
1. Introduction

A dispersion-shifted fiber (DSF) is designed to
have its zero dispersion wavelength in 1.55µm wave-
length range. Since the dispersion of DSF is close to
zero in the C-band, conditions for dense wavelength
division multiplexing  (DWDM) transmission using
DSF are limited due to four wave mixing (FWM). In
the L-band, however, the DSF has some dispersion
values, so that the DWDM transmission using DSF is
possible like non-zero dispersion-shifted fibers (NZ-
DSF.)

A DSF has a typical dispersion from 5 to
6ps/nm/km dispersion at the longest wavelength of
the L-band, 1,625nm. The compensation of its accu-
mulated dispersion is required in long-distance and
high-speed transmission using DSF.

For example, in 10-Gbit/s transmission systems,
the accumulated dispersion is limited to 1,000ps/nm
approximately 1). When the transmission distance of
DSF is beyond 200km, its accumulated dispersion at
1,625nm exceeds 1,000ps/nm and dispersion com-
pensation is required. Moreover, the difference of dis-
persion between 1,565nm and 1,625nm exceeds
1,000ps/nm when the distance of the transmission
line is beyond 250km. In this case, dispersion slope
compensation is necessary.

There have been many reports on slope-compen-
sating and dispersion compensating fibers (SC-DCF)
and their modules for standard single-mode fibers (S-
SMF) and NZ-DSF 2) 3) 4) 5). There had been, however,
no report on practical SC-DCF for DSF, which
requires the highest relative dispersion slope (RDS)
among various types of SC-DCFs, until we reported
SC-DCF for DSF and its module 6). 

In this report, we present the optical characteris-

tics, thermal coefficients of dispersion and nonlineari-
ties of fabricated SC-DCF for DSF. In addition, we
report on the performance and the reliability of SC-
DCF modules using the fibers.

2. Basics of Dispersion Slope Compensation
and Target Dispersion Characteristics

Dispersion compensation ability of SC-DCF over a
wavelength range can be evaluated by RDS, which is
defined as the ratio of dispersion slope to chromatic
dispersion as follows:

..............................(1)

where D and S are the dispersion and dispersion
slope per unit length of an optical fiber. If the RDS of
SC-DCF is the same as that of a transmission fiber, it
is possible to compensate the dispersion slope of the
transmission fiber completely by adjusting the length
of the SC-DCF so as to compensate the total disper-
sion of the transmission fiber. Table 1 shows the typi-
cal dispersion characteristics of various types of
transmission fibers. 

A slope-compensation rate can be expressed by the
following equation using RDS:

...(2)

The RDS of DSF at 1,590nm is 0.024nm−1, which is
larger than other transmission fibers. If the RDS of
SC-DCF for DSF is the same value as that of DSF, the
slope compensation rate is 100% and the residual dis-
persion after dispersion compensation is nearly zero
in the L-band. 

Another important performance of SC-DCF is fig-

Slope-compensation rate =RDS SC-DCF
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ure of merit (FOM), which is represented by the
amount of dispersion per unit fiber loss. Where the
chromatic dispersion of SC-DCF is DSC-DCF and the
insertion loss is LSC-DCF, FOMSC-DCF can be expressed
by the following equation:

...............(3)

SC-DCF should have large chromatic dispersion
per unit length to minimize the size of a SC-DCF
module, which is to be mounted in a rack in a termi-
nal office. SC-DCF with large chromatic dispersion,
however, tends to show large attenuation. The high
FOM of SC-DCF indicates that the fiber can minimize
the size of its module without insertion loss degrada-
tion.

In addition to the above-mentioned characteristics,
a SC-DCF module should have low insertion loss
including splice loss, low polarization dependent loss
(PDL), low polarization mode dispersion (PMD), and
low optical nonlinearity with a slope compensation
rate of about 100% maintained. 

