, the iaion in the
possible misalignment also contributes to the atéon
distribution as seen for connector 4. So to acelyaheasure the
attenuation of a connector with a large eccenyritite alignment
of the reference fiber in the reference conneceuomes even
more important.

Table 2. The fiber geometry specification for four
arbitrary connectors under test

Consider the following reference-grade connectacgigation,
CD 50 +0.5 um, NA 0.2 4.0020 and eccentricitg 0.45 pm,
which we will refer to asefl. It has a worst case attenuation of
0.1 dB, which we have verified by performing 30,&®ulations.
The associated cumulative distribution function hdeng tail as
shown in Figure 6, so that 97% of the referencesference
connections perform better than 0.052 dB. Therefare also
evaluated a less restrictive distributicei2 with the specification
CD 50 +0.6 um, NA 0.2 4.0025 and eccentricity X0 um. This
assures that the worst-case attenuation is 0.1&miBthat 97% of
the connections perform better than 0.1 dB.

Connector CD [pum] NA Eccentricity [um]
1 49.68 0.1916 0.30
2 48.29 0.1877 1.06
3 49.03 0.1890 1.41
4 48.29 0.1877 3.00
0.8 0.8
0.7
— 0.6
205

0.2
0.1
0

0 05 1 15 2 25 3
Lateral misalignment [pum]

0
35 4 Frequency

% 100g.=o. I e Figure 7. Attenuation distributions obtained with

= | ‘ | reference connectors defined by refl.

c T B

-% 80 : J: J: To exaggerate the effect of lateral misalignmemtsider the

3 60 R N I | same four connectors evaluated by connectors fréma t

= ! | | distribution characterized byef2 in Figure 8. The difference

8 4o N S ) between connectors 1 and 4 becomes even more isigijf

° ! ! ! evidenced by the increase in the standard deviation

[

£ 20 B e e S 3 Table 3. Typical attenuation values obtained for two

2 | | | reference connector definitions.

% 0.02 0.04At 0.06 [dBc]).os 0.1 0.12 Ref 1 Ref 2
tenuation
) . o . . Mean Std | Min | Max | Mean| Std | Min | Max
Figure 6. The cumulative distribution function of the dev dev
attenuation of two connector specifications
. . o 1 0.15 | 0.03] 0.09 0.22 0.15 0.04 0.08 0{27

Let us consider four arbitrary connectors, with csjigations i
given in Table 2. We are interested in the attdmabtenuationsif | 2 | 035 | 0.04 023 046 03p 005 023 0552
these would be measuregl qgaipst large numbers fefenee 3 029 | 004 01d 039 020 005 O0.16 0la6
connectors from the two distributions. The CD andl &f these . :
four connectors are below the nominal values, sat tthe 4 0.52 0.04/ 0.4Q 0.6 052 006 0.3 0;73

attenuation will be larger than zero. The spedificaof the first
reference distribution was chosen particularly tighto
demonstrate the effects of measuring an arbitrannector. The
attenuation distribution measured with arbitraryference
connectorsefl are shown in Figure 7. The attenuation is given as
function of lateral misalignment as well as freqoenof
occurrence for each of the four connectors, whileffectively
Gaussian. The minimum and maximum attenuation,edkas the
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Hence, to attain an overall low variation in measluattenuation,
a reference connector should have negligible edcéigs and as
little variation in fiber geometry as possible.the evaluation of
these hypothetical cases, we did not include coreaircularities,
or alpha-profile mismatches, but more importantie assumed
that the variations were about nominal values. Thter
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assumption has serious implications for the meadenaation

evaluated for arbitrary connectors, because ther@dnatch and
NA mismatch with respect to the reference connesterreflected
in the measurements. With the current definitibie, tequirements
for reference connectors may be satisfied, regssdlef the
nominal core diameter and NA of the fiber used, alwvhis not

desirable. If nominal values are not explicitlyrstardized, one
can imagine that many connectors may deceitfullg\muated as
high performance connectors when the reference fibén fact

below nominal, or vice versa. It seems thereforechmmore

sensible to have a well-defined fiber in a wellidedl reference
connector, however, that urgently requires theitghib measure
fiber geometries much more accurately than is ptessivith

currently available equipment or measurement tepghes.

0.8

§ 0.7

0.6
" 05
04
0.3
0.2
0.1

0 0
0 05 1 15 2 25 3 35 4 Frequency

Lateral misalignment [pum]
Figure 8. Attenuation distributions obtained with
connectors defined by ref2.

5. Conclusions

Given that fiber-intrinsic attenuation effects aften attributed to
the performance of the connector, the minimum retae
attenuation becomes dependent on the fiber geometgrned by
the refractive index profile. We have demonstrawgth aid of
geometrical optics modeling, that subtle variationghe refractive
index profile of two standard multi-mode fibersarconnection has
huge implications on the attenuation. In particues have shown
that the attenuation is more sensitive to variationthe NA than it
is to the CD. Unfortunately, the former suffersnfrahe largest
tolerance in standardized fiber geometry specifioat and we
showed that the attenuation may exceed 0.6 dBeulind latter may
contribute up to 0.2 dB when the two are consid@rddpendently.
Upon combining the two parameters, the attenudtgmomes much
larger, and can be as high as 1.2 dB for a woest-canfiguration.
The attainable attenuation exceeds the availableeipbudget for
state-of-the-art fast communication systems. Thustlie influence
of the intrinsic attenuation due to CD and NA mitrhas has been
ignored by the IEC, for example in the developmehthe EF
launch. In order to meet the specification for mefiee-grade
connectors, the tolerances should be tightenediéffenstrated the
measurement of four randomly chosen connectorsefsrence-
grade connectors from two distributions. Referemo@nectors
should have negligible eccentricities, but shoulso abe have
nominal values of CD and NA. Unfortunately, meamert
capabilities for CD measurements have not imprawest the last
three decades. We have demonstrated that meastrespebilities
should be improved urgently, in order to meet thguirements of
the newly developed IEEE applications (i.e. 40 Glapsl 100
Gbps), and for sake of the advance of high-perfoomanulti-mode
fiber optical interconnects.
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