
1.  Introduction

In order to accommodate the rapid increase of
demand for data communications, optical fiber trans-
mission systems have required their capacity expan-
sion. The evolution of dense wavelength-division mul-
tiplexing (DWDM) technology is essential to use an
optical fiber bandwidth efficiently. In a DWDM trans-
mission system, expanding an operating wavelength
range and dispersion compensation technique over
the wavelength range are important.

Various technologies for dispersion compensation
have been investigated so far, such as dispersion
compensating fibers (DCF) utilizing a fundamental
mode or a higher order mode 1), a fiber Bragg grating
2), a virtual image phased array 3) and planar wave-
guide-based devices 4). A slope compensating and dis-
persion compensating fiber (SC-DCF) utilizing a fun-
damental mode has good performances of wide oper-
ating wavelength range, low polarization mode dis-
persion (PMD), low dispersion ripple and low multi-
ple path interference, compared with other types of
dispersion compensation technologies. As a result,
fundamental-mode SC-DCF is currently a suitable
device for practical broadband dispersion compensa-
tion 5) 6) 7).

There have been many reports on SC-DCFs and

their modules for the standard single-mode fiber (S-
SMF)8) 9) 10) 11) 12) 13). In addition, SC-DCFs for two types
of non-zero dispersion shifted fibers (NZ-DSF), which
have low dispersion slope or large effective area
(Aeff), have been reported 14) 15) 16) 17). However, no
detailed information such as nonlinearity or packaged
performance on the fibers have been presented so
far. 

In this report, we present the characteristics of SC-
DCFs and their modules for the two types of NZ-
DSFs in detail. Fabricated SC-DCFs showed disper-
sion slope compensation ratios of 100% in the C-band
or L-band while the fibers maintained similar disper-
sion and bending loss to those of SC-DCF for S-SMF.
Also, the thermal coefficients and nonlinearities of
the fibers were measured. The fibers were packaged
into modules, and loss spectra, temperature charac-
teristics and reliabilities on the modules were evaluat-
ed. As a result, it has been confirmed that the mod-
ules have good optical performance and high reliabili-
ty. 

2.  Basics of Dispersion Slope Compensation
and Fiber Design

One measure representing the dispersion and dis-
persion slope compensation ability of SC-DCF is a rel-
ative dispersion slope (RDS), which is defined as the
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ratio of dispersion slope to chromatic dispersion as
follows:

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

where D and S are a dispersion and a 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.

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

...... (2)

where RDSSC-DCF and RDSTMF are the RDSs of SC-DCF
and a transmission fiber. Table 1 shows the typical
dispersion characteristics and RDSs of various types
of transmission fibers including the two types of NZ-
DSFs. 

DCF module should have low insertion loss, low
polarization dependent loss (PDL), low PMD, and low
optical nonlinearity with a slope compensation rate of
about 100 % maintained. In addition to these charac-
teristics, DCF should have a large chromatic disper-
sion coefficient and a low bending loss to minimize

the size of its module since DCF modules are gener-
ally mounted in a rack in a terminal and repeater
office. However, there are design trade-offs among
chromatic dispersion coefficient, cutoff wavelength,
effective area and bending loss. In particular, it is dif-
ficult to achieve low bending loss for a large RDS SC-
DCF. Fig. 1 shows a typical refractive index profile of
SC-DCF. While we changed dimensions and index
deltas of the index profile, we searched optimum
index parameters to achieve the target RDS of two
types of the NZ-DSFs, maximum negative dispersion
coefficient and minimum bending loss.

The target chromatic dispersion was −70
ps/nm/km in terms of optimum RDS, cutoff wave-
length, bending loss and module size. The respective
target RDSs were the same as those of corresponding
transmission fibers. Table 2 shows the optical charac-
teristics achieved for the sets of optimized index pro-
file parameters.

