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Theoretical Investigation on the Dispersion of
Graded-Index Polymer Optical Fibers

Gnitabouré YabreMember, IEEE

Abstract—Various experiments on polymer optical fibers of 100 m [1], [2]. In more recent experiments [3], [4], we suc-
(POF’s) suggest that they present a large transmission capacity, cessfully reached the record transmission length of 200 m. A
but this is not confirmed by the standard theory. In this paper we ¢, gescription of the state of the art regarding POF’s and re-
present a full dlsperspn model based_ on evaluatln_g the frequency lated hnolodies i in 151, H h hieve-
response of the fiber instead of the direct calculation of the pulse ated technologies is to aF_’pear in [5]. _owever, the achieve
broadening from the moments of the impulse response. The Ments have been accomplished so far without real reference to
mathematical formalism is firstly displayed and subsequently prediction tools. The existing simulation models have been de-
?Ft)p"'fgnﬁmi g_lr_%dedTindleﬁ_POF ma|?e Wlith PC;HTetwy”gemzcry& veloped for GOF systems some decades ago and involve some
ate . € Simulation results snow al e basepan H H H id i H H
bandwidth is indeed enhanced due to the strong differential mode apprOX|mat|ons that appef':lr invalid in consideration of pol)_/mer
attenuation (DMA). optl_c_al fibers. On the basis of the star_1da_lrd theory_ as it will be

clarified further, the error-free transmission experiment at 2.5
Gb/s over a 200-m-long fiber that we successfully carried out in
[3], [4] would have been rather problematic.
Inthe present work, we solve the above discrepancy and show
|. INTRODUCTION that the factors that have until now been given little attention

OLYMER optical fibers (POF's) are being developed a&an have a large impact on the data rate transmission perfor-
important high-speed communication media for shorfnance. This model presents a full description of the dispersion
and medium-distance applications. Polymer fibers incIudirY&hi,Ch incorporates all the parameters involved in the determi-

the step-index as well as the graded-index versions have a Idigdon Of the total bandwidth. It is based on analytically eval-

core-diameter (500-1500m) and a large numerical apertureu ting the frequency response of the fiber instead of the direct

(0.2-0.9), which allows for easy connectorization of systenﬁélcmaﬂon of the pulse broadening from the moments of _th_e
and efficient launching from semiconductor lasers or "gﬁlinpulse response. We show that the baseband bandwidth is in-

emitting diodes. Furthermore, they show a complete immuni ed increased in GIPOF’s mainly due to the strong differential

to EMI/EMR (electromagnetic interference/electromagnet/f0d€ attenuation (DMA). Actually, this illustrates the classical
radiation) and a great resistance to mechanical damage %Q_ggﬂlctmg relat_lon between dispersion and loss in multimode
consequence of the intrinsic flexibility of the polymer materiaf P€"S (MMF's) in general. As a matter of fact, the large DMA
On the other hand, the graded-index type polymer optical fibf Nigh-order modes necessarilly causes a large power penalty
(GIPOF) can combine these properties with a large capac ring light propagation, but at the same time |_t yl_elds a band-
for digital transmission. Accordingly, the GIPOF as a physic¥//dth enhl?nc.ement asa resullt ththe mode strlpp:ngl effect.
transmission medium is foreseen to be the best candidatéliq mg et .eals);bto "’ll,p?(y ;e preﬁent "?‘”"jyfs's tol_ any
for the replacement of the metallic cables traditionally usdgultimode optical fiber link, the mathematical formalism

in customer premises networks (CPN's), interconnect ald e>'<plicitly displayed before specific computer simulations
access links. The utilization of conventional glass optical fibe?st“ed to the PMMA-type GIPOF doped with benzyl benzoate

(GOF's) could also be envisaged in these applications, EN) are presented and discussed through illustrative curves.
the corresponding connectors are expensive. In addition gachievedamore than fourfold enhancement in the baseband

fabrication and termination of GOF’s are more difficult tharp2ndwidth in the presence of DMA even if a complete mode
those of POF’s and also the glass material is more expensiyi'd condition is imposed at the input end of the fiber.
than polymer, so the cost of the overall GOF-based system
would be inevitably high. II. THEORY

A number of researchers has previously demonstrated thafve consider the class of circular-symmetric fibers described
undistorted bit streams of 2.5 Gb/s could be transmitted throug{ the refractive index profile
the polymethylmethacrylate (PMMA) GIPOF over a distance n(r ) = {m()\)[l AN (r/a)° T2 foro<r<a

Index Terms—Bandwidth, differential mode attenuation, disper-
sion, optical communications, polymer optical fibers.

