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Abstract—A relation between the —3 dB bandwidths of it would not necessarily be the best solution to distribute such
grad?d-incfieéoplast(i;:l Ogtgg' lf_ibsfs_(G! POFs) an(cji the éOta|_|DO¥Vhef silica-based optical fibers even in premises and home networks.
penalty of 50-m inks is investigated in detail. The ; ; : ;
bandwidth of the GI POF is deliberately varied by controlling the Or;] The other hatlr?d’ ttfthe tpl?St.II(.: ODfFIl;:aI f'%er (EOF)’ hawrlgd
index profile. Itis theoretically and experimentally confirmed that muc arger_core an that ot silica er§, as been e_xpec €
sufficiently high bandwidth on the order of gigahertz is necessary t0 be the office- and home-network medium because its large
for the GI POF, even for several hundreds of megabit per second core allows the use of inexpensive injection-molded plastic
(Mb/s) data rate, in order to achieve the power penalty free in the - connector, which can dramatically decrease the total link cost.
bit error rate performance of the link. In the case of silica-based We proposed a high-bandwidth graded-index (GI) POF for the

multimode fiber links, it has been reported that the launch . . . L
condition strongly affects the bit error rate performances; hence, first time [2], and have reported its bandwidth characteristic

a special launching technology for the silica-based multimode [3]; [4]. For evaluating the optical links in the PMD issue of
fiber is developed to achieve a 1-Gb/s transmission in the gigabit Ethernet and/or IEEE1394 network protocols, maintaining a bit
Etherl?e:‘ prot?ctol._ In thli_S p(?Petfh itci;SI S'(SD?: I_OLiind H‘lar: the gower error rate as low as 10?2 is required. It has not been a trivial
enalty-free state Is realizead In the INK, wnicn IS Inaepen- H H ; :
gent o¥the launch condition, when a Gl POF \;vith a nearly igeal tgsk t.o specify and deglgn the optical PMD portions of the
index profile is used. The Gl POF is a promising physical layer for g!gablt _Ethernet. lr_‘ particularly, the power penalt_y due t(_) th?
realizing stable, high-speed and low-cost data-com networks. dispersion of the fl_ber_ has been fully discussed in the gigabit
Index Terms—Bit error rate, graded-index plastic optical Ethernet S.tandard.lzathn Process, bgcause th? power penalty
fiber (GI-POF), power penalty, refractive index profile, 3-dB in the multimode fiber link c_ould domlngte the I|m|t9(_j optical
bandwidth. power budget [1]. The restricted bandwidth of the silica-based
multimode fiber has been one of the main causes that makes the
specification and designing of the PMD portions very difficult.
In order to cover the conventional multimode fiber having a
INCE the development of lightwave communications withestricted bandwidth in the PMD of gigabit Ethernet standard,
Sﬁbers in the mid-1970s, the major emphasis of research Hhs “offset launching” technology was proposed as a bandwidth
been on the technology of lightwave devices for long-distano@provement method [5], [6].
telecommunications. The single-mode glass optical fiber is oneln this paper, the relation between the bandwidth character-
of the most predictable and stable communication channels eigics of the GI POF and the bit error rate characteristics of the
developed and characterized for such areas. Over the past @leP?OF link is investigated in detail by focusing on the power
years, on the other hand, the data communications market hesalty of the GI POF link. It is found that the high-bandwidth
risen to the forefront in lightwave communications because Gfi POF enables the power penalty-free data transmission even
the ever-increasing need for more bandwidth. The Ethernetiisany launching condition.
now used on more than 80% of the world’s local-area network
(LAN) connected personal computers and workstations, and the
capability for priority-based transmission at 1000 Mb/s ensures
that Ethernet remains well ahead of other LAN technologiés Formation of the GI POF by the Interfacial-Gel
[1]. As a physical media dependent (PMD) issue of the gigatifblymerization Process

Ethernet, the silica-based multimode fiber is adopted to provideThe Gl POF was obtained by the heat-drawing of the graded-
an inexpensive optical link in combination with vertical cavity,qax preform whose diameter was 22 mm. The preform rod in
surface emitting laser (VCSEL) based transceivers. Therefoighich the refractive index gradually decreases from the center
axis to the periphery was prepared by the interfacial-gel poly-
. . _ merization technigue, whose procedure is described as follows
Manuscript received February 27, 2003; revised June 24, 2003.
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I. INTRODUCTION

