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Influence of Core Diameter on the 3-dB Bandwidth
of Graded-Index Optical Fibers
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Abstract—The frequency response and bandwidth of multimode quired in LAN’s. The solution is given by multimode fibers
silica glass fibers are investigated in this paper. The theoretical (MMF’s) that have large core diameters (50-1500) to ease
model incorporates both wavelength and modal effects including yhajr connections and large numerical apertures (0.16-0.65 for

power coupling from random microbends. The 3-dBo bandwidth GOF’s) to allow for efficient l t . ductor |
is examined through the study of the fiber transfer function which s) to allow for efficient couplings to semiconductor lasers.

introduces the wavelength and modal effects as two separate filter ~ Unfortunately, MMF’s propagate a large number of modes
functions. The formal derivation of the chromatic transfer func-  having different velocities, thereby producing a signal response
tion is analytical. On the other hand, the modal bandwidth is ob- inferior to that of single-mode fibers. For standard 62.5/125
tained by numence_llly solving the power flow equation in the fre-_ xm MMF’s, the minimum bandwidths are only specified to
guency domain using the Crank—Nicholson method. As an appli- be 200 and 500 MHkm [1] in the 850 and 1300 t
cation, the transfer function is illustrated and subsequently dis- 9 ) an_ m [_] in the an nm rans-_
cussed with special focus spent on analyzing the influence of theMission windows, respectively, under full-mode launch condi-
fiber size in combination with the launching conditions. We show tion [2]. Even though such figures quite satisfy the information
in particular that the larger the core, the greater the bandwidth po-  rate of a number of classical short-range links, it is clear that a
tential of the fiber when operated under selective mode excitation. 2-km long campus backbone cannot be realized for operation at
Some measurements are also carried out and excellent agreementth d of Gigabit Eth £ Until | th divisi i
between this model and data is achieved. € s_pee orL19abi ernet. Untl Wav_e eng '\_"S'On mu_ -
plexing (WDM) technology becomes available and inexpensive,
the potential MMF capacity for digital communication needs a
greater exploitation to meet user need for higher data rates. To
enable for such enhanced performances, several techniques have
been proposed to overcome the intermodal dispersion. The main
. INTRODUCTION options include the use of microbending effects [3], [4], the de-

PTICAL networking has become a major research topic culgn of so-called annealed MMF's [5], and the use of mode-fil-
rently driving much activities in the field of lightwave tech-tering schemes [6], [7]. The first method has the main drawback
nology. Glass optical fibers (GOF’s) do present more tranf1at the bandwidth enhancement from microbends is accompa-
mission capacity and lower attenuation than conventional phyted by additional attenuation due to the coupling-induced loss.
ical media, thereby allowing communication signals to be transhe main problem of the second alternative is that time is re-
mitted at much higher rates over longer distances. This perf@tired to properly design a new generation of MMF's that can
mance follows not only from the propagation of a single oﬂle mass produced, and the resulting cost will be inevitably high.
tical carrier over single-mode fibers (SMF’s) operated in th@lthough these possibilities cannot be ruled out, for a near term
lowest-loss windows (located around 850, 1300, and 1550 nif)Plementation, only the upgrading can provide the lowest cost
but also from the emergence of erbium-doped fiber amplifiep9lution since the existing fiber plants need not be changed.
(EDFAs) and upgrade technologies such as wavelength-difior this reason, the selectlve_-mode excitation teghnlque_ is cur-
sion multiplexing (WDM). Single-mode GOF’s are now widelye”“y attracting much attention as a means of. increasing the
used in many terrestrial and transoceanic communication lifk@ndwidth-distance product [6], [7]. The motivation behind the
and these wide area network (WAN) applications are expecteggsent work is to contribute to a discussion concerning this al-
to keep on growing. The main objective of fiber-optic link oplernative. The analysis presented in [7] was mainly focused on
erators is to extend the fiber coverage to smaller local area g€ Study of standard 50/125 and 62.5/}@8 MMF's in the
works (LAN's) in the view of enabling the simultaneous hansituation where the axis of the incide_nt beam i; shifted from
dling of various services (voice, video, data) through all-opticii€ core center (“offset launch”), and little attention was given
systems. The problem of concern is that single-mode fibers tf@the axial launching. Because the smallest number of modes
are widely installed in WAN links appear to be impractical fof@n only be excited by positioning the beam spot against the
use within LAN’s. As a matter of fact, the small core diam¢ore center, we believe that this method of excitation should po-
eter (typically 10zm) of SMF’s would be incompatible with tentially cause the smallest dispersion. Moreover, since a few

the manifold junctions, connectors, couplings that are often féW-order modes are involved, which propagate near the fiber
axis, this technique can be expected to cause much less power

loss in comparison to the offset launch.
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tion tools reported in the existing literature incorporates the irelationship [11]. In this case, we have recently shown that
volved parameters together. The main parameters include titghin some conditions that are expected to be satisfied in
combined effect of material dispersion and source linewidth [§}ractice, the complex transfer function of such MMF’s can be
[9], the launching conditions [7], and the mode-dependent paodeled by a product of two filter functions as follows [12]:
rameters (i.e., propagation delay [8], attenuation [10], and the