ni(A\)[1 — 2A(N)]Y/? forr >a
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radius at which the index(r, \) reaches the cladding valuewherez is the transmission distance andis the so-called cou-
na(A) = ni(M)[1 — 2A(N)]H2. For the following, we will pling length,BW, being the corresponding bandwidth. But this
simply use the identifications; = n;(\), no = na(A) and model uses the uniform launching assumption and also ignores
A = A()), and let the quantities dependence on wavelength thee DMA [9]. Furthermore, it no longer associates the contri-
implicit. bution of the material dispersion which is known to be strong
Multimode optical fibers described by (1) potentially suppoith POF’s. On the other hand, the right hand side of formula (8)
a large but finite number of modes which are particular solutiomentains two unknowns, that iBW, andz.. that are dependent
of the Maxwell's equations. Each guided mode has its own propa the launching conditions and therefore difficult to put on ac-
agation constant and therefore propagates at its own particudarate numerical values. Any attempt to meashii®, andz.
velocity. From the WKB analysis it was shown that propagateshould be altered by a large error because the effect of DMA and
modes are actually clustered within groups in which each mothet of chromatic dispersion cannot be prevented from affecting
has nearly the same propagation constant derived to be [6] the results. The coupling length was estimated in [8] to be 2 m,
n i 20/ (at2)] 1/2 but this value seems too small for ordinary GIPOF’s. This view
8= 27r7 {1 —2A (M) } (2) is supported by the fact that the suggested coupling-length of 2
) e o m is not confirmed by measurements. In the reality, the effect
wherem is the principal mode group number (or principal modgs mode-coupling in GIPOF should be negligible for the fol-
group order) and/ is the total number of mode groups that cagying reason. The length-dependent mode-coupling is a diffu-

potentially be excited} is analytically given by sion process resulting from small power exchanges on imper-
ni [ ol 1/2 fections along the fiber. These exchanges can cause the modal
M= 27ra7 ot 2 @) delay times to be averaged [10] and consequently a bandwidth

The modal delay per unitlength can be derived from (2) usiﬁ;hsncement ifdthe t(;ansmissaion distancg i.S Iﬁn? enough :‘)or
the definitionr(z) = —\23'/(2xC) where the prime denotes©ach Propagated mode to undergo a statistically large number

the derivation with respect to wavelength anis the speed of of interactions before detection. This requirement appears to be
light in vacuum. The calculation leads to unsatisfied if the transmission length is limited to a few hundred

meters as it is for instant the case. This explanation can be best

m(z) = M [1 _ Ma}a/(fw?)} understood by reference to numerical values which compare the
¢ a+2 graded-index POF with a graded-index GOF.
. [1 _ 2Ax2“/(“+2)} —1/2 (4) Propagated modes belonging to different groups most easily
interchange energy when they have field distribution that
in which NV, is the group index and is the profile dispersion strongly overlap, and fiber imperfections are most effective
parameter, respectively, given by in causing this when they present a periodicity equal to the
Ny =ny — ) (5) beat period of the two modes in consideration. If this criterion

is fulfilled, the coupling between leveh and levelm + 1
adds in phase from one interaction to the next and becomes
) (6) considerable. In other words, if we assume that the perturba-
tions are periodic with “wavelengthA, the mode-mixing is
rongest whemh = 2x/|63| [with 63 being given by (7)].
a parabolic standard glass fiber wigh = 62.5 um,
= 0.00962, we obtainA = 1.42 mm. By adopting a

- —27’L1 )\A/
‘TN, A

For further use, let us also express the difference in pro
agation constant between adjacent mode groups. Conside ||%
levelm and leveln + 1, the spacing is approximately given b

88 ~ 83/dm, which yields coupling length of 1 km (which should be a strict minimum
12 for classical GOF’s under normal utilization [11]), this yields a
50 = 2 < oA ) (ﬁ)("_”/("“) ' (7y Minimum of 706 515 modal interactions required to impact the
a \a+2 M dispersion. Let us now consider a parabolic-index POF with

2a = 500 pm andA = 0.0126. The strongest perturbation
A. Background wavelength is calculated to be = 9.91 mm. This will cause