3. Fiber Design

The major optical characteristics of SC-DCF are
chromatic dispersion, RDS, bending loss, cutoff wave-
length, effective area (Aeff). There are design trade-
offs among these characteristics. SC-DCF with large
RDS tends to show large bending loss, small Aeff and
long cutoff wavelength. 

SC-DCF should be designed so as to have a target
RDS with a chromatic dispersion as large as possible
in the range of allowable bending loss, cutoff wave-
length and Aeff.

Fig. 1 shows the typical refractive index profile of
SC-DCF. Table 2 shows the target optical characteris-
tics of SC-DCF for DSF. The RDS of DSF at 1,590nm
is much larger than those of S-SMF and NZ-DSFs. As
a result, the allowable ranges of the index profile
parameters are very narrow. The refractive index of
the depressed inner cladding (b) between the center
core (a) and the ring (c) should be as low as possible

in order to obtain such a high RDS. It is necessary to
optimize the design of an index profile, so as to
decrease residual dispersion over operating wave-
length range as small as possible7). While dimensions
and index deltas of the index profile were changed,
optimum index parameters to achieve the target char-
acteristics were introduced by simulation. 

4. Optical Characteristics of Fabricated SC-
DCF

Three SC-DCFs for DSF, which have different index
profile designs, were fabricated using the param-
eters obtained by the simulation. Table 3 shows the
optical characteristic of the fabricated SC-DCFs. Fig.
2 shows the chromatic dispersion characteristics of
the fibers. The RDS of fiber No.3 is 0.022 
nm−1 at 1,590nm, so that the target RDS has been
achieved for the fiber. The attenuation of the fiber is
about 0.65dB/km at 1,590nm. The cutoff wavelength,
bending loss and Aeff of the fiber were approximately

FOM SC-DCF = D SC-DCF

             L SC-DCF
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Table 1. Dispersion Characteristics of Transmission Fibers

Transmission fiber
Wavelength Dispersion Dispersion slope RDSTMF

(nm) (ps/nm/km) (ps/nm2/km) (nm−1)

S-SMF
1,550 17 0.058 0.0034

1,590 19 0.055 0.0029

Low dispersion slope type
1,550 4.5 0.045 0.010

1,590 6.3 0.045 0.007

NZ-DSF Large effective area type
1,550 4.2 0.085 0.020

1,590 7.6 0.085 0.011

Middle dispersion type
1,550 8 0.052 0.0065

1,590 10 0.052 0.0052

DSF 1,590 2.9 0.07 0.024

(a)

(c)

(b)

Fig. 1.  Typical Refractive Index Profile of SC-DCF.

Table 2. Target Optical Characteristics of SC-DCF for DSF

Item Unit SC-DCF for DSF

Wavelength nm 1,590

Dispersion ps/nm/km −40

RDS nm−1 0.015~0.024

FOM ps/nm/dB −70

Bending Loss
dB/m

10
2R=20mm



the same as the target values.
It has been reported that the thermal coefficient of

chromatic dispersion of an optical fiber is dependent
on its dispersion slope8). Fig. 3 shows the relationship
between the thermal coefficient of chromatic disper-
sion and dispersion slope for various types of SC-

DCFs. The thermal coefficient of chromatic disper-
sion of SC-DCF for DSF is twice as large as that of
SC-DCF for large effective area NZ-DSF.

Since the fiber length of SC-DCF module for DSF,
however, is from a half to one third of that of SC-DCF
modules for NZ-DSFs, the thermal dispersion varia-
tion of the SC-DCF module for DSF is similar to those
of the SC-DCF modules for NZ-DSFs. For example, in
the case of SC-DCF module for dispersion compensa-
tion of 80km transmission fibers, the dispersion varia-
tions over a temperature change of 30 degrees for the
modules using SC-DCFs for DSF, a large effective
area NZ-DSF and S-SMF are 5, 5 and 3ps/nm, respec-
tively. The dispersion variation of SC-DCF module for
DSF is similar to those for NZ-DSF. When the mod-
ules for DSF are used in a long DWDM transmission
system, it is necessary to take into account of disper-
sion variation by temperature change as well as mod-
ules for NZ-DSF.