couplmg_coe_fflment [3], [4]). The 3-dBo cutoff bandwidth of Hyinir(Ao, 2, 0) = Hepromatic(A0s 7, @) Himodal (Ao, 2, w)

the fiber is discussed through the study of the transfer function 4)
which introduces the wavelength and modal effects as two Sgfsere Heomatio( Ao, %, w) and Huoda(Xo, 2, w) represent

arate functions. The formal derivation of the chromatic transfgp,omatic dispersion and modal dispersion, respectively. The
function is analytical, whilst the modal transfer function is Obparameters appearing in argument of both functions are the
tained by numerically solving the power flow equation in thg,sepand angular frequenay the transmission wavelength
frequency domain. This calculation is followed by a clear evaj(0 and the transmission length

uatio_n of the total r.1u_mber.of mode groups initially exgited in Equation (4) expresses the latent idea that chromatic and
the fiber. By examining this development the bandwidth beyqga) dispersions are independent effects and can be evaluated
hawor can be physically understood. Furthermore, the '"USt@éparately. Under the assumption that the power spectral
tive curves show how the parameters of the beam should figsjty of the driving source has a Gaussian lineshape with

chosen to achieve a desired signal response. Special attenfigims linewidtho, the chromatic transfer function can be
is spent on analyzing, for the first time, the influence of the coggycylated exactly, yielding [13], [14]

and outside diameters. We show in particular that the size of

the core increases the bandwidth potential of the MMF under 1

restricted mode launching condition. All computer simulationd ciromatic(Xo, 2, w) = —————=7
L Lo ) : (1+ iw/wa)/

are based on studying high-quality silica glass fibers fabricated 5

by Plasma Optical Fiber. Some measured results are also pre- X exp [_M} (5)

sented showing excellent agreement with theory. 2(1 +iw/w2)

Il. THEORY in whichw,; andw, have been introduced as abbreviations for
We consider the class of circular symmetric graded-index B 1
(GRIN) fibers described by the refractive index profile w1 = —[oaDo(A0)7] 6)
(rA) = n (W[ = 2A(N)(r/a)*]V/? for0<r<a
mrA) = ni (W)L — 2A(N)]Y/? forr > a )
1) Wo = {O’i[So()\o) + 2D0()\0)/)\0]Z} (7)

wherer is an offset distance from the core centeis the wave-
length (in free-space}y is the index exponeriix > 0),71(A\)  whereDy()o) is the modal velocity dispersion averaged over all
is the core peak indexA\(\) is the refractive-index contrast, andguided modes anfly (o) is the averaged dispersion slope. It is
a is the core radius. important to realize that for a system operated around a zero ma-
Multimode optical fibers described by (1) support a large btrial dispersion wavelength, the chromatic effect is not neces-
finite number of modes which are particular solutions of thearily negligible because of the presence of the dispersion slope.
Maxwell's equations. Guided modes propagating along the fibEherefore, this term cannot be systematically ignored even in
are clustered into families in which modes have almost sirthe zero dispersion region. It is also worth noting that (5), (6)
ilar propagation constant. From the WKB analysis the propagand (7) are the same as those describing chromatic dispersion in
tion constant of mode groups can be derived analytically, whisingle-mode fibers. The difference for MMF’s is only that av-
leads to [8] eraged values have to be used fag(Ag) and So(Ag) in order
12 to include the contribution of all guided modes. This causes the
n1(A) 2a/(at2) chromatic transfer function as defined in (5) to slightly depend
p= 2WT 1-2A(N) [m} @) on all parameters that determine the propagation, i.e., launch
conditions, distributed loss and mode-coupling.
wherem stands for the principal mode number aid\) isthe ~ The modal transfer function involved in (4) is given by [12]
total number of mode groups that can be potentially guided in

the fiber.M () is given by [8] [} 2zR(x, z,w) dx
12 Hinodtl 0,7 ) = fT x R(z, 2,0) d ®)
(N [eA() g “HIUL, £, 1) G
M) = 2ra— [a+2 ®3)

wherezg = 1/M(Ao),z = m/M(Xg) and R(z, Ag, z,w) IS

the modal power in Fourier domain. The numerator in the right

hand side of (8) is a normalization factor representing the total
We consider a multimode fiber characterized by dhelass power at positiore. The modal power distribution is described

refractive index profile defined in (1) as linear in its input-outpuby the following power flow equation which incorporates not

A. Dispersion Analysis
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only modal delay but also distributed loss and mode-couplimtispersion. The constant term in (13) leads to an overall

effects [4], [15] exp(—iwzN; /c) factor to the complex transfer function and

can be ignored in frequency response simulations.