So far two diff ¢ Vi hes h b d202 modal interactions over 2 m, which is insufficient to impact
o far two ditierent analylic approaches have been use ﬁ% dispersion when compared to the result of glass fiber. For a

evaluate the pulse dispersign in polymer optical fibers [7], [§ nger sample of 400 m in length, for example, the number of
The approac_h taken in [7] is _based on O_Ishansky and Kecl Reractions increases to 40 360, but this number is still 17 times
theo_ry [6] which assumesaunlfor_m excitation and neglects b s than that required for the mode-coupling to be efficient.
dlstrlputed _Ioss and nlwod-e-couplmg. Moreover, thesg_ para bviously, the mixing phenomenon is not the reason behind the
ters, in particular the distributed loss, may have a significant Bz ndwidth enhancement in GIPOE's. Additional length-depen-
pa_lcithas we sho:lv Iulr(ther.. gl t {10 ] i tdent power mixing may occur between noncontiguous modes
e approach taken in [8] is an attempt to incorporate Eﬁith smallerA), but this is not expected to greatly affect the

mode-coupling effect in the dispersion model by using the fol- . ) .
lowing bandwidth formula derived in [9] ropagation [9]. Instead of the mode-coupling, we show here

that the strong differential mode attenuation which has been
given little attention until now is in fact the main cause of the
improvement in the fiber dispersion. This trend was recently

2\ /2
BW = BW, <_) ®)

Ze
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shown by some measurements that are to be published in [2 \
but a proper pulse broadening model which would incorpors ~ 1-52 \\
the DMA has not been given. This is the topic of this paper th &L
will be discussed in the following sections. . 1.51 1\
g S~
B. Refractive Index and Material Dispersion % 1.5 \\ T
We assume that the core and cladding materials of the GIP‘?;‘.SE \\77/2
follow a three-term Sellmeier function of wavelength [7], i.e. 1.49
3 Aq k)\2 1/2 ) 1.48 ——
nq:<1+z W) withg=1,2 (9)
k=1 g,k 0.5 0.7 0.9 1.1 1.3 1.5
Wavelength, um
where 4, ;. and A, are, respectively, the oscillator strengtt @
and the oscillator wavelength. The parametgrs, and A,
are often gathered under the term of Sellmeier constants. | € _ 1g0 | e
the ben-doped PMMA GIPOF, these constants are givenin [ £
Once the refractive index is known, the material dispersicg - 300 /'
and the corresponding dispersion slope can be obtain g - 500
respectively, from the definitions ] /
g -700
D=—xl!/c (10) =z - 900 1
&
g - 1100 /
- 1300
S = —(nl + i)/ e. (11) '
The top part of Fig. 1 reports the refractive index of th o o7 Wa?,zength? }lm 1 e
cladding and that of the central core region, whilst the bottom
part plots the material dispersion as a function of wavelength. ®)

In the 650-nm transmission window the previous parameters

can be derived ag; = 1.509, no = 1.490, A = 0.0126, Fig. 1. Refractive index and material dispersion for the ben-doped PMMA
— 1 E3F _ _GIPOF as a function of wavelength. These results are based on the Sellmeier

Ny = 1535, ande = 0.361. These values allow to theo parameters of [7]: (a) Refractive index of the cladding material and that of the

retically determine the numerical aperture (NA) of the fibetentral core region and (b) dispersion of the central core region.
as NA = (n? — n3)/2 ~ 0.24. On the other hand, the

material dispersion at the 650-nm wavelength and the corgrere

sponding dispersion slope are calculated approximately to be

—403 ps/(nm km) and 2 ps/(nrh - km), respectively. o (- Da—-2-jc Withj = 1.+ 5 (13)
J 1(@ 4 2) ’ 3 I
C. Simplified Dispersion Model Using the above modal delay expression together with the

Toallowfor clear demonstration, we found itconvenientto firgtalculation process of [6] (based on evaluating the first three
presentthe dispersion analysis within the simplified theory whighoments of the full impulse response), produces the following
assumes a uniform excitation and neglects both the effects of dipression for the pulse broadening due to chromatic dispersion
tributed loss and mode-coupling. Although these assumptions are
invalid in the general case, this analysis should allow for a bettef chromatic

understanding of the improved bandwidth model. _ oA (_)\On//)Q — 2220 Ny Acy 20
Within the weak guidance rule, formula (4) can be approxi- cAo ! o 200 42
mated by a Taylor series in powers &fz22/(+2)_ The result 9 22 (2a)?
of a fifth-order expansion is given by + NiA%q (a+2)(3a +2)
2a0)2
4NZIA3 Qo
7(x) = % 1+ Acyz?/(0F2) 4 AZeyptea/(0+2) FAAa (o +2)(dr +2)
2ar)?
—|—§A303$6 /(a+2) + 1 ( 02+ 0103)(a+2)(5a+2)
+ 2 Attt o 3O a5, 10a/(at) | | + NZA(18czc3 + 20 )L v
2 Cqal 8 C3 L 1 C2C3 C1C4 (a + 2)(604 + 2)