The nonlinearity of the fabricated SC-DCF was
evaluated. Actual transmission impairment through
SC-DCF should be evaluated by the nonlinear phase
shift caused by Self-phase modulation (SPM). First,
nonlinear coefficient n2/Aeff of one of the SC-DCFs
was measured by dual frequency SPM technique 9) 10)

11). The nonlinear coefficient n2/Aeff for the fiber was
2.5×10−9/W and n2 for the fiber was 3.1×10−20m2/W.
Then we calculated the nonlinear phase shifts
induced in SC-DCFs for 80km of DSF, S-SMF and NZ-
DSF from measured n2/Aeff and attenuations of the
fibers. Table 4 shows the comparison of nonlinearity
on different types of SC-DCFs. The nonlinear phase
shift of the SC-DCF module for DSF with RDS of
0.022nm−1 was about one sixth of that of SC-DCF
module for S-SMF and was about a half of those of
modules for NZ-DSFs. The major reason for this is
that the fiber length required for the dispersion com-
pensation of DSF is shorter than those of S-SMF and
NZ-DSFs.

5. Optical Characteristics of SC-DCF Module

The modules for dispersion compensation of 80km
and 120km DSF were fabricated using the fabricated
SC-DCF. The fibers were packaged into small mod-
ules. S-SMF was used as a pigtail fiber in those mod-
ules. 

The MFDs of the SC-DCFs are smaller than those
of S-SMF. In addition, the mode-field profile of the
SC-DCF and S-SMF are different. The mode-field pro-
files of the SC-DCF and S-SMF are non-Gaussian and
quasi-Gaussian. An actual splice loss between optical
fibers with different mode-field profiles is higher than
the splice loss estimated from their mode field diame-
ters (MFD) 12). As a result, the splice loss between
SC-DCF and S-SMF tends to be high.

Mode-field conversion technique and an intermedi-

12

Table 3. Optical Characteristics of Fabricated SC-DCFs

Item Unit
SC-DCF for DSF

No.1 No.2 No.3

Wavelength nm 1,590

Dispersion ps/nm/km −47 −60 −82

Dispersion
ps/nm2/km −0.71 −1.08 −1.84

slope

RDS nm−1 0.015 0.018 0.022

Attenuation dB/km 0.62 0.60 0.65

FOM ps/nm/dB −76 −100 −127

MFD µm 4.1 4.1 4.1

Aeff µm2 12.1 12.4 12.0

PMD ps/√
− 

km 0.05 0.09 0.09

Bending dB/m
0.2 2 9

loss 2R=20mm
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Fig. 2.  Chromatic Dispersion Characteristics of Fabricated
SC-DCFs.
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ate fiber with almost the same MFD as the SC-DCF
were used for splices between the SC-DCF and the
pigtail fiber. The average splice loss between the SC-
DCF and the pigtail fiber was 0.5dB.

Table 5 shows the optical characteristics of fabri-
cated SC-DCF modules for dispersion compensation
of 80km and 120km DSFs. Fig. 4 shows the module
insertion loss of the fabricated modules. The inser-
tion losses of the modules are low and the degrada-
tion of insertion loss caused by winding is not

observed in the operating wavelength range.
Fig. 5 shows the dispersion spectra of the modules.

The dispersion spectra indicate good performance in
terms of dispersion compensation over a wide wave-
length range.