) The modal attenuation is incorporated in the model by fitting

= —liwr(z, do) + (@, )JR(w, do, z,0) proper function to the measured data. For this the following
19 OR(x, Ao, 72, w) functional expression is proposed as approximation

o e, d) ©)
Az, A) =20 + 70N, [z - 20)*/ @] (15)

whereo()) is the attenuation of low-order modek, is the
X > pth-order modified Bessel function of the first kind, ands a
normalized toM™ (o). weighting constant. Of course, as in the case of modal delay, itis
the difference in modal attenuation (differential mode attenua-
tion, DMA) that determines the influence of the distributed loss.
Equation (9) can be solved exactly using certain approXfhe first term in (15) leads to an overall factep[—~o())2] to
mations [3], [4]. Here, we consider the more general situatiahe solution and can be dropped. To obtain the numerical values
where all the coefficients are mode-dependent. In that case,giche DMA parameters, we have fitted (15) to the measured
simple analytical solutions are available and the modal transt&ita presented in [16], which yielded= 9 andn = 7.35.
characteristics can be obtained only by using a numericalFinally, the mode-coupling coefficient needs to be specified
method. Before presenting the numerical procedure, let us fitstproceed to the solutions of the power flow equation. The
specify the functional forms of the mode-dependent parametetsupling between guided modes may result from multiple ori-
[i.e., 7(x,Xo),v(x, Ao) and d(x, Ag)] as well as the fiber gins including internal imperfections as well as external per-

OR(z, Mo, 2, w)
0z

wherer(z, Ao) is the modal delay per unitlength(z, Ao) isthe
modal attenuation ant{z, Ao) is the mode-coupling coefficient

B. Solutions of the Power Flow Equation

launching conditions. turbations. Consequently, it is an impossible task to evaluate
1) Mode-Dependent Parameter§he modal delay per unit the coupling phenomenon in the general case and one can suc-
length can be derived from (2) using the definitiof, A\) = ceed only through simplifying assumptions. Internal sources of

—\?f3' /(2wc) where the prime denotes the derivation with remode-coupling may be the consequences of core noncircularity
spect to wavelength andis the speed of light in vacuum. The[17], crookedness in the lie of the fiber axis or refractive index

calculation leads to fluctuations [18] caused by the fiber fabrication process. In prin-
ciple, in modern glass fibers,the influence of the core diameter
() = Ni(A) {1 CAMWHE+ G(A)]xm/(mﬂ)} variations due to the fiber fabrication process should be negli-
’ c o+ 2 gible because those perturbations should extend over many cen-
20/(a42) —-1/2 timeters, so that the phase matching condition is unsatisfied for
X [1 — 28Nz } (10) modes belonging to different mode groups to exchange energy.

On the other hand, because we deal with modern silica glass
in which N1 () is the group index ane()) is the profile dis- fibers made on using the high-performance PCVD method, we

persion parameter, respectively, given by will also neglect the effect of refractive index variations. In other
words, we will consider only random microbends caused by ex-
N (A) = ni(N) = Al () (11) ternalforces to be the most dominant source of mode-coupling.

A valuable study of this subject was previously presented by Ol-
shansky [4]. We adopt here the same approach together with the
selection rules of next neighboring mode group approximation,
but we modify the form of the curvature spectrum to bring in
the fiber external diameter [19]. In so doing, we found the fol-

) ) o o lowing functional expression for the normalized mode-coupling
In case the weak guidance rule is sufficiently satisfied, formulgefficient

(10) can be approximated by [8] B\ 2 4 +27°3
d(z, ) = C, <3> (3) [cm(x)} 22 (16)

20, () AA(A)
W="Fy Ay

(12)

T(,’L’,)\) _ Nl()\) |:1+A()\)01()\).’L'2a/(a+2) .
c with

2 g/ L
+AT(N)C2(N) J+- @® g =2(c—3)/(a+2) (17)

in which whereC; is the mode-coupling constarit,is the rms height of

the deformation andl is the total radius of the fiber.

; _ To allow for computation, numerical values are required for

withZ =1,2. (14) . )

the coupling parametef€’;, ~). For this, we formally set to

1 »m and choosé€’, such a way that the predicted attenuation
It should be mentioned that it is the differences in modal delay a given transmission length coincides with the measurement.
(differential mode delay, DMD) that determines the intermodale obtained”'s = 6.5 10> km~! which quite yields the 1.24

(20 — D — 2 — Le(N)
fa+2)

Ce(N) =
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dB/km value supplied by Plasma Optical Fiber for a 93/12%- By taking (1) into account and introducing the Snell-Descartes
fiber operated at the 1300 nm wavelength. law

From (16), it can be noticed that for two different fibers ] ]
drawn such a way that the ratig/b remains constant, the one nisin(8;,,) = n(r, A) sin(6) (19)

having the largest outside diameter will be less susceptible%fgzerem is the refractive index of the medium in which the

microbending. On the other hand, if the fiber size is maintain ident ray is propagating{ ~ 1 for air), (18) becomes

to a constant value, the mode-coupling coefficient increases
with larger core. Another comment that can be made from th% _ 27r711()\) [1 —2A(N) (ﬁ)a _ n72()\) sin?(6; j)} 1/2
above relations is that for large valuescafthe parameteyq is A a ! o (2'0)

positive, which causes the coupling coefficient to increase W'E]quating expressions (20) and (2) shows that the principal mode

decreasinge. In the step-index casgr = ~o), in particular, . .
q = 2 and accordinglyi(z, \) varies inversely withe*. This number corresponding to the propagated ray is given by

demonstrates that low-order modes are more strongly couplgd_ /() {(7’>a

than high-order modes in step-index fibers. The result is the a

converse in the nearly parabolic-index version. This difference 2 12 (a+2)/(22)