(12) (14)
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In the same way, the intermodal pulse broadening is caladid Olshansky and Keck [6]. For a system operated within the

lated to be standard low-loss transmission windows, the contribution of the
extra terms may not be significant as long as the weak guidance
Omodal rule remains valid. Their effect will become important if the
ZNIA a+2\"21, a+1 numerical aperture (NA) of the fiber in consideration is fairly
= ; +4Acico——— i ; ; ; i i
2¢ a+1\3a+2 200+ 1 high and if a nearly zero material dispersion wavelength is used.
2 Therefore, dispersion formula [14] and [15] can be regarded as
+ 4A%c, refinements to Olshansky and Keck’s expressions.
(5 + 2)(3ax + 2)
+9A%¢cs (20 +2)(3a +2) D. Full Dispersion Analysis
(da + 2)(5a + 2) . : , .
5 We consider a multimode fiber characterized by dhelass
3 (2a + 2) . ) N . T
+ 18A%¢ye3 refractive index profile defined in (1) as linear in its input-output
(6 +2)(dar +2) relationship [14]. In this case, we have recently shown that
20A3 (2a 4+ 2)(3a + 2) 1/2 (15) within some conditions that are expected to be satisfied in
+ L (6 + 2)(5a + 2) practice, the complex transfer function of such MMF’s can be

o ) ~ modeled by a product of two filter functions as follows [15]
The minimum of the modal pulse broadening can be obtained

from (15) by solving 00 0da1/9) a=a,,, = 0. For this, we will Huynr(#w) = Haomatic (2 @) Hiodal (2, @) (19)

retain only the first two terms in (15) as the most relevant. With

this approximation it can be shown that the minimum occurs f@fhere H ., omaic (7, w) and Himodal(7, w) represent chromatic

[6] dispersion and modal dispersion, respectively. The parameters

(443 +¢) appearing in argument of both fgnc_tions are the baseband an-

5t 2 (16) gular frequency, and the transmission length

. ] Equation (19) expresses the latent idea that chromatic and
The total rms width of the impulse responsg,..i, and the 1,545 dispersions are independent effects and can be evaluated

resultant 3-dBo bandwidth can be determined from (14) aR@parately. Under the assumption that the power spectral den-

(15) as sity of the driving source has a Gaussian lineshape with rms

)1/2 (17) linewidth o, the chromatic transfer function can be calculated

exactly, yielding [15], [16]

Oéopt:2+(:—A

_ 2 2
Ttotal = (Ucllrox1latic + T modal

0.1874 HchronlatiC(Z7 UJ) =

BW = (18)

1 (w/wi)?
—  _exp |-
(1 + iw/wy)1/? [ 2(1+'Lw/w2)}
Ototal (20)
The above relations show that the rms width increases
in direct proportion to the transmission distance, whilst th@ whichw; andw, have been introduced as abreviations for
bandwidth reduces inversely, i.e., the product of the bandwidth
times the length is constant for a given type of fiber. This is the wy = —(J)\Doz)_l (21)
reason why pulse broadening in MMF'’s has traditionally been
described in terms of a constant bandwidth-distance product.
But, it should be mentioned in passing that the inclusion of
the nonlinear parameters (nonuniform excitation, distributed w2 = [03(S0 + 2Do/N)z] ™! (22)
loss, eventual mode-coupling) will cause the bandwidth-dis-
tance product to depend on length to a certain degree. So thilsere Dy is the modal velocity dispersion averaged over all
concept will no longer be meaningful in characterizing thguided modes anf; is the averaged dispersion slope. It is im-
fiber dispersion behavior. Instead, the determination of tip®rtant to realize that for a system operated around a zero ma-
bandwidth-versus-length characteristic will be relevant for linterial dispersion wavelength, the chromatic effect is not neces-
designers. sarily negligible because of the presence of the dispersion slope.
Itis of interest to compare formula (14) and (15) with equiv¥herefore, this term cannot be systematically ignored even in
alent expressions derived by Olshansky and Keck. Firstly, wee zero dispersion region. The fact that averaged values are
note that the third term in (46) of [6] involves a multiplyingused for the dispersion and dispersion slope may cause the chro-
factor2a/(3a+2). Instead, the present intermodulation dispematic transfer function as defined in (20) to slightly depend on
sion formula (14) involveda? /[(a+2)(3a+2)], whichis quite  all parameters that determine the propagation, i.e., launch condi-
in agreement with the correction already reported by Soudadi@ans, distributed loss and mode-coupling. We have to mention,
and Wali [13]. Secondly, it is noteworthy that our calculation inhowever, that, after computation at the 650-nm wavelength, we
corporates more terms in the expressions of the chromatic drae not recorded any significant difference between these av-
intermodal pulse broadenings compared to those displayecenaged values compared to those calculated previously by con-
[6]. This follows from the fact that we used a fith order exparsidering only the material contribution, i.d), ~ —403 ps/(nm
sion of the modal delay instead of a second order expansion &sn) and.Sy ~ 2 ps/(nn?- km).



