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Abstract
Higher order modes in optical fibers exhibit large, negative chromatic dispersion when
operated near cutoff. Mode LP02 represents a large negative dispersion than other modes.
Hence, the LP02 mode is used as a dispersion compensator to give a short length dispersion
compensating fiber (DCF). The DCF length is calculated in the wavelength band 1530 -
1570 nm. It is found to be 25.168 m per 1 km long of the conventional single-mode fiber
(SMF) at 1550 nm. Furthermore the dispersion slope and relative dispersion slope is
obtained for (DCF) and (SMF).

I. INTRODUCTION
The transmission speed and capacity of optical fiber transmnission systems have been increasing rapidly over
the past few years. However, transmission capability of conventional fiber nehtorks is limited due to system
attenuation and dispersion. Whereas attenuation tends to decrease the repeater spacing, dispersion limits the
bandwidth of the data which may be transmitted over the fiber. With the advent of erbium-doped fiber
amplifiers (EDFAs), limitations due to fiber attenuation hiave been virtually removed in the gain-band. Since
the uise ofEDFAs requires operation in the wavelength region around 1550 nni, clromatic dispersion will be
the primary limitation to future upgrades in embedded networks comprised of conventional single-mnode fibers
with zero dispersion wavelength near 1300 nm.

Much installed SMFs are designed for the transmiission at 1300 nm optical windowv and have a considerable
chromatic dispersion (typically about 20 ps.ninfl.kini') at the currently preferred wavelength, 1550 mn. To
increase the transmission capability of conventional fiber networks, various dispersion comiipensationteclhniques have been developed in the recent years. This includes: dispersion compensating fibers (DCFs) [1],
the use of dispersion compensation based on dual-muode optical fibers [2], the use of optical fiber Bragg grating
[3,41, and the use of nonlinear optical plhase conjugations [5,6]. Tomizawa et al. proposed anothercomrpensation technique based on an automatic dispersion equalization [7], and also, compensation using
soliton transmission was developed in many studies [8, 9].
The DCF which htas a negative dispersion coefficienlt at the signal wavelength is the most practical means to
compensate for chromatic dispersion for reasons of muanu:facturabilit, stability over temp?erature changes, and
wide band dispersionl compensating chlaracteristics.
In this work. the large negative waveguide dispersion thlat occurs for higher order modes in optical fibers near
CultOff will be used to compensate thle chromatic dispersion in a successive form. Thlis technique was first
proposed by Poole et atv [10], but the dispersion slopes of the single mode fiber and thle compensating fiber
were not considered in his work. Ideally, all of the optical power in the compensating fiber is in the desired
higher order mode whose cutoffwavelength is close to the operating wavelengthl.
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As a first step in our work, dispersion compensation will be achieved ifthe total dispersion ofthe SMF and that
of the DCF are miiatched. Because the dispersion of the DCF can be quite large near cutoff, relatively small
lengths of DCF are needed to compensate a given amounts of positive dispersion. The second step to get a
better control is to mnatch the dispersion slopes of the SMF and the DCF as well. This can be achieved if the
ratio of slope to dispersion (Relative Dispersion Slope, RDS) for the SMW equals that of the DCF [11].

In the proposed system, two mode converters nIUst be uased. An input spatial mode converter is used to convert
the spatial mode of the single mode fiber into the ligher order tmode of the compensating fiber (LP02 in tiis
work), and an output mode converter is used to convert back to the fundamental mode in the output single
mode fiber. Various mode converters have been reported which rquire a high conversion efficiency
broadband operation, and low insertion loss [10, 12].
In this paper, we study the dispersion of the higher orders mode, and use the large negative dispersion LP02 to
compensate the dispersion of SMF. In Sec.I1, the dispersion of SMF and higher order modes is presented. In
addition we present the dispersion slope and relative dispersion slope of SMF and DCF. The restults and
discussion are given in Sec. III with a summary of findings. This is followed by the conclusions in Sec. IV.