: : yp ion. . + 2r3(NAW)]  sin(6,0) } . @y

in behavior between the two types of profiles was previously

confirmed by measurements [20]. The axial launching of the fiber by a Gaussian beam is schemat-

2) Launching: A variety of light-coupling methods can beically described in Fig. 1(a) where represents the spot radius.
applied to multimode fibers [6], [7]. For the present applicdt should be mentioned that Gaussian-shaped beams can readily
tion, we consider two cases, namely, the uniform launchidg obtained from semiconductor lasers using classical projec-
and the axial excitation with a Gaussian input beam. In thi@n means (e.g., lens doublet). In such a launch technique, the
former case, the initial power distribution is by assumptiohighest order mode group is excited by the plane-wave com-
the same for each mode and can be formally set to unigonent striking the fiber input surface at the maximal offset dis-
In the latter case, the mode excitation can be simulated t&ncew from the core center and at the maximal numerical aper-
computing the launching efficiency as the overlap integrélire sin(é; .,). The latter can be viewed as the minimum be-
of the electrical field of each fiber mode with the electricaween the numerical aperture (NA) of the incident beam and the
field of the incident light. Strictly speaking, this calculatiorfiber local NA at the lateral distanee. This approach is correct
should be carried out for the proper refractive index preince our theory approximates guided modes by a continuum
file of the fibers in consideration. But, this is not an easfl2].
task since the modal fields can be determined analyticallyThe numerical aperture of the Gaussian beam is approxi-

in terms of known functions only fory = 2 and o = co. mately given by the relation/(rw). For A = 1300 nm and
However, as long as the refractive index remains nearly pas-= 3 m, for example, we obtain an NA of 0.14, which is less
abolic, as it is the case here, the distribution of the initidhan the NA of current glass fibers (0.16—0.65). Accordingly, we
power is not expected to differ significantly from that ofcan reasonably assume that for relatively large spots, the NA of
the perfectly parabolic profile. It is therefore appropriate tthe Gaussian beam is smaller than the local N .dh that case
use the results of overlap integral calculation displayed e havesin(; .,) = A/(ww), according to the above definition.
[21], [22]. We equally assume that the fiber axis is welHence, by substitution into (21) and denoting the number of ex-
aligned with the beam axis, and that its end surface is weited mode groups by,,, we obtain
positioned in the focal plane.

Together with the power distribution, the initial modal disMgb = M(\) { (g)“
tribution plays a large part in the determination of the signal a
response of the fiber. Even though the number of initially ex- 9y (a+2)/(20)
cited modes is not directly involved in the dispersion model, + [27r2n§()\)A()\)]_1 <i> } . (22)
its derivation as a function of the beam parameters should help w
to physically understand the bandwidth behavior. More impor- |nghection of relation (22) shows that the number of excited
tant]y, such a development can prowdg a verltablle. theoret_l de groups goes to infinity when approaches zero or when
basis fpr amore controlled choice of the input con.dltl_ons during goes to infinity. It should be kept in mind, however, thig,
areal |mpl.ementa.t|0r'1 of the selectlve—mqqe excitation. Th?rﬁfust not exceed the maximum number of mode groups imposed
fqre, we will quantltqtlvely_/ eva!uate the initial m_ode group d_'Sby waveoptics and expressed in (3). More precisely, the input
tribution when the fiber is axially launched with a Gaussiafiyn il excite all the modes supported by the fiber if the beam
beam. overfills the core region or if it forms a small enough spot. Be-

Let us consider a light ray entering the fiber at incident angi@een the two situations, it is noteworthy that an optimum op-
¢;,» and propagating at an anglewith respect to the fiber axis eration point exists for which a few modes as possible can be
as explained in Fig. 1(b). We have the following relation for thgxcited. The optimal spot radius that we will denoteday;; is

axial propagation constant of that ray obtained by solving My, /0wl ., = 0, which yields
2/(a+2)
27 = : A
5= 20,3 cos(®) a9 o = AT |0y )
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valid in our model [12], the error involved using the simpli-
fied representation by Hermite—Gaussian or Laguerre—Gaussian
modal fields should not be significant. It is therefore convenient
to adopt the calculation results of [21], [22].