3.  Optical Characteristics of SC-DCF

We fabricated SC-DCFs for the two types of NZ-
DSFs based on the sets of the index profile parame-
ters. Table 3 shows the typical optical characteristics
of fabricated SC-DCFs. Each fiber has the same RDS
as the target RDS, so that all the dispersion slope
compensation rates at the center wavelength of the
operating wavelength are approximately 100 %. The
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Table 1.  Dispersion Characteristics of Transmission Fibers

Transmission Wavelength Dispersion
Dispersion

RDSTMF
No. slope

fiber (nm) (ps/nm/km)
(ps/nm2/km)

(nm−1)

− 1,550 17 0.058 0.0034

− 1,590 19 0.055 0.0029

1 1,550 4.5 0.045 0.010

2 1,590 6.3 0.045 0.007

3 1,550 4.2 0.085 0.020

4 1,590 7.6 0.085 0.011

Low 
dispersion

slope
NZ-DSF

Large
effective

area
NZ-DSF

S-SMF

(a)

(c)

(b)

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

Table 3.  Optical Characteristics of Fabricated SC-DCFs

SC-DCF for low SC-DCF for large 
Item Unit dispersion slope effective area 

NZ-DSF NZ-DSF

− − A B C D

Wavelengh nm 1,550 1,590 1,550 1,590

RDS nm−1 0.010 0.007 0.020 0.011

Dispersion
ps/nm/

−70 −72 −68 −75
km

Attenuation dB/km 0.35 0.35 0.60 0.41

PMD ps/√
− km 0.06 0.08 0.12 0.09

Aeff µm2 16.8 16.7 13.2 16.6

Bending dB/m,
loss 2R=20mm

1.0 0.8 4.0 2.0

Table 2.  Simulation Result of Optical Characteristics

SC-DCF for low SC-DCF for large 
Item Unit dispersion slope effective area 

NZ-DSF NZ-DSF

− − A B C D

Wavelengh nm 1,550 1,590 1,550 1,590

Dispersion
ps/nm/

km
−70 −70 −70 −70

RDS nm−1 0.010 0.007 0.020 0.011

Aeff µm2 >=15 >=15 >=12 >=15

Bending dB/m,
loss 2R=20mm

<5 <5 <5 <5



transmission loss of the C-band SC-DCF for the large
effective area NZ-DSF is about 0.60dB/km at 1,550
nm while those of other SC-DCFs are ranged from
0.35dB/km to 0.40dB/km at the wavelength. The
high transmission loss of the C-band SC-DCF for the
large effective area NZ-DSF originates from the differ-
ence of refractive index profile. The effective area and
bending loss of the fibers are approximately the same
as the target values.

The thermal coefficient of chromatic dispersion of
an optical fiber is known to be dependent on its dis-
persion slope 18). Fig. 2 shows the relationship
between the thermal coefficient of chromatic disper-
sion and dispersion slope for  SC-DCFs and transmis-
sion fibers including the fabricated SC-DCFs. The
thermal coefficient of chromatic dispersion for the
SC-DCF for the large effective area NZ-DSF is rela-
tively high. For instance, if we consider their SC-DCF
modules for compensation of 80km NZ-DSFs and a
temperature change of 30 degrees, the dispersion
variation on the modules using fiber A and fiber B is
about 3ps/nm, and those on modules using fiber C
and fiber D are about 5ps/nm. When these modules
are used for a 40Gb/s transmission system, it is nec-
essary to take into account of the dispersion variation
by temperature change especially for the SC-DCF for
the large effective area NZ-DSF.

The length dependence of return loss for an optical
fiber is expressed by the following equation:

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

where CR is a Rayleigh scattering coefficient, α is a
transmission loss of the fiber, L is a fiber length, Pin is
an input power to the fiber, and Pout is a back scatter-
ing power. If the fiber length becomes long, the

return loss of the fiber is saturated to the following
value:

............................................. (4)

Fig. 3 shows the fiber length dependence of return
loss for the fabricated SC-DCFs together with that for
C-band SC-DCF for SMF. The return loss of the SC-
DCFs are saturated about −27dBm or −28dBm as 
well as SC-DCF for SMF. It is confirmed that the
return loss of the SC-DCFs for the NZ-DSFs are
almost the same as those of C-band SC-DCF for S-
SMF.