Il. EXPERIMENTAL
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chain transfer agent. In this paper, diphenyl sulfide was uspdlymerization technique. A detailed preparation process is de-
as the dopant. The PMMA tube filled with this monomer mixscribed in [3]. The refractive-index profile of the GI POF was ex-
ture was heated from the surrounding in an oil bath a@0 perimentally measured by the longitudinal interferometric tech-
to induce polymerization. The inner wall of the PMMA tube isiique [2].

slightly swollen by the monomer dopant mixture to form the )

polymer gel phase. The reaction rate of the polymerization¢s Bandwidth Measurement

generally faster in the gel phase due to the “gel effect.” There-The bandwidths of the Sl and GI POFs were measured by the
fore, the polymer phase grows from the inner wall of the tube time-domain measurement method. As the light source, an In-
the center. During this process, the MMA monomer can easifyaAsP laser diode (LD) at a 650-nm wavelength was adopted.
diffuse into the gel phase compared to the dopant moleculgs input pulse generated by a pulse generator was injected into
because the molecular volume of dopant, which has benzehe POF. The output pulse was measured by a sampling head,
rings in it, is larger than that of the monomer. Thus, the dopaaihd recorded and analyzed by a sampling oscilloscope (Hama-
molecules are concentrated in the center region of the corentatsu O0S-01). Here, the launch condition of the POF is an
form nearly a quadratic refractive index profile [2]. The polyimportant factor in the investigation of its bandwidth charac-
merization reaction rate plays an important role to control theristics. To measure the bandwidth of the silica-based multi-
refractive index profile because it affects the diffusion processode fiber, a steady-state mode power distribution should be
of MMA monomer and dopant molecules into the polymer gelchieved, because the steady-state mode power distribution is
phase formed from the inner wall of the tube. The index profilgenerally established in the real field of silica-based multimode
of the GI POF was controlled by changing the kind and concefiber links that have a longer than several-kilometer distance [9].
tration of the dopant, polymerization initiator, and chain transf@herefore, in order to achieve a steady-state mode power dis-
agent [3]. The GI POF was obtained by the heat-drawing of thébution, all modes should be fully excited by using a mode
Gl preform, carried out at 220-23@. The fiber diameter was scrambler. In this paper, two launch conditions were adopted:
controlled to be 75@m. In this fiber, the core diameter becameainderfilled launch (UFL) and over-filled launch (OFL). In the

approximately 50Q.m. UFL condition, a pulsed optical signal from the LD that already
included a lens system in order to focus the output beam was
B. Refractive Index Distribution directly focused on the input end of the test fiber. At the focal

. o . . . .daoint of the lens, the beam with a 5ufn beam spot diameter
The modal dispersion is generally dominant in the distortidn - !
nd a 12 radiation angle was coupled to just the core center of

qfthe outputoptlc;a_l pulse waveform from the mult!mode.optlc%e Gl POF. In OFL, a pulsed signal from the LD was injected
fibers. However, it is well known that the modal dispersion can

into a 1-m Sl POF first, and then the output signal from the SI

be minimized by forming a quadratic refractive index profile i : )
the multimode fiber, and that the bandwidth of the multmodsCr W25 coupled to the GI POF: by directly butting to the test
iber (Gl POF) on a V-groove. Since the power distribution at

fiber is strongly influenced by the perturbation of the index prcH1e output end of the 1-m SI POF is uniform in the whole core

file. . . . .
. . ._.region (980xm diameter), and since the numerical aperture of
In order to analyze the relation between the refractive ind 3 (980p: ) P

profile and the bandwidth of the GI POF, the refractive indeée S POF (0.5) is sufficiently higher than that (0.2-0.3) of the

distribution in the core of the Gl POF was approximated by theI POF, the 1-m SIPOF is considered as an ideal aII-m.odes ex-
: . citer of the GI POF. Hence, the OFL condition was achieved.
well known power-law equation described by (1)