3) Numerical method:The numerical integration consists of
discretizing ther and > variables to form a rectangular lattice.
At each point(<, k) of the grid the derivatives are approximated
by an appropriate finite difference which determines the choice
of method. A variety of such schemes are given in the litera-

Y ture. Here, we will adopt the Crank—Nicholson implicit proce-
Fiberm dure Whl(_:h yleld_s a stable solution that converges more rapidly
U_7 than ordinary difference methods [16], [23]. For this, et
andh, be the segmentation steps of the variablemnd z, re-
spectively. The power flow equation wiffi(x, Ao, 2, w) can be
replaced by a set of finite-difference equations with; =
Fig. 1.  Description of the launching. (a) Geometry of fiber excitation with ai}(z:;, Ao, 25, w) Wherez; = xq + jh, andz, = kh.. Using
axial Gaussian beam and (b) ray trajectory. the Crank—Nicholson implicit scheme, (18) is transformed into

w

Fiber core

(b)

Formula (23) is well-known from waveoptics-based calcula- AjRj—1 1 + BiRjpry + Ci R4
tions in the particular case of parabolic index fibésis = 2). =DjRj1p+EjRjn+ FjRjp1x (24)
Thus,wep, Was usually considered to be the spot radius of the
beam that excites only the fundamental modes. However, itVYéth
anticipated that the matched Gaussian beam does excite tyod; = —h.d;/h2
mode groups and not only one, regardless of the core diami-B; = 2 + h.(iwT; + ;) + ho(zj41dj41 + 2;d;) /(2;h2)
eter. This will be more appreciated through illustrative curveg C; = —h.xj11d;41/(x;h2)
but can readily be verified by inserting (23) into (22) fo= 2. D;=—-A;
This corresponds to six excited modes when taking the two-folfl E; = 2 — h.(iw7; 4+ ;) — ho(@j41d41 + x5d;)/(x;h2)
degeneracy of the mode groups into account. So, in contrast tof; = —C}

the previous suggestions, this result quite demonstrates, that one (25)
mode group cannot solely be launched with a central Gauss¥4nere

beam, even though in practice the fundamental modes will be dj = d(z;, \o)

maximally excited. This finding gives the explanation why the 7 = (2}, Ao) (26)

calculated optimum bandwidth of a standard 62.5/4#%fiber

at 1310 nm was found to be relatively small (10 GHz) [7]. If
the fundamental modes were excited alone the fiber would hakiee unknownd?; ;. can be computed from (24) if the boundary
much behaved like the corresponding single-mode version atmhditions are specified. For this, our choice is the following:
the bandwidth would have been several times or even an order of OR(ze. \

magnitude larger than the obtained 10 GHz, owing to the small OR(z0, Ao, 2, w) = —(iwTo + Y0)R(x0, Mo, 2, W)

material dispersion around the wavelength of measurement. The 9% P \

recorded small value means that the fiber response was addition- + Mody [M} (27)
ally influenced by modal dispersion due to the presence of the I =20
second-order mode family.

The discrepancy between ray optics and wave optics is to be
connected with the fact that Hermite-Gaussian and Laguerre-
Gaussu’;}n mode f'e"?'s are ofte_n used in the d_erlvatpr_l of .ttllﬁe boundary condition (27) stands for the propagation equa-
overlap integrals, which results in nonzero coupling efficienci %n of the fundamental modes, while the upper boundary con-
only for odd values of the principal mode number22]. The ’

problem is that the Hermite—Gaussian and Laguerre—Gaus qg'non (28) is established by considering that leaky modes do not

modes follow from the assumption of an infinitely extendeéanSport significant power, which should be a realistic assump-

; . lon. It is worth mentioning that once thi; ;. are determined,
square-law medium. This theory that regards the core as an yn- . o L
o - ) e modal transfer function can be derived by approximating
bounded region is not very realistic for a real fiber surround

by a cladding, so “even” modes should practically carry sorge) by any suitable numerical integration method. Here we have

energy as well. For this reason, the Hermite—Gauss and Hg—ed Simpson’s rule in the frequency response simulations. The

g . X rgsults will now be shown and discussed.
guerre—Gauss approach should not, in a strict sense, be usedin

the dispersion model. Instead, the overlap integrals should be
computed numerically from the Maxwell’s equations in order
to include the contribution of every propagated mode. However,We analyzed the dispersion characteristics of ternary GRIN
because the mode-continuum approximation is presumed tofibers with a Ge@—-F-SiG core and F-Si@cladding. These

v = (@5, Ao)-

Rz, o, z,w)=0 forz> 1. (28)

Ill. RESULTS AND DISCUSSION
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®

Fig.2. Refractive-index profile of the studied glass fibes®:«) Measurement 5 10 15 20 25 p” 5
on PCVD preform( ) Best fitted index difference(r, Aq) — n(0, Ag) s di
with o = 1.9. pot radius, um

) . . . . Fig. 3. Total number of excited mode groups as a function of spot radius for
fibers are fabricated by Plasma Optical Fiber by the high-pe#rying core diametex: ) 2a = 148 pm, (—-) 2a = 93 pm, (-- - - - - )

formance PCVD method. A small amount of fluorine (0.004¢ = 62.5 um.
mol-%) is uniformly doped over the core and cladding regions.