YABRE: THEORETICAL INVESTIGATION ON THE DISPERSION OF GRADED-INDEX POLYMER OPTICAL FIBERS 873

The modal transfer function is given by expressed in cartesian coordinate (with the core center taken as
the origin of axes) as
1
/ 2¢R(x, z,w) dx V2 72 2
Hupoua(2,w) = 22 (23) Ein(z,y) = Trw exp <—E> exp <—E> (25)

/ 2z R(x,2,0) d

0

wherew stands for the beam spot radius.

We also adopt the simplified approximation that the
wherezy = 1/M, z = m/M and R(z, z,w) is the modal launching field given above excites solely the Hermite—Gauss
power in Fourier domain. The numerator in the right hand sidields of the fiber given by [18]
of (23) is a normalization factor representing the total power

at positionz. As a general ruleR(z, z,w) is a solution of a V@, y) = 1 H <\/§i> H
. . ) . A . v\, Y) = v
partial differential equation (referred to as power flow equation ) wor/ w20V ! Wo
or diffusion equation) which incorporates not only the modal Yy 22 442
delay but also the distributed loss and mode-coupling effects. ) <\/§w—0> €x <— 2 ) (26)

The power flow equation has no analytical solutions and can be
solved only numerically. Such an analysis was previously cawhere H, is the Hermite polynomial of degree andwyq is

ried out in [15] concerning glass fibers and could readily be exeferred to as the beam radius of the fundamental modes given
tended to GIPOF's. As we explained in Section II-A, the contrby

bution of the mode-coupling phenomenon should be negligible 12
over the lengths of GIPOF samples usually considered. In this 1 < Aa )

- wWo= =g | —
case the modal power can simply be calculated as TN

(2A)1/% @7)

The overlap integral of (25) and (26) is calculated from the
following definition where the integration is taken over the input

lane
where C,....;; () is the mode excitation coefficient (or cou-IO
pIing/Igunching efficienc_y)_, and(a:_) is the mc_;de—dependent at- G :/ Ein (2, ) (2, ) du dy. (28)
tenuation. The fact that it is the difference in the modal param- A
eters that causes the intermodal dispersion can readily be veri- .
fied from the expressions (23) and (24). Indeed, it is clear thktiS intégral can be solved exactly, yielding [19]
the shape of the frequeny response will not be affected by mul- 0 for ;¢ or v odd
tiplying (24) by any overall constant factor. Thugx) could G = V2 P |
be replaced byy(x) — v(xo) which represents the differen- Y = piy 10T g andy even.
tial mode attenuation. In the same wayy:) could be replaced mwow /2 plvt
by 7(x) — 7(xo) which represents the differential mode delay, which
(DMD).

To enable further frequency response simulations to be dongﬂ — wo(_l)u/22u—1
incorporating all the parameters involved, the mode excitation T(1/2)T[( + 1)/2]
coefficients as well as the differential mode attenuation must be y F(
specified. Let us discuss these aspects in two separate Sections.

1) Excitation Coefficients:The presence of the excitation
coefficient in (24) permits to use the present model under any 1wl
launching conditionC,.,... ; ¢ () can be evaluated as the overlap =5+ 5 5 (31)
integral of the electrical field of each fiber mode with the elec-
trical field of the incident light. If we consider that the fibetwherel'(z) is the gamma function anl(x1, 2, z3, z4) is the
launching is uniform as did Olshansky and Keck, the initidlypergeometrical function.
power distribution is by assumption the same for each mode and he mean power excitation coefficient of modes in graup
Crme s f(2) can be formally set to unity. This approximation ighat we denote by, can be derived from (29) as
realistic if a light emitting diode is being used as a launching _—
source. But most of experiments so far carried out on the PMMA C. - 1 Z la 2 (32)
GIPOF’s employ visible light beams from semiconductor lasers. T2m o T
Therefore, it is closest to reality to adopt the assumption of a
Gaussian-type shape for the input beam spot [17]. The excitation coefficient as a function of the normalized

We will additionally assume that the fiber is excited centrallgroup numbet: can be calculated as follows. During the nu-
with a laser beam that forms a circularly symmetric spot americal evaluation of (23), using for example Simpson rule, the
the input surface. It is equally considered that the fiber axisvariablex is handled as discrete values From each of these
well aligned with the beam axis, and that its end surface is welilscrete values;, the corresponding mode group number
positioned in the focal plane. The field of such a beam can ederived as the integer nearest to the product; and the