D. Link Performance Evaluation: Bit Error Rate, Power

ryg71/2 Penalty, and Eye Diagram
n(r) =m [1 —24 (E) } Osr<a @) Currently, the PMMA-based G| POF is a candidate for the

n? —n3 2 physical medium for high-speed office and home networks,
2n2 () Where more than 500-Mb/s 50-m transmission is required, i.e.,
IEEE1394 S-400 and/or gigabit Ethernet. In the IEEE S100 and
wheren; andn, are the refractive indexes of the core center ars200 protocols, a low numerical aperture (NA) SI POF link
the cladding, respectively,is the distance from the core centerwas taken as the PMD standards in less than 50-m distances.
a is the core radius, andl is the relative refractive index differ- In the physical layer of such high-speed network protocols as
ence. The parametgr called the refractive index exponent, calEEE 1394 S400 and/or gigabit Ethernet, maintaining the bit
determine the shape of the refractive index profile. We alreadyror rate (BER) as low as 16? is inevitable [1], [5] in their
showed that the optimum refractive index expongnt,.) of standards. Therefore, the BER in the Gl POF link is a key
the PMMA-based Gl POF became almost 2.4 [7] by taking treharacteristic.
material dispersion into consideration for a 650-nm wavelengthThe BER was experimentally measured in a 50-m
use. PMMA-based GI POF link. As the optical transmitter, a
We reported that the refractive index profile of the GI POEustom-made electric-to-optic converter was used in which a
could be precisely controlled by the interfacial-gel polymerizdabry—Perot type LD at 650-nm wavelength was utilized for
tion technique [3], [8]. The index profile was deliberately variedenerating the random optical bit signals at data rates of 500
from almost idealg = 2.7) to almost step-index (S(y = 8.4) Mb/s to 1.25 Gb/s. The output power from the LD was set to
by changing the polymerization conditions in the interfacial-get4 dBm. The optical transmitter was modulated with-21

A=
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pseudorandom bit signals, and the output signal was detected 1515 R e R A MAAansan
by a custom-made optic-to-electric converter composed of a A ]
0.4-mm diameter Si PIN photodiode (Hamamatsu S 5973-01)

with a ball lens for the eye diagram measurement and the 1510
BER test. The eye diagram was measured with a sampling
oscilloscope, while the BER characteristics were measured by 5
the BER test sets. The link power penalty in dB was determined 2 1.505 f

from the ratio in the minimum received optical power between E
two link lengths: 1 m (back to back) and 50 m. The minimum g I
received power is defined as the minimum optical power that 3 1-500
satisfies BER= 10~12,
1.495 |
[ll. RESULTS AND DISCUSSION
A. Relation Between Bandwidth and Power Penalty 1490 Lot

0 01 02 03 04 05 06 07 08 09 1

Six 50-m pieces of GI POF whose index profiles were de- Normalized Radius

liberately varied were prepared by adjusting the polymerization
conditions of the core of the Gl preform rod [3]. Three represen- 1.530
tative index profiles are shown in Fig. 1, and their bandwidths
are shown in Fig. 2 and Table I. The bandwidth of the GI POF 1.525
(Fiber A) having an almost optimum profilg = 2.7) shown
in Fig. 1 exhibited a higher bandwidth than 3 GHz for a 50-m 1.520
length, while Fiber B having a large index exponént= 8.4)
showed a bandwidth as narrow as 300 MHz for a 50-m length, - 1-515
which is only slightly higher than that of the conventional SI
POF (240 MHz for 50 m).

Furthermore, itis noteworthy that most of these fibers showed
a large launch condition dependence on the bandwidth. For in-
stance, Fiber B in Fig. 1, which has an index exponent of 6.4, ex-
hibited an 840-MHz bandwidth under the UFL condition. How-
ever, it is reduced to less than half (250 MHz) under the OFL 495
condition. Even in the case of Fiber A, as shown in Fig. 2 and
Table I, the bandwidth measured under OFL is slightly lower 1.490 T
than that measured under UFL, although the difference is almost 0 01 0203 04 05 06
negligible. On the other hand, we recently reported that the com- Normalized Radius
pletely ideal index profile could be formed in the PMMA-based 1.520
Gl POF by utilizing a two-step interfacial-gel polymerization [
process [8]. Its refractive index profile is shown in Fig. 3. As
shown in Fig. 3, the index profile is in good agreement with the ~ 1.515 %
best fitted curve to the power-law profile approximation with
an index exponent of 2.45. The launch condition dependence o