The core center has a 13.5 mol-% of germanium which is gr%oups, regardless of the size of the core. More importantly, the
ually decreased in the lateral direction to form the grading. W¥ect of the core diameter can be analyzed in the same figure by
enable computer evaluations, it is assumed that the refrac@éﬁnparing the curves by pair. The presence of crossover points
indices of the core and cladding materials follow three-tergyn pe noticed. Because the number of guided modes determines
Sellmeier functions of wavelength [24]. These choices of pge level of modal dispersion, these regions mark the points from
rameters yield a numerical apertu¥e\ ~ 0.2 in the 1300-nm \yhjch the considered fibers will practically show inverse band-
wavelength region, and the core exhibit a refractive index pr@jigth performance. More precisely, for an incident beam having
file that can be approximated with anfactor close to 1.9 (see 5 spot radius lower than the crossover value, the largest core
Fig. 2). On the other hand, the material dispersion versus wa¥emple will propagate more modes than the thin-core one and
length characteristic shows a zero crossing near 1300 nm gfgrefore will exhibit less bandwidth. This result will be the con-
a—94-ps/nmkm value at 850 nm. The dispersion slopes at thgyrse if the beam spot radius is larger than the crossover value.
same wavelengths are found to be 0.1 and 0.4 p5kim re-  of course, these qualitative predictions should hold true only
spectively. For the rest of the work, the 1300 nm region will bgy transmission distances not exceeding the characteristic cou-
uniquely considered. The frequency responses as embodiegaYg length. It should equally be noticed that because the fiber
(4) are simulated based on three different fibers spooled on SRPsponse depends not only on the number of guided modes but

arate 30 cm-drums and measuring 2014 m in length and havilgo on the power distribution and further parameters as indi-
62.5/125, 93/125, 148/2Qam core/cladding diameters, respecgated earlier, the crossover points may slightly shift in the band-

tively. width domain. The results of Fig. 3 will be more appreciated by
The number of mode groups excited by an axial Gaussiggference to further curves.
beam is reported in Fig. 3 as a function of the spot radius, forrig. 4 shows the frequency responses OB#125 um fiber
the three different fibers under consideration. It can be obser@dransmission length of 2014 m. The simulations are made for
first that projecting a small spot onto the center does not nec@fo types of launching, that is, the SMF-to-MMF butt-joining
sarily constitute a restricted launching, but a large number ghd the complete mode filling showing the influence of mode-
modes, or even all the modes that can potentially propagaigupling. In the former case, measured data are also reported.
could be excited. This is so because the local numerical apgfe driving source was an SMF-pigtailed module employing a
ture is the highest in the core center and corresponds to the vglassical Fabry—Perot laser emitting at the central wavelength
numerical aperture of the fiber. In other words, the positionings 1308 nm. The measured frequency response was recorded
of a small beam spot against the center of the core should leagiéthg a 3-GHz network analyzer (HP 8702A). From Fig. 3,
the same bandwidth than the overfilling of the core region witfie following observations can be made. First, we see that in
a large spot. the SMF-to-MMF launch case for which both experiment and
In accordance with earlier indication, each characteristic theory are compared, the characteristics show excellent agree-
Fig. 3 is seen to exhibit a minimum corresponding to two modeent. Second, the results confirm that more bandwidth can be
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Fig. 4. Frequency responses of the 93/128 fiber at 1308 nm wavelength
under two different excitation condition$s——) SMF-to-MMF launching
(theory), @ ¢ ¢) SMF-to-MMF launching (experiment)— —) Theoretical
simulation under overfilled launching (OFL) including distributed loss an
random perturbation effect(------ ) Theoretical simulation under OFL
excluding random perturbation effect.

Fig. 5. Frequency responses of the 148/a00fiber at 1308 nm wavelength
under two different excitation conditioné-——) SMF-to-MMF launching
Qheory), @ ¢ o) SMF-to-MMF launching (experiment)— —) Theoretical
Simulation under overfilled launching (OFL) including distributed loss and
random perturbation effect(------ ) Theoretical simulation under OFL
excluding random perturbation effect.

gained by mode-coupling. This improvement follows fronbandwidth is to be connected with the larger number of excited
the fact that the mixing process forces the total light energgodes. This interpretation is in line with the solid curve in
to travel at an overall speed that is an average of the modfag. 3 since the SMF beam results in a spot radius @ing
group velocities [25]. Since no extra mode is excited durirgpproximately.

propagation, the average speed is less than that of an otherwid¢is convenient to verify further in terms of fiber bandwidth
similar fiber having no mode mixing. This explains the higheihe initial modal distribution as displayed in Fig. 3. For this, a
signal response. Another observation that can be made freaties of frequency responses were simulated showing the ef-
Fig. 4 is that the full-mode excitation yields a much lowefects of the spot radius and that of the core diameter, separately.
frequency response with respect to that of the SMF-to-MM&ome of these results are reported in Figs. 6 and 7. The upper
launching. This behavior remains true in the presence pért of Fig. 6 plots the dependence of the standard fiber band-
random perturbations. The 3-dBo bandwidth is found to bedth on launch spot radius, whilst Fig. 7 plots the frequency
0.87 GHz in the full launch case and 9.10 GHz (not shown mesponses of the three fibers for a constant spot radius @ifriL9

Fig. 4) in the SMF-to-MMF launch case, which is far beyondlVe see that the shape of the curve in Fig. 6 is consistent with the
the detection limit of the measurement system. These reswt®pe of the dotted characteristic in Fig. 3. In particular, the op-
clearly demonstrate that the input conditions play a much mdisum spot radius providing the highest bandwidth is found to
significant role in providing a large bandwidth than the randotme 7.8.:m, which coincides with the optimum operation pointin
perturbations combined with a normal excitation. Intention&lig. 3. From Fig. 6, it can also be noticed that the optimum spot
microbends could be built in the fiber to increase the couplingdius is not critical but its value can vary over a certain range
strength and rise the potential signal response, but this willthout significantly altering the bandwidth performance. This
cause extra power penalty as a result of the tradeoff relatisof interest if a practical implementation of this technique is to
between bandwidth and coupling-induced losses. be realized.