R(x,z,w) = Crmeysr(z) exp[—v(z)z] exp[—iwr(x)z] (24)

(29)

720/2 —1/2,1/2,1/2,1/2) (30)



874 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 18, NO. 6, JUNE 2000

z-dependent excitation coefficient is simply computed by iden- 146
tlfylng Ormeff(xi) to C,,.
2) Differential Mode Attenuation:The other parameter re-

quired in the computation of the modal transfer function is the 142
differential mode attenuation. The modal attenuation originate:
from conventional loss mechanisms that are present in a usu
fiber, that is, absorption [20], Rayleigh scattering [20] and loss £ 138
on reflection at the core-cladding interface [21]. These differeni g
loss mechanisms act on each mode in a different manner, whic .
causes the attenuation coefficient to vary from mode to mode.§ 134 /
For example the fiber boundary has a strong effect on mode
near cutoff but little on the fundamental ones. Because of thegcg
multiple origins of the DMA, the modeling of this phenomenon <
is not an easy task. Even though we may succeed through sin
Slifying assul;nptiofns, the retsultipg mﬁqil \_/;/ill eneg/itadblllc%{ in}tr(i- 126 /‘

uce a number of parameters for which it may be difficult to
find correct numerical values. We believe that as it is a commor -'—'--‘—‘--.—f
practice to systematically mesure a fiber attenuation inthe usu: 122
transmission windows, it should be the same for the DMA. Suct
measured data could readily be incorporated in the dispersio 0.2 0.4 06 0.8 1
model by fitting an appropriate function. For this, we suggest ta
use the following functional expression for the distributed loss

130

Principal mode number x

Fig. 2. Mode-dependent attenuation (MDA) as a function of the normalized

g(y/((y_,_g)] (33) mpde ordemj: The bu_llets represent the measurements repprted in [22,
Fig. 7(c)], whilst the solid curve is the fitted MDA formula (33) with= 11
andn = 12.2. Note that the curve is properly shifted in order to take the
minimum attenuation of 124 dB/km into account.

¥(x) = vo + volp[n(x — o)

where v is the attenuation of low-order modes, is the
pth-order modified Bessel function of the first kind, ands a
weighting constant. [ll. SIMULATION RESULTS

The question now is to put proper numerical values on the
parameters appearing in formula (33), for the computation to beWe have carried out computer simulations for the graded-
possible. Unfortunately, no measured DMA data for POF’s existdex type POF having a PMMA uniform cladding and a gradu-
in the literature yet. However, various measurements on gladly varying concentration of benzyl benzoate dopantin the core
optical fibers show that, more than anything, the DMA in decl/]. It is assumed that the exciting light source emits a visible
bels as a function of the principal mode group number deperlight near 650 nm and has an rms linewidth of 0.5 nm. These
on the wavelength and on the numerical aperture (NA) [233re the characteristics of the MQW laser diode specially devel-
[22]. In other words, the fiber materials seem to have no sigped by NEC Co. for high-performance POF systems, and that
nificant effect on the DMA shape as long as the refractive ind&e used in previous transmission experiments [3], [4].
conforms to a circular-symmetric profile law in accordance with Fig. 3 reports the chromatic, intermodal and total bandwidth
the definition (1). Therefore, we will adopt the profile of [22,0f a 100 m-long PMMA GIPOF as a function of the core re-
Fig. 7(c)], but we will vertically shift the curve to accommo-fractive index exponent for the 650-nm wavelength. These plots
date the estimated minimum attenuation of 124 dB/km of POFase based on the analysis of Section 1I-C which assumes a uni-
[23]. Although a modification of the data is proposed for POF'dprm excitation and neglects both the distributed attenuation
this approximation that the DMA profile is the same as that @nd mode-coupling. The chromatic bandwidth is seen to show
GOF’s may seem rough at first glance, in particular if accountligtle dependence on, which means that the material disper-
taken of a possible influence of the size of the core. Because, fien is the dominant contribution in the transmission window
numerical results obtained here are quite in line with previogsnsidered. On the other hand, the modal bandwidth shows a
transmission experiments, as we explain further, we believe théghly peaked resonance with This is the well-known char-
this assumption should present a large degree of validity. The aeteristic feature of the grading. With the present choice of pa-
sults are reported in Fig. 2. The fitting of measurements of [2Bdmeter-values, the maximum turns out to be located around
to the empirical expression (33) leadsgip~ 2.8 102 km~—!, an «-factor of 2.33, which quite corresponds to the value cal-
p ~ 11 andy ~ 12.2. Itis worth noticing from these values thatculated from expression (16). Another result that can be noted
the strength of the DMA in POF's follows mainly from the facfrom Fig. 2 is the presence of crossover pointsrat~ 2.27
that the minimum attenuation is extremely large. For compaand s ~ 2.39 between the chromatic and modal characteris-
ison, the minimum attenuation of single cladded fluoride glasigs. This shows that the total bandwidth may mainly be limited
fibers in the 1300 nm transmission window is less than 1 dB/kmeither by the modal dispersion or the chromatic dispersion de-
that is,go < 1.26 km~1. Future experiments on POF samplepending on the value of the index exponent. As shown by the
could be done for a better understanding of the DMA behavi@olid curve in Fig. 2, the chromatic dispersion will essentially
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15 17 19 21 23 25 27 29 341 Fig.4. Frequency responses of a 100-m-long PMMA GIPOF for a wavelength
Index exponent of 650 nm and varying index exponemt = 2.1, 2.3,2.4. These plots result
from formula (19) within the assumption of a uniform excitation in the absence