Fig. 6 shows the insertion loss variation against
temperature change on the SC-DCF module for 120
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Table 4. Comparison of Nonlinearity on Different Types of SC-DCFs for 80km Transmission Fibers

SC-DCF module for SC-DCF module 
SC-DCF module SC-DCF module

Item Unit low dispersion for large effective
for S-SMF for DSF

slope NZ-DSF area NZ-DSF

Wavelength band − L-band L-band L-band L-band

n2 10−20m2/W 2.8 2.8 2.5 3.1

Aeff µm2 16.7 16.6 20.0 12.0

Length km 7.0 8.1 19.0 2.9

Leff km 5.3 5.6 10.1 2.4

Attenuation dB/km 0.35 0.41 0.33 0.65

Insertion loss dB 4.5 5.3 7.5 2.9

Power mW 2.8 3.4 5.6 1.9

n2/Aeff·Leff·P
10−8 2.5 3.2 7.1 1.2

(∝φNL)

*Leff= l/α·[1−exp (−αL)]

Table 5. Optical Characteristics of Fabricated SC-DCF
Modules

Item Unit SC-DCF module for DSF

RDS nm−1 0.018 0.022

Wavelength nm 1,590

Transmission
km 80 120 80 120

distance

Dispersion ps/nm −206 −312 −203 −303

Insertion Loss dB 3.9 5.0 2.9 3.6

PMD ps 0.1 0.2 0.2 0.3

SC-DCF module for 80km RDS=0.018nm−1

SC-DCF module for 120km RDS=0.018nm−1

SC-DCF module for 80km RDS=0.022nm−1

SC-DCF module for 120km RDS=0.022nm−1
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Fig. 5. Dispersion Spectra of Fabricated SC-DCF Modules.
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km DSF. The insertion loss variation between −5
degree and +75 degree is dominated by the micro-
bending loss induced by the thermal expansion of a
reel at high temperatures. In this temperature range,
the insertion loss variation of the SC-DCF module is
less than 0.1dB. 

The insertion loss variation between −40 degree
and +75 degree is dominated by the micro-bending
loss induced by the contraction of fiber coating at low
temperature. The insertion loss variation of fabricated
SC-DCF modules is less than 0.2dB at −40 degree. 

6. Residual Dispersion Compensated by SC-
DCF Modules

Fig. 7 shows the wavelength dependence of resid-
ual dispersion through 120km DSFs and the SC-DCF
modules using the fibers shown in Table 3. The SC-
DCF modules with different RDSs were used for com-
parison of residual dispersion. The slope-compensa-
tion rate of the SC-DCF modules with RDSs of 0.015
nm−1, 0.018nm−1 and 0.022nm−1 are 60%, 80% and 90%
respectively.

The residual dispersion difference between the
wavelengths of both ends of the L-band decreases
with increasing slope compensation ratio. The disper-
sion slope at 1,590nm is compensated almost com-
pletely using the module with RDS of 0.022nm−1.The
residual dispersion of the SC-DCF module with a
slope compensation rate of 90% is less than +/−50
ps/nm in a wavelength range of 1,565 to 1,625nm.

7. Reliability of SC-DCF Modules

Reliability tests were carried out on the fabricated
SC-DCF modules. Table 6 shows the items and the
conditions of the reliability tests. Each test was per-
formed sequentially. Table 7 shows the measurement
variation of optical characteristics after each test. The
variations after all tests were very small within meas-
urement errors. As a result, the fabricated SC-DCF
modules had high reliability. 

8. Conclusion

The SC-DCFs which compensated the residual dis-
persion of DSF in the L-band were designed and fab-
ricated. The SC-DCF realized a dispersion slope com-
pensation rate of 90% at 1,590nm and good optical per-
formances. The thermal dispersion variation of the
SC-DCF was similar to those for NZ-DSF when the
modules were used for dispersion compensation for
the same transmission fiber length. Moreover, the
nonlinearlity of the fabricated SC-DCF was evaluated
and was smaller than those of SC-DCFs for S-SMF
and NZ-DSFs. 

The SC-DCF modules for dispersion compensation
of 80km and 120km DSFs were fabricated. The opti-
cal characteristics, the residual dispersion spectra

and the reliability of the modules were evaluated. As
a result, it has been confirmed that the SC-DCF mod-
ules have good optical performances and reliability.
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