In order to analyze the influence of the core/cladding Fig. 7 also reflects quite well the modal picture shown in
diameters, we have reported the frequency responses of g 3. Indeed, we see that the 3-dBo bandwidth increases
148/200um sample in Fig. 5 where the curves have the saméth larger core. We found it useful to compare the highest
significance as in Fig. 4. Again, a good agreement is obtain8eiBo bandwidth in Fig. 7 (16 GHz) with that of the standard
between simulation and measurement for the SMF-to-MMB2.5/125.:m fiber under optimal launching. The latter can be
launching case. The corresponding 3-dBo bandwidth is 2.88rived either from the upper part of Fig. 6 or from the lower
GHz, whilst it is found to be 0.75 GHz for the complete angart which shows the full optimum frequency response. The
uniform mode excitation regime. Compared to the previoussult is 8 GHz, which corresponds to a twofold reduction
values, we see that the bandwidth for the same launchiwgh respect to the bandwidth of the 148/2@6n sample
condition is reduced with higher diameter. This result is quite in Fig. 7. This clearly demonstrates that the large-core fiber
agreement with the theoretical studies. Indeed, in the full-motlas more bandwidth potential. The physical reasons behind
launch case the bandwidth reduction follows from (16) whicthis trend are not thoroughly understood yet. We believe that
shows that the coupling strength reduces with larger outsittes should mainly result from the fact that the difference in
diameter. In the SMF-to-MMF launch case the reduction in th@opagation constant between next-neighboring mode groups
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effect, thereby allowing for a large coupling length. The easy
/ connectorization of large-core fibers can also be mentioned as
\// an additional advantage. The main worry concerns the modal
noise immunity of such selective systems and eventually their
higher sensitivity to mechanical agitation compared to those
using the classical overfilled launching. The latter problem
can be prevented by properly optimizing the input connector
2 6 10 14 18 and by reinforcing the cabling. The modal noise aspect is not
() Frequency, GHz investigated yet, but we are of the opinion that the immunity
Fio 6. Characteristics of the 62.5/128n fiber at 1308 enath: should not degrade significantly. It may even rather improve
d:egp.eridenceargfc sgr?dl\?vsid?h oﬁ be.am Z;potl rzzjialljs and r(]g)] \(I)Vrzjit\i/r?\ﬁrr:ﬁgfré(gi)erwg)'; th? fo"F’W‘”g reasons. The light engrgy will essen,tla"y b?
response. contained in a few low-order modes guided near the fiber axis.
In that case, indeed, Saijonmaa and Halme have shown that the
. . . modal noise may be dramatically reduced at fiber-fiber joint
is inversely proportlongl to the core diameter [26] _and therefo 52]_ On the other hand, because low-order modes have the
reduces as the core IS enlarggd. It can be ”_Ot'cedv howe %'allestdivergence, the outgoing beam will be easier to image,
that a low-frequency dip someumes appears in _the freque ﬁ\éreby minimizing its susceptibility to produce modal noise on
response. The presence of the dip was already slightly appac[fﬁrat receiver side. It is also worth mentioning that if the modal
from Fig. 4 (in the S.MF'tO'MMF launch case). It may affect foise cannot be completely suppressed, the resulting residual
broa_d-l_aaqd transmission performan_ce and therefore may ¢ Sfer penalty can be compensated by the greatly reduced
the limitation of the potential bandW|dth. to values much Iow. ispersion penalty that will necessarily follow from the large
than the the_ 3—dBp cutoff.frequency avaﬂgble. Future \{vork WiBandwidth enhancement. As a result of this study, we propose
be done to |n.vest.|gate t.h's phenomgnon In more detgll. that, because the size of the input beam spot determines the
. To end this dlspussmn, we b_elleve that_the axial Iaun lective operation, this parameter be considered, from now on,
into the core pro_wdes a promising alternative for fenhanqr}% a figure of merit for optical transmitters that are to be used
the bandwidth-distance performance of LAN’s wired Wlt}?n MME networks.
multimode fibers. It is clear from the above study that under
selective operation, MMF’s can transmit much larger bit rates
over longer distances than usual. In particular, using this tech-
nigue, the speed and distance requirements of Gigabit Ethernefhe dispersion behavior of GRIN silica-glass fibers is theo-
could easily be met. As far as restricted-mode launching ristically and experimentally presented. The theoretical results
concerned we dare say that the thick-core fiber is the ma@st obtained using a newly-developed dispersion model which
appropriate. As we saw, its bandwidth is not necessarily lowieicludes both distributed loss and mode-coupling effects. In this
than that of an otherwise similar fiber but having thinner corenodel the fiber frequency response is described as a product of
Instead, the forgoing work shows that the large-core fiber camo separate functions regarded as frequency responses caused
exhibit equal or even higher response than the thin-core onéyf chromatic and modal dispersions.
the launch conditions are properly chosen. On the other handThe analysis of computer simulations and measurements are
the size of the fiber is useful for minimizing the microbendingnainly focused on the influence of the core/outside diameters