1.510

Fiber B

Approximated g value:
1.505 g=6.4 —

Refractive Index

1.500

07 08 09 1

the output pulse waveforms from this Gl POF is shown in Fig. 4. é L3t ]
There is no significant dependence on the launch condition. In 5 i ]
fact, the bandwidth under OFL is rather slightly higher than that 2 1505 b poor o -
yndgr UFL, 'WhiCh is completely opposite to the results shown § | Approximated g value: :
in Fig. 2. This means the group delays of all the modes are well 2 L =84 —_— ]

controlled to have almost the same values. 1.500

These results indicate that the BER performance of the link [
composed of the POF having nonideal and step-index profile | 495 [
would show a strong optical transmitter dependence, becaus
the launch conditions in the real optical link are determined [
by the light source and other optical components. On the other  1.490 bbb b e besc bbb Lo
hand, in the case of the GI POF having an almost ideal index 0 01 02 03 04 05 06 07 08 09
profile (¢ = 2.45 to 2.7), little launch condition dependence Normalized Radius
on the bandwidth was observed. As we reported previousa/, L R . - i

. Representative refractive index profiles of the Gl POF prepared by the

. . . . . g.
th? 'merf_ac'a"?le' pOIYm?r'Zat'on process Is an easy way 1o qnt'erfacial-gel polymerization process. Open circles signify the best fitted curve
tain the ideal index profile [3], [8]. Therefore, the GI POF igo the power-law profile approximation.

™ T

— s
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SMARLARALAARARARSAE TABLE |
Fiber A ] RELATION BETWEEN THE —3 dB BANDWIDTH OF Gl AND S| PO AND
] POWER PENALTY OF A 50-m POF UNK AT 500 Mb/s
E Index -3dB Bandwidth Power Penalty (dB)
OFL exponent g | (GHz for 50m)
o)
< k UFL OFL UFL OFL
f= ] Fiber A 2.7 3.32 2.52 0.0 0.0
= 3
8 ] GI POF 34 2.48 1.32 0.0 0.3
= : 3 -
S UFL ] Fiber B 64 0.84 0.25 06 a4
- . Fiber C 8.1 0.39 0.30 1.8 3.0
: Fiber D 245 3.76 2.76 0.0 0.0
for 100m
d 1 Loyl 1 L L L SI POF Infinity 0.24 0.24 7.1 7.1
500ps/div.
............... T RAREA|
: t Output ]
npu P 3 1,510 .
Fiber B —
E OFL "
~ F / 3 1505 1
o} s ]
< F ||—> ] i
= F ] 3
= d 3 = i —_—» \
=} L h [
S f ] 2 1.500
= d 3 k31 | Fiber D
3 UFL 3 g :
: ] 5 Approximated g
- 3 ~ value; g=2.45
- ] 1.495 F
F al s 1 1 La adaaaa oo |
500ps/div.
T T T T T T T T T T T T T T T T T T T ™ ™rTT rrer i 2 i i L " i L i
F Input Output ' I ' I ] 1.490 0 05 1
3 Fiber C E Normalized Radius
i OFL ]
] Fig. 3. Refractive index profile of the GI POF with the ideal index exponent
3 (g = 2.45). Open circles signify the best fitted curve to the power-law profile
5 ] approximation.
2 :
) ] [rrrrrrrrrfrrrrrrrrrrrrrrrroy T T T ]
= t Input Output ]
k= / . OFL ]
1 L 1 L P Y 1 1 1 1 -

500ps/div.

Intensity (A.U.)

Fig. 2. Output pulse waveform from 50-m Gl POFs whose index profiles are
shown in Fig. 1.

expected to be a promising physical medium for constructin
stable high-speed and low-cost data-com systems.