II. MODEL ANALYSIS

The total chromatic dispersion in a SMF, DT, is given by:

DT=DM +Dw, (1)
'where DM and D,v are the material and waveguide dispersion parameters, respectively. The material dispersion
is due to the wavelength dependency of the refractive index, n, of the fiber material. The parameter DM is
expressed as [131:

2 d2nD,,,, = --* di2- (2)c d22
The variation of the refractive index, n, with the wavelength, ?, is given by the well known Sellmeier equation
[14]:

12n (i-+ 27 (3)
wvlhere ai and bi are constants depending on the germuania doping ratio in the fiber core.

The wvaveguide dispersion arises from the propagation constant of a mode and is also a function ofwiravelength.
The waveguide dispersion, Dw, is given by [10]:

DtZ=\1 1T-(V), (4)8 ;rac
where T(V) is a dimensionless function given by [101:

V)}= V2 dju2V (5)
U anld V are paramneters defined, in terms o:f the core radius, a? by [15]:
U=a (k2ni2 _l2 ) - (6)
V =kan1VYA. (7)

The interdependence of the waveguide parameters U and V is determined by the characteristic equation which
expresses the bounldary conditions of thse mode field at the core cladding interface II 5J:
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{/J'- ([1) W Kt,()(8)
wlhere W2 = V2 - U2, J, (LI). and K, (W) are Bessel and modified Bessel functions. and I is the first mode
numnber determining the azimuthlal symmetry of LPIm mode.

Setting W = 0 yields the cutoff valuesj,-, (u) = 0 . For I = 0, this includes the roots of the Bessel
function J-l (U) = -J1 (U), which we shall count so as to include J,(0) = 0 as the first root. We. tllen, can
obtain the cutoff values indicated in Fig. 2 for the modes LPO, and LPIm. In the limit of W-*c, we lhave
J,(U))=0. Thus, the solutions for U are between the zeros ofJu(U) and J1(U).

For example, for thie fundamental mode, LPO,, the cutoff value is the first root ofJ,(U) = 0. And in the limit of
WV-+0, the first root ofJO(U)=0 represents the limit of U. As shown in Fig. 1 [15], the values ofU for LPol are
in the range 0 < U < 2.405.

TMIN tM02

Fig. 1. Tlhe regions of paranmeter U for modes of order 1= 0, 1.

To get the waveguide dispersion Dw of the higher order modes, we try to solve the characteristic equation of
the mode field Eq.(8) by using the iteration mnethod for the values of U(V) for each mode. Substituting U(V)
into Eq.(5), we can find T(V) and consequently, one can calculate the waveguide dispersion, Dw.

In conventional SMF operating in the findamental mode, LPO, at 1550 nm optical window, material
dispersion, which has a positive sign, typically dominates. But the waveguide dispersion for the higher order
modes is expected to be negatively large compared to the material dispersion near cutoff. The material
dispersion is the same for all modes, while the waveguide dispersion is different for each mode of the fiber.

The conidition for perfect dispersion compensation is easily [14]:
D L1 ±+D2 'L2 = (9)
wlere DI is the total dispersion of SMF of length LI and D2 is the total dispersion af the DCF of length L2.
Therefore:

:-(DI /D2). (10)

For practical reasons, Lo shoulld be as small as possible. Thlis is possible only if the DCF has a large negative
value of D--.

Howvever. Optical pulses still experience broadening becaluse of highler-order dispersive effects. The dispersive
effects do not disappear completely at ;zero-dispersion wavelength X. = p7n Ths feature can be unlderstood by
noting that the dispersion cannot be made zero at all wavelengths contained within the pulse spectrum centered
at Xk1,. Clearly, the wavelength dependence of D will play a role in pulse broadening. Higher-order dispersive
effects are governed by the dispersion slope S. and it can be wxritten as follows [141.
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S =d 2 /)) 43 + (4 C/23 )2( l)

where fl3 = dfl2 /dw = dd3f/d3 is the tlird-order dispersion parameter. At X = XM, 0=. and S is
proportional to J3.