Optimum response, dBo
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in conjunction with the input conditions. It is emerged that [8] R. Olshansky and D. B. Keck, “Pulse broadening in graded-index op-

Soudagar and A. A. Wali, Appl. Opt., Vol. 32, p. 6678, 1993.

minimizing the intermodal dispersion than the mode-coupling (g) m. 3. Adams, D. N. Payne, F. M. E. Sladen, and A. H. Hartog, “Optimum
from random perturbations. The results also show that the size  operating wavelength for chromatic equalization in multimode optical
of the fiber core does not constitute an obstacle to achieving a__ fibers,”Electron. Lett, vol. 14, pp. 64-66, 1978.

low dispersion. On the contrary, this study quite demonstrate%o]

M. J. Yadlowsky and A. R. Mickelson, “Distributed loss and their effects
on time-dependent propagation in multimode fibeAgpl. Opt, vol. 32,

that thick-core MMF’'s may exhibit larger bandwidth than pp. 6664-6678, 1993.
thin-core ones if the input conditions are properly chosen(t1l S.D. Personick, “Baseband linearity and equalization in fiber optic dig-

ital communication systemsBell Syst. Tech. Jvol. 52, pp. 1175-1195,

Because thick-core fibers additionally present little sensitivity 1973
to microbending and also because they are easier to connepiz] G. Yabre, “Comprehensive theory of dispersion in graded-index optical

we believe that they are the best appropriate if a selective-mod
excitation technique is to be implemented.

e fibers,”J. Lightwave Technalvol. 18, pp. 166-177, Feb. 2000.
[13] J. Gimlett and N. Cheung, “Dispersion penalty analysis for
LED/single-mode fiber transmission systemd, Lightwave Technaql.

Let us mentiona posteriorithat the selective-mode launch vol. LT-4, pp. 1381-1392, 1986.
which consists of initially coupling energy only into a given [14] E--G. NeumannSingle-Mode Fibers Berlin, Germany: Springer-

subset of propagating modes should not be too difficult tq15)

Verlag, 1988, pp. 246-247.
D. Gloge, “Optical power flow in multimode fibersBell Syst. Tech. ,J.

achieve in practice. As we saw, the direct butt-joining of an  vol. 51, pp. 1767-1783, 1972.
SMEF to the MMF could lead to a selective-mode excitation de{16] M. Rousseau and L. Jeunhomme, “Optimum index profile in multimode

optical fiber with respect to mode couplingdpt. Commun.ol. 23, pp.

pending on the core diameter. This is convenient because most 75 578 1977.
commercially available optical transmitter modules terminate17] D. Marcuse, “Coupled mode theory of round optical fibeBgll Syst.
with single-mode fiber pigtails. On the other hand, for MMF’s __ Tech. J.vol. 52, pp. 817-843, 1973.

with arbitrary cross sections, suitable input spots can generall[}%S]

J. N. Kutz, J. A. Cox, and D. Smith, “Mode mixing and power diffu-
sion in multimode optical fibers,J. Lightwave Technaglvol. 16, pp.

be obtained from SMF's and semiconductor lasers using  1195-1202, 1998.
conventional projection means such as lens doublets. In oth&#®] R. Olshansky, “Distortion losses in cabled optical fibessgpl. Opt,

words, there is no apparent tradeoff of having to control thefzo]

vol. 14, pp. 20-21, 1975.
K. Nagano and S. Kawakami, “Measurement of mode conversion coeffi-

mode-launch versus the bandwidth gain in larger core region. cients in graded-index fibers&ppl. Opt, vol. 19, pp. 2426-2434, 1980.
More work will be done in future to complete the evaluation[21] J. Saijonmaa, A. B. Sharma, and S. J. Halme, “Selective excitation of

parabolic-index optical fibers by Gaussian beamdgpl. Opt, vol. 19,

of the potential of large core MMF's under selective-mode 55 2442 2453, 1980.
operation. [22] J. Saijonmaa and S. J. Halme, “Reduction of modal noise by using re-

This work was done within the framework of the Dutch re-

duced spot excitation Appl. Opt, vol. 20, pp. 4302—-4306, 1981.

[23] M. Rousseau and L. Jeunhomme, “Numerical solution of the coupled-
power equation in step-index optical fiberdEEE Trans. Microwave
Theory Tech.vol. MTT-25, pp. 577-585, 1977.

[24] W. Hermann and D. U. Wiechert, “Refractive Index Measurement
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