Using these six Gl POFs and an SI POF as the test fibers,
the relation between the bandwidths and the power penaltiesaf 4. Output pulse waveform from a 50-m GI POF whose index profile is
50-m POF links was evaluated. The BER performances of tpéwn in Fig. 3.
links based on these fibers are shown in Fig. 5, and the relation
between the bandwidth of the fiber and the BER is summarizE®F was difficult; consequently, a critical link power penalty
in Table I. Because of the large modal dispersion in the cowas observed. On the other hand, even if the GI POF has nearly
ventional SI POF, a 500-Mb/s transmission through a 50-m S00 MHz of bandwidth, which seems sufficient for a 500-Mb/s

500ps/div.
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Fig. 5. Bit error rate performance in 500-Mb/s 50-m Gl POF link when the TSN 20.0mv M 200ps7d - —S18ps _498Tv
fiber was launched by UFL condition. : R R e

transmission, the observed link power penalty was larger than
1.0 dB. Furthermore, the Gl POF with a bandwidth higher than
2.5 GHz exhibits the power penalty-free transmission. It was
verified that a bandwidth higher than 1 GHz was required even
for several hundreds of Mb/s transmission in order to maintain
the power penalty-free condition.

B. Launch Conditions Effects on Link Power Penalty

The launch condition dependence of the link power penalty
was also examined in detail. In the case of the silica-based
multimode fibers (MMFs), it is reported that the bandwidth
is strongly affected by the launch condition [6]. Therefore, in
order to achieve a gigabit data transmission in the MMF link
!n the 9'_gab't Ethe_met protocol, an offset launch Condltloﬂg.e. Launching condition dependence of the received eye diagram in a 50-m
is specified, by which only a small group of modes can b® POF (Fiber B) link at 1.25 Gbls.
selectively excited.

In the case of Fiber B, the bandwidths under UFL and OF,

conditions were 840 and 250 MHz, respectively, and the exp%lﬁ? power penalty-free transmission is accomplished under any

) . . I unch conditions when the GI POF with an ideal index profile
imentally measured link power penalty is shown in Fig. 5 an . . L ;
Table I. In Fig. 5, we showed the results only under UFL S used. The GI POF with the ideal refractive index profile en-

can be seen in Table | that as the launch condition was varigd ©> the highly stable communication link.

from UFL to OFL, the link power penalty increased from 0.6 ) ,

to 4.4 dB in the Fiber B link. Eye diagrams of a 50-m fibef>: Theoretical Calculation of Power Penalty

(Fiber B) link at 1.25 Gb/s are also shown in Fig. 6. A good The link power penalty was theoretically calculated by using
eye opening is observed under the UFL condition even attee model based on a power budget calculation [1]. Power penal-
1.25-Gb/s transmission, while serious degradation in the eye tiés are assigned as link impairments such as noise and disper-
agram is observed under the OFL condition, which is attributeitbn. The power penalties are added linearly to determine the
to the critical bandwidth limitation. As a comparison, the launctotal link power penalty as a function of the bandwidth of fiber.
condition dependence on the bit error rate performance in timethe power budget model, it was assumed that the laser and
Gl POF link having an ideal refractive index profile (Fiber Dfiber impulse responses had a Gaussian shape. The model ex-
even in a 100-m link is summarized in Table I. No link powepresses the conversion process from the rms impulse width of
penalty is observed in either UFL or OFL condition. Eye diahe laser, fiber, and optical receiver to rise times and bandwidths.
grams in a 100-m Fiber D link at a 1.25-Gb/s transmission aféese calculated rise times and bandwidths are used to deter-
also shown in Fig. 7. Despite the higher data rate and longer disine the fiber and composite channel exit response and the in-
tance, very good eye openings are observed in both launchiagsymbol interference (ISI) penalty of the optical communica-
conditions. In the case of Fiber A, measured bandwidths undiemn links. The link power penalty was calculated to account for
both launch conditions (3.32 GHz under UFL and 2.52 GHhe effects of some factors such as ($ls1), mode partition
under OFL) would be obviously higher than that required. Thuspise (MPN)(Pypx), relative intensity noise (RINjPrn),

WX Z0.0mv M 200ps7d  —308ps  —49Smv
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. : T TABLE I

i : : : : : : ; CALCULATED ELEMENTAL PENALTIES FOR A50-m GI POF IINK

| UFL . . N S BWrow (MHz) | Prsi (dB) Pypy (dB) Prin (dB) Proa (dB)
200 5.81 1.34<10° 0.0002 5.81
500 0.9 1.34x10° 0.0006 0.9

Therefore, the link power penalty is estimated by (3)—(6) if the
modal and chromatic bandwidths of the fiber are measured.