For multichannel high-speed WDM systems, dispersion compensation over a broad wYavelength range is
necessary.This miieans that besides the dispersion it is also necessary to compensate for the dispersion slope.
The total dispersion slope ofthe system is given by [141:

ST = 1SSLS&F + SDCF LDCF' (12)

As seen from Eq. (12), a negative dispersion slope of the DCF is necessary in order to achieve slope
compensation ST= 0. If the length of the DCF is chiosen to give full dispersion compensation DT = 0, then the
condition for full slope compensation is that the relative dispersion slope RDS of the DCF shall be equal to the
relative dispersion slope of the standard single-mode fiber:

RDS&W = RDSDCF (13)

where the relative dispersion slope is defined as the ratio of dispersion slope to dispersion:
SRDS=-. (14)D

III. RESULTS AND DISCUSSIONS

Here are the results obtained for compensating chromatic dispersion that makes use of the large negative
waveguide dispersion of the higher order modes close to cutoff. Relatively small lengtls of the DCF are
needed. To evaluate the waveguide dispersion Dw for hiigher order modes, we begin with solving the
characteristic equation of the mode field at thie core cladding interface, Eq. (8). Using the iteration method, one
can get the values ofU parameter for each value of normalized frequency V.

For example, we can obtain the values of U parameter for LPQ1 mode. Figure 2 displays the waveguide
parameter U as a function of V for LP0I mode. It may be seen that values of U parameter that solves the
characteristic equation are in the samiie bounded values. The same procedure could be done for all other modes
in the fiber. For LP0,> the values of U are bounded between 2.405 < U < 5.520. Figure 3 shows the parameter
U(V) for the LPo2 mode. As shoown, the parameter U hlas values between 2.405, and 5.520.

5.2

1.4LP2md
4.8

1.2
1 4.6

normaLized frequency, V Normaize frequency. V

Fig.2. The wavegulide par-ameter UJ as a function of Fig.3. Trhe wavegulide parameter I J as a fulnctioun of
wvavelength for thle I.P01 mode. wavelengoth for the l P0n mode.
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Through U(V), one can obta-in the waveguide parameter P(V). Eq. (5). Figure 4 shows the furnction T(V) for
the LP01 mode. It is clear that, in the fundamental mode region wlhere V is less than 2.405, T(V) is increasing
(in a niegative value) and has a maximum at V=1. [5. Also, one can notice that T(V) is going to zero outside the
true single-mode region.
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Fig.4. Dispersion paramieter TF(V) versus normialized Fig 5. Dispersioni parameter 'I(V) versuts nonnalized
frequiency for the LPI> miode. frequency for the LPD2 mode.

Similarly, one gets T(V) for LP02 imode, Fig. 5. We can seen that the magnitude of T(V) rises sharply near
cutoff. In additioni, the magnitude of T(V) near cutoff for LP02 is more than the order of magnitude in the
fundamental mode LP0I. The waveguide dispersion Eq. (4), for LP01 and LP02 mode are now obtained.

In the same manner, the study can be extended to the modes LPI'1, LP12. But here, we are concerning with LP02
because it has the larger negative value of the waveguide dispersion than the otlher modes.
A sample of results for the LP02 mode iay be taken as follows: Fig. 6 shows an example of the waveguide
dispersion that carn be obtained for the LP02 inode in a step index fiber near cutoff. The dispersion curve is for a
fiber with a core refractive index n = 1.45, a relative refractive index difference, A, 0.02 and a core radius
adjusted to make the cutoff wavelength for LP02 mode = 1620 nm.

-680 _ ___100_

E is ffi -100E LP .a34,&m,A-002
c, 420 ~~~~. ....... ........ ........ ..-6.00 0

.60 ----- ----- ----- ----- ---------r g--------r $_.._._.. s.__._...

1200

Qw~~~~~~~~~~~~~~~~~~~~~~~~~~~~~- 0 48--------- --- --- ------ .................. . ...-----.--- ---,-- ......... 60=---<

o -620 --- -----

o 70 0 -300 - .. i -.-i

164 0----------- ..... ------ ..5 ........ -------- 13 53 50 155 150 15 165 57

.640-~~~~~~~~~
*-660 -o -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~600..........