Fig. 3. 3-dBo baseband bandwidth of a 100-m-long fiber as a function 8f distributed loss and mode-coupling.
refractive index exponent for a 650-nm wavelength. All three curves are based
on the results of analysis presented in Section II-C: (——) Total bandwidth, (-

-) Modal bandwidth(- - - - -) Chromatic bandwidth. 0 N

s,
ous,
v,

N\ S
limit the total bandwidth fory; < o < o, whilstfora < a; D 3 \‘ '\.\
ora > «o the modal dispersion will cause the main limitation. 4 \ ) ~.
But these comments are valid only if the approximations relate & \\ N
to this model are likely to be satisfied. We will show furtherthat 3 _ g \ R
the modal response of the GIPOF greatly enhances due to t‘i; ~ \
strong differential mode attenuation. e V

Before discussing the full dispersion analysis through illus § -9 A ,"
trations, it is of interest to firstly verify its consistency with OI- 5 \ .,
shansky and Keck’s theory when the same approximations a - ,g
imposed. For this, a series of frequency response simulations t 8 - ,
been done under the assumption of uniform excitation, consta= T
mode attenuation and absence of mode-coupling. Some of the
results are displayed in Fig. 4 where plots of the fiber frequenc - 15
response for a sample length of_lOO m and a varying index e 1 3 5 7 9 11 13 15 17 19
ponent of 2.1, 2.3, and 2.4 are given. The 3-dB baseband bar
widths corresponding to the three valueswdre found approx-
imately to be 2.0, 8.3, and 5.6 GHz, respectively. These valugg 5. Modal frequency responses of a 100-m-long PMMA GIPOF for an
exactly match with those obtained from formula (18). We hav@dex exponent of 2.1 and a wavelength of 650 nm: ( ) Uniform excitation

e . . . . without DMA, (——) Gaussian beam excitatiom = 250pm) without DMA, (—
also separately verified through various numerical simulations

2:) Uniform excitation with DMA; The dotted curve represents the chromatic
not reported here, that the chromatic and modal bandwidths dedguency response given for comparison.
culated from expressions (20) and (23) coincide well with the
values calculated from formula (14) and (15), respectively. Lptoving the modal response of the GIPOF. It can be observed, in
us mentiona posteriorithat the bandwidth is defined here agarticular, that the bandwidth enhancement caused by the DMA
the half-power frequency of the modulus of the transfer funés dramatically large. The modal response with DMA is even
tion over the distance considered. seen to become superior to the response due to chromatic dis-
The modal frequency response simulations are displayedpiersion. Obviously, this result shows that the DMA is a deter-
Fig. 5, where the effects of the launching condition and that ofining factor for accurate assessment of the baseband band-
the differential mode attenuation are shown. For comparisomwadth in POF'’s, and consequently it cannot be excluded from
dotted curve is reported in the same figure representing the ftee model as it has been the case for glass fibers.
quency response due to chromatic dispersion. These results irig. 6 plots the total fiber bandwidth as a function of trans-
dicate that both the Gaussian beam excitation (with overfilledission length, showing a comparison between Olshansky and
core diameter) and the presence of DMA are favorable for irdeck’s theory and the improved model including the effect of

V4
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P
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/
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\ It is also of interest to mention that because the bandwidth
of the GIPOF is essentially limited by material dispersion (as a
consequence of the DMA effect), its operation under a restricted
mode excitation using the techniques described in [24] to sup-
port increased transmission rates in GOF's should not result in
~ a significant bandwidth improvement. Nevertheless, a selective
mode launching scheme could be implemented in the view of
. benefitting from the minimum loss advantage. In that case, in-
N i deed, low-order modes are involved that propagate near fiber
axis with the slowest attenuation, which should cause a dramatic
\ reduction of the inline power penalty. A limited mode launch of
the GIPOF in the center of the core may reduce the mean at-
— tenuation of 164 dB/km [3], [4] to the minimum of 124 dB/km
N — [23] or less. In other words, the 32.8-dB power loss over the
200-m-long sample may drop to 24.8 dB or less. In this way
one could release at least 8 dB in the power budget, thereby al-
lowing for a less sensitive and certainly less expensive receiver
40 80 120 1§0 200 240 280 320 360 400 (e employed.