Modal noise also induces a degradation of optical signal.
The modal noise that is caused by a time-varying speckle
pattern formed by the interference of propagating modes has
been one of the serious problems in the multimode fiber links
[10]. When a mode selective loss (MSL) such as a misaligned
connector exists in a multimode fiber link, the speckle causes
the modal noise. Modal noise penalties depend on the laser
characteristics and the link configurations, which makes it
difficult to express the modal noise inducing penalty by a
simple equation. Furthermore, we already reported that the
modal noise in a large-core Gl POF link is virtually eliminated
[11]. Consequently, the power penalty due to the modal noise
was neglected in the estimation of this paper.

Some parameters required to calculate the power penalty
were determined experimentally, such as the bandwidth of the
fiber, the rms spectral width of the laser, etc. (rms width of
the laser= 0.94 nm, BW.q = 9.4 GHz for 50-m fiber) The
others were set to be their typical values referring to [5]. Before
calculating the total link power penalty, all elemental penalties
shown by (3)-(6) should be calculated. All the calculated
penalties were summed up linearly in dB to obtain the total link
power penalty as a function of the fiber bandwidth. Calculated
elemental penalties are summarized in Table II, wheBedB
bandwidth of the fiber was supposed to be 200 and 500 MHz
for 50-m fiber. From the calculated results of the elemental
penalties, it was found that the penalty due to (Bls;) was
the dominant factor causing the link power penalty, particularly

X 70 0mv : —H200ps/d 700ps — —500mV

when the fiber had a narrow bandwidth. The calculated relation
Fig. 7. Launching condition dependence of the received eye diagram irpgtween the f'b_er bandW'dth_ (fiber length50 m? and the link
100-m GI POF (Fiber D) link at 1.25 Gb/s. power penalty is shown in Fig. 8 compared with the measured
penalties.
and modal noiséPyy ). The penalties are calculated by the fol- A good agreement is observed between the measured results
lowing equations [1], [5]: (open circles for OFL condition and closed circles for UFL con-
1 dition) and calculated results for a 500-Mb/s transmission (solid
Pt — 3) i i S ;
ST = 1”1 125 exp|=1.28(T/T,)7] (3) line) and for a 1.25-Gb/s transmission (brok_en lines), although
1 the effect of the modal and mode partition noises was neglected.
PypN = = (4) Therefore, the link power penalty of the large-core POF link is
1= (Qonpy) dominated only by the bandwidth of the fiber, not by the other
Prix = L (5) characteristics of the fiber, such as modal noise and/or mode
1 - (Qorin)? partition noise. In fact, it was experimentally confirmed that no

whereT is the bit periodT.. is the approximate 10-90% com-modal noise was observed in the GI POF link, even when a large
posite channel exit response tin@,is the value of the dig- Misalignment on the order of half a core radius was deliberately
ital signal-to-noise ratio, angh;px andogy are the MPN and created in the connection of two GI POFs, because the large
RIN noise variances, respectively. There is the following rel&ore diameter (50pm) of the GI POF supports a huge number

tion amongT,., modal bandwidtfBW,,, chromatic bandwidth Of modes. Therefore, it has been shown in this paper that the
BW .4, and receiver bandwidtBW, : power penalty due to the modal noise was 0 dB in a large-core
' Gl POF link.

48 \? 48 \? 35" ine in Fi i ]
Tp = \/( 0.48 ) < 0.48 ) e < 0.35 ) . (6) _ The broken line in Fig. 8 shows the calculated relation be

BW,, BW_.q s BW, tween the fiber bandwidth and the link power penalty at the
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100 T [ | 1 | | found that the penalty due to the intersymbol interference is
[ II ® Measured under UFL the dor_ninant factor _causing the Iink. power penallty. In this
80| | O Measured under OFL paper, it was theoretically and expeqme_ntally conﬂrmgd that
i the Gl POF has a great advantage in high-speed optical data
2 6ol ¢ SIPOF (OFL) ||  communications because of its high bandwidth.
SO \ = Calculated for 500 Mb/s
—g 40 I ‘_ = = Calculated for 1.25 Gb/s | | REFERENCES
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