4.  Nonlinearities of SC-DCF

In addition to dispersion compensation characteris-
tics, evaluation of nonlinearities of the SC-DCF is
important. Four-wave mixing among nonlinearities of
SC-DCF is not a major factor to deteriorate transmis-
sion performance since the dispersion coefficient of
SC-DCF is large. Self-phase modulation (SPM) and
stimulated Brillouin scattering (SBS) are primary
nonlinearities deteriorating (impairing) transmission
performance. 

To obtain the basic information on SPM for the SC-
DCF, we measured the nonlinear refractive index n2

in the fabricated SC-DCFs by dual frequency SPM
technique 19) 20) 21). Nonlinear coefficient n2/Aeff for
fiber C was 2.5×10−9/W, and  n2/Aeff for fiber A, B, and
D were 1.7×10−9/W. They correspond to nonlinear
refractive index n2 for fiber C = 3.1×10−20m2/W, and
the n2 of fiber A, B, and D = 2.8×10−20m2/W. Since
n2/Aeff for DCF with a positive dispersion slope and
SC-DCF for S-SMF ranges from 1.2 to 1.5×10−9/W,
n2/Aeff for the fabricated SC-DCFs for the NZ-DSFs
are higher than those of the positive slope DCF and
the SC-DCF for S-SMF. 

Actual transmission impairment through SC-DCF
should be evaluated by the nonlinear phase shift
caused by SPM. Therefore, we calculated and com-
pared the nonlinear phase shifts induced in SC-DCFs
for 80 km of S-SMF and the NZ-DSFs. The nonlinear
phase shifts of the fabricated SC-DCF for the NZ-
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DSFs were less than a half of those of the SC-DCF for
S-SMF. Main reason for this is that the fiber lengths
required for dispersion compensation of the NZ-DSFs
are shorter than those required for S-SMF.  

It is well known that an optical fiber with low loss
and high longitudinal uniformity has a low threshold
against SBS 22). We measured SBS threshold for sev-
eral fiber lengths of fiber A, C and C-band SC-DCF for
S-SMF. Fig. 4 shows the fiber length dependence of
SBS threshold for the tested SC-DCFs. Fiber A shows
almost the same fiber length dependence of the
threshold as the SC-DCF for S-SMF. Although the
SBS threshold of fiber C is higher than that of the SC-
DCF for S-SMF, the fiber lengths required for the SC-
DCF modules for the NZ-DSFs are shorter than that
of SC-DCF module for S-SMF. As a result, the SBS
thresholds of SC-DCFs for the NZ-DSFs are lower
than that of SC-DCF for S-SMF when we compare
these fibers in the lengths required for dispersion
compensation of the same length of transmission
fiber. 

5.  Optical Characteristics of SC-DCF Module

We fabricated four SC-DCF modules for dispersion
compensation of 80 km NZ-DSFs using the fabricated
SC-DCF. The fibers were packaged into small mod-

ules. The dimensions of the packages were 195 × 195
× 45 mm. 

S-SMF was used as a pigtail fiber in these modules.
It is well known that an actual splice loss between an
optical fiber with a quasi-Gaussian field distribution
and an optical fiber with a non-Gaussian field distribu-
tion is higher than a splice loss estimated from their
mode field diameters (MFD) 23). The MFDs of the SC-
DCFs are smaller than those of S-SMF and NZ-DCF.
In addition, the field distribution of SC-DCF with a
segmented core profile is a non-Gaussian profile.
Therefore, the splice loss between SC-DCF and S-
SMF tends to be high. Mode-field conversion tech-
nique and an intermediate fiber with almost the same
MFD as each SC-DCF are used for the splice
between SC-DCF and the pigtail fiber. The average
splice loss between the SC-DCF and the pigtail fiber
was 0.5dB. Table 4 shows the optical characteristics
of the fabricated modules using the splice method.