Fiber length, m In summary, since the DMA in GIPOF’s affects both disper-

sion and loss to a considerable degree, it becomes a determining

Fig. 6. Total 3-dB bandwidth of the PMMA GIPOF as a function of, ; ; ;
transmission length for an index exponent of 2.1 and a wavelength of 650 nfr"?ll:Ctor in the choice of system parameters. Accordlngly, a gOOd

(—) Result of formula (18), (~-) Result of formula (23) including DMA.  kKnowledge of the DMA will be of prime importance for link de-
signers and users. Also, always owing to the large effect of this
cg\arameter, its clear understanding can no longer be bypassed if
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DM'?‘ Itis clear agaml that the DMA enhances the tota]lc bandy, ) opriate network standards are to be developed. Although a
width to a considerable extent. Indeed, it can be seen from Etributed loss curve that would directly be measured using a

figgre that at least a fourfold bandwidth _enhancement may B8poF sample is not expected to depart as much from the shape
gained. For example, the 3-dBo bandwidth corresponding 6‘?Fig. 2, this experiment needs to be done in future.
a 200-m-long sample is found from the simplified dispersion

model to be 1.0 GHz but it increases to 4.4 GHz in the pres-
ence of DMA. This result is more consistent with the error-free V. CONCLUSION

transmission experiment at 2.5 Gbh/s that we achieved in [3], [4]. , . : . 5
Most important, the dash-dot curve of Fig. 6 indicates that theWe have described the dispersion behavior of laser-based

PMMA GIPOF has greater potential than suggested by previo%rs‘rjlded_mdex polymer opt|_cal flber_systems. Th!s model -
or§orates all parameters involved in the determination of the

experiments. It appears that the data rate can be mcreasecg eband bandwidth, in particular, the differential mode attenu-

EO 8.7 a:ircld I4.Li1f?hblsl thr?ugh :he ilOO— ant()jl 20(]3—m—lﬁnr% S;Tptligﬁbn that was ignored in the standard theory. The mathematical
sesepe?s Xril ,errori‘rss ?raiosl:n(i:sesianZF 2 b(iat (r)atzu(;:f 2 SOGllgli \%gvelopment Is based on analytically evaluating the frequency
P ’ ' response of the fiber instead of the direct calculation of the

a 300-m GIPOF can even be realized. These predicted figure§ . .

P . . Ulse broadening from the moments of the impulse response.
should be vernfled in future experiments. Consequently, it h_ Scan be used at any wavelength under any input condition
become a reality that the PMMA GIPOF can span longer dI|sh'cluding the fiber excitation by a Gaussian-shape beam spot
tances than those foreseen so far. As an example, one could &0 1 is closest to most practical applications
visage the coverage of medium-size building backbones with P PP X

- . o We have shown that the 3-dBo bandwidth is enhanced in
this type of GIPOF provided that a sufficient power budget “BipoF's mainly due to the strong DMA. The numerical results
be made available. )

are quite in line with the transmission performances obtained
previously. Since this simulation tool can be used to establish
more likely performance limits, it should be useful to the design
of more reliable GIPOF systems. We believe that this analysis
As mentioned before, the fact that the GIPOF bandwidth ifs an important milestone for the development of gigabit links
creases with a strong differential mode attenuation is unsim-graded-index polymer optical fibers.
prising. During the propagation of light through the fiber, high-
order modes that have the fastest attenuation gradually lose their
energy and only a small fraction of the number of guided modes
supported by the waveguide have significant power to be de-The author would like to thank Prof. G. D. Khoe, Dr. H. de
tected. In other words, the bandwidth enhancement follows froaardt, and Ir. H. P. A. van den Boom for continuous and helpful
the filtering effect of the DMA. This in fact reflects the clas-discussions. He equally acknowledges useful discussions with
sical trade-off relation between dispersion and loss in mullr. T. Ishigure from Keio University, Japan, about the parame-
mode fibers in general. ters of the PMMA material.

IV. DISCUSSION
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