680- ...600....
3C

-70f-Q---- I_i__A Lmo
Wavelength, (nm) Wavelength, X (nm)

Fig.6. The wavegnide dispersionl parameter versus Fig.7. Total dispersionl ofthe LI>02 mode versus vxavelengthwavelength for the LI>02 mode nlear cutoff. near cultoff

Figure 7 represents the total dispersionl of the LPfr.2 mode as a funlction oft wavelength. It is clear that the
swavegude dispersion is large anld opposite in sign to thle material dispersion. Thle summationl is negative
because the waveguide dispersioii is dominated.
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Now, we try to study the dispersion compensation witlh DCF of LP(, mode connected to LP,1 mode. For a
conventional SMF, a step index fiber a core radius of 4.5 gm, A = 0.22%, and n, = 1.45 was assumed for
comnparison vitlh the proposed DCF.

Figure 8 shows the material, waveguide, and the total dispersion of SMF of LPOI. It is noted that, the total
cliromatic dispersion at 1.55 jm, including both the material and wavegude dispersion, is 16 ps.nmu k'm-'.
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Fig.8. Material, waveguide and total dispersioni as a Fig.9. Total chromatic dispersion curve for the LP02 of the
ftuction of wavelenigth for the LPo0 mode. SMW and the LP02 ofthe DCF.

The dispersion cutrves for the LP0l mode of SMF and LP02 mode ofDCF in the C-band are shown in Fig.9. The
length, L2, of the DCF can be obtained using Eq.(10) at a specific wavelength. For a SME with length L, =
I km, the DCF fiber can compensate the chromatic dispersion with an L2 = 25.168 m at 1.55 jim.
However, the advent of wavelength-division multiple.xing (WDM) means that dispersion should be
compensated, not just at one wvavelength, but over a great wavelength range. Figure 10 shows the value ofL2 Of
the DCF at some certain wavelengths in the conventional band 1530 to 1570 nm. Note tlhat, the length ofDCF
decreases with the wavelength due to the large negative dispersion value at the end ofband.
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Fig.10. Thle lenlgthl of the DCF over the conlvenltional band (1530 -1570 amn).

For multichannel haigh-speed WDM systems. dispersion compenlsation over a broad wavelength range is
necessary. We have to not only compensate for dispersion at one wavelength exactly but also at all other
wavelenlgthls. This imnplies that we also h1ave to compenlsate for the slope of dispersionl. To calculate the
dispersion slope. the total dispersion of SMvF and DCF of thle hligher order mode I.Po2 are fitted and obtained as
a fulnction of wavelength. Then, the dispersion slope S of the SMF anld DCF are ob-tained by taking thec
derivatives of the total dispersion D). As wte discuss earlier, the full slope compensation is that thle relativ1e
dispersion slope RDS of thle DCF shall be equal to thle relative dispersionl slope of the SMF.
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At X= 1.55 gm, the dispersion of the SMF is DSM = 15.37 ps/(km.nrn) and SSW[F = 0.058 ps/(km.nm2), this ratio
is about RDSs,,F= 0.0038 nm7l. For DCF of LP02, DDCF =-1555 ps/(km.nm), SDCF= -6.1 ps/(km.nn2). and the
ratio is RDSDCF = 0.0039 nmi1, wliich is nearly matched to RDSDCF. These values can be obtained for a DCF
witlh core radius a = 2.35 jm, and A - 0.05.

IV. CONCULSION

In this paper, the dispersion compensation in conventional SMF is studied using large negative waveguide
dispersion that occurs for higher order inodes in optical fibers close to cutoff. The total chromatic dispersion is
calcuLated for LPo1 and LPo2. We used LP02 as DCF fiber because it has a large negative value of waveguide
dispersion than other modes. The length of the DCF, L2, is calculated for LP02 and is found to be 25.168 m per
1 km long of the conventional SMF, at 1550 nm optical window. The DCF length, L2, is obtained over the
wavelength band 1530 - 1570 nm. Also, for high speed WDM systems, the relative dispersion slope of SMF
and DCF should be equal. Then, the relative dispersion slope RDS is calculated for SMF and DCF. We foulnd
that the RDS ofDCF is nearly equal to tlhat of SMF. This matching is aclhieved for a DCF with a core radius a

2.35 gm and a relative refractive index A = 0.05.
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