Fig. 5 shows the attenuation spectra of module B
for the low dispersion slope NZ-DSF and module D
for the large effective area NZ-DSF. Degradation of
insertion loss caused by a bending loss is not
observed in the operating wavelength. Fig. 6 shows
the dispersion spectra of the fabricated modules. The
dispersion spectra of the all types show good perform-
ance in terms of dispersion compensation over a wide
wavelength range.
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Fig. 4.  Fiber Length Dependence of SBS Threshold.
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SC-DCF module for SC-DCF module for
Item Unit the low dispersion the large effective

slope NZ-DSF area NZ-DSF

− −
Module- Module- Module- Module-

A B C D

Wavelengh nm 1,550 1,590 1,550 1,590

Dispersion ps/nm −356 −499 −316 −595

RDS nm−1 0.010 0.007 0.020 0.011

Slope-
compensation % 100 100 100 100

rate

Insertion loss dB 2.8 4.0 3.8 4.1

PMD ps 0.3 0.2 0.4 0.3

Table 4.  Optical Characteristics of Fabricated SC-DCF
Modules



6.  Residual Dispersion Compensated by SC-
DCF Modules  

Fig. 7 shows the wavelength dependence of resid-
ual dispersion through 80km low dispersion slope
NZ-DSF compensated by the SC-DCF modules. The
residual dispersion in the C-band or L-band is less
than ± 5ps/nm. Therefore, the residual dispersion for
a 400km transmission in the C-band or L-band is less
than ± 25ps/nm. In terms of residual dispersion, the
400km NZ-DSF transmission line compensated by
the SC-DCF modules with the fabricated SC-DCF
accommodate a 40Gb/s transmission system.

Fig. 8 shows the wavelength dependence of resid-
ual dispersion through 80km large effective area NZ-
DSF compensated by the SC-DCF modules. The
residual dispersion in the C-band or L-band is less
than ± 20 ps/nm, or ± 15ps/nm, respectively.
Therefore, the transmission line with these modules
for a 40Gb/s transmission system accommodates up
to 240km in the C-band and 320km in the L-band,
respectively. If the length of a transmission line is
longer than these critical distances, the dispersion
left at a wavelength should be compensated wave-
length by wavelength after de-multiplexing. It is nec-
essary to improve the wavelegth dependence of RDS
to compensate only by SC-DCF modules less than the

required residual dispersion in a 40Gb/s transmis-
sion line over the critical distances. 

7.  Reliability Test

We conducted reliability tests on the fabricated SC-
DCF modules. Table 5 shows the test items and the
test conditions of the reliability tests. Each test was
performed sequentially. Table 6 shows the measured
variations of the optical characteristics after each test.
The variations after all tests were very small  within
measurement errors. As a result, we have confirmed
that the fabricated modules have high reliabilities.

8.  Conclusion

SC-DCFs for a low dispersion slope NZ-DSF and a
large effective area NZ-DSF both were designed and
fabricated. The SC-DCFs showed dispersion slope
compensation ratios of 100 % in the C-band or L-band
while the fibers maintained dispersion and bend loss
similar to those of SC-DCF for S-SMF. Nonlinearities
of the fabricated SC-DCFs for the NZ-DSFs were eval-
uated. It has been confirmed that nonlinear phase
shifts and SBS thresholds for the fibers are similar to
those of SC-DCF for S-SMF. 

The fibers were packaged into modules, and loss
spectra, temperature characteristics and reliabilities
on the modules were evaluated. As a result, it has
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Table 5.  Test Item and Condition of Reliability Test

No. Test item Test condition

Frequency range from 10 to 500 Hz,
1 Vibration amplitude of vibration 1.5mm, 1.5 G

along each axis.

2 Shock
4 inch drop unpackaged,
30 inch drop packaged

3 Thermal cycle −40°C/+85°C, 100 cycles

4
Low temperature

−40°C for 72 h
storage

5
Damp and heat

85°C and 85% RH for 2,000 h
storage

Insertion Dispersion PMD PDL
No. Test Item loss variation variation variation variation

(dB) (ps/nm) (ps) (dB)

Measurment 1,550 nm for C-band Module /
wavelength 1,590 nm for L-band Module

1 Vibration <0.2 <1.0 <0.2 <0.02

2 Shock <0.2 <1.0 <0.2 <0.02

Thermal
3

cycle
<0.2 <1.0 <0.2 <0.02

Low
4 temperature <0.2 <1.0 <0.2 <0.02

storage

Damp and
5

heat storage
<0.2 <1.0 <0.2 <0.02

Table 6.  Measurement Variation of Optical Characteristics
after Each Test
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been confirmed that the modules have good optical
performance and high reliability.
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