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Dispersion Compensating Fiber Module

Kazuhiko Aikawa,1 Junji Yoshida,1 Susumu Saitoh,1

Manabu Kudoh,1 and Kazunari Suzuki2

Two types of slope compensating and dispersion compensating fiber (SC-DCF) are developed 
and fabricated into SC-DCF modules to impel the progress of dense wavelength division 
multiplexing (DWDM) transmission system, where there are two requirements for improving 
the performance of SC-DCF modules. The first requirement is to lower the insertion loss of the 
SC-DCF module in optical fiber transmission line. Low-loss SC-DCF module contributes to 
the relaxation in optical gain requirement of optical amplifiers, which improves the noise figure 
of the optical amplifiers as well as the overall performance of the optical fiber transmission 
systems. Downsizing of the SC-DCF module is the other requirement. DWDM transmission 
system consists of a large number of devices; thus, downsizing each device is one of the major 
developmental challenges. These two demands have different properties; thus, it is difficult 
to achieve both demands simultaneously. As a result, each of the new SC-DCF has been 
individually developed to meet these requirements. It is found that the newly developed SC-
DCF modules have high performance for practical applications and will steadily replace 
conventional SC-DCF modules.

1. Introduction
Recently dense wavelength division multiplexing 

(DWDM) transmission technology has made tremen-
dous progress on transmission capacity, which is de-
fined by optical signal modulation method and band-
width used for transmission. As the transmission 
bandwidth is fixed, allowable dispersion values are in 
inverse proportion to the square of transmission speed, 
and therefore the faster the transmission bit rate 
speed, the more important the compensation of accu-
mulated chromatic dispersion over transmission band-
width. In the case of non-return-to-zero method, the 
allowable residual dispersion is about 100 ps/nm for a 
signal of 40 Gbit/s overall transmission bandwidth 1).

In order to widen bandwidth of optical fiber trans-
mission systems, dispersion compensation over trans-
mission bandwidth for the accumulated chromatic 
dispersion of standard single-mode fiber (SSMF) 
transmitted over long distances is one of the key as-
signments. The transmission fiber is an SSMF having 
zero dispersion at a wavelength of 1310 nm and a dis-
persion of +17 ps/nm/km at a wavelength of 1550 nm. 
So far, several dispersion compensation techniques 
have been proposed: a pre-chirping of light source 2), 
introducing a spectral inversion at the middle of trans-
mission span 3), a chirped fiber Bragg grating, 4) and 
dispersion compensating fiber 5) 6). In view of optical 
properties for transmission system, production cost, 

and module assembly, for a long time slope compen-
sating and dispersion compensating fiber (SC-DCF) 
has been the most advantageous and widely used 
method  as dispersion compensation devices. 

Figure 1 shows schematic diagram of chromatic dis-
persion compensation in optical transmission system. 
SC-DCF modules are inserted into the transmission 
line at uniform intervals and compensate the accumu-
lated chromatic dispersion so that optical signals are 
adjusted within small residual dispersion required by 
the transmission channel so as not to cause any distor-
tion of optical signal.

One of the reference indexes of dispersion and dis-
persion slope compensation ability of SC-DCF is rela-
tive dispersion slope (RDS). The RDS is given by
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Fig. 1. Schematic diagram of residual chromatic dispersion 
compensation. 
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RDS =

S
D

 ……………… (1)

where S is the dispersion slope and D is the chromatic 
dispersion of SC-DCF and SSMF at operation wave-
length. When the RDS of SC-DCF equals the RDS of 
SSMF, the chromatic dispersion and the dispersion 
slope of SSMF are compensated simultaneously.

As shown in Fig. 2, SC-DCF has negative dispersion 
and dispersion slope so as to compensate for the chro-

matic dispersion of SSMF over a wide wavelength 
range. Previously, two types of SC-DCF have been pro-
duced, as shown in Table 1: SC-DCF with cladding di-
ameter of 125 μm, which has same dimension of SSMF, 
and SC-DCF with reduced cladding diameter of 90 μm 
for compact module. 

To impel the progress of DWDM transmission sys-
tem, there are two requirements for improving the 
performance of SC-DCF modules. The first require-
ment is a lowering of insertion loss of the SC-DCF 
module in optical fiber transmission systems. Low-loss 
SC-DCF module contributes to the relaxation in opti-
cal gain requirement for an optical amplifier, which 
improves the noise figure of the optical amplifier as 
well as the overall performance of the optical fiber 
transmission systems. Downsizing of the SC-DCF 
module is the other requirement. DWDM transmis-
sion system consists of a large number of devices, and 
therefore  downsizing each device is one of the major 
developmental challenges. Particular features of each 
SC-DCF are demanded; thus, it is difficult to achieve 
both demands simultaneously.

In this paper, two types of new SC-DCFs, which 
meet two different requirements mentioned above, are 
presented. In the second section, we mention develop-
ing an approach of the SC-DCF module with low inser-
tion loss, and in the third section, we present the com-
pact SC-DCF module by using SC-DCF with reduced 
fiber diameter. The final section is devoted to summa-
ry.

2. Low-loss SC-DCF module

2.1 Optical fiber design

The key optical properties of SC-DCF are chromatic 
dispersion, RDS, figure of merit (FOM), bending loss, 
cutoff wavelength, and effective area (Aeff). There are 
design tradeoffs among these properties; therefore, it 
is difficult to realize that all of the optical properties are 
maximized all together. For example, SC-DCF with 
large chromatic dispersion tends to show large bend-
ing loss and small Aeff.

We adopt a segment core type to refractive index 
profile of SC-DCF as shown in Fig. 3. 

The profile design has a central core with small di-
ameter and highly GeO2-doped silica glass, the de-
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Table 1. Optical properties of SSMF, conventional standard 
SC-DCF, and conventional SC-DCF for compact modules.

Item Unit SSMF
Standard 
SC-DCF

SC-DCF for 
compact 
modules

Wavelength μm 1.55

Fiber 
diameter

μm 125 125 90

Coating 
diameter

μm 250 240 175

Chromatic 
dispersion

ps/nm/km +17 -115 -115

RDS nm-1 0.0034 0.0034 0.0034

Attenuation dB/km - 0.40 0.53

Figure of 
merit

(FOM)
ps/nm/dB - 288 217

Aeff μm2 80 21 17

FOM ; Figure of merit : dispersion compensating ability per unit 
loss

Panel 1. Abbreviations, Acronyms, and Terms.

SC-DCF –Slope Compensating and Dispersion 
Compensating Fiber

DWDM–Dense Wavelength Division Multiplexing
SSMF–Standard Single-Mode Fiber
RDS–Relative Dispersion Slope

FOM–Figure of Merit
Aeff–Effective Area
SBS– Stimulated Brillouin Scattering
IL– Insertion Loss
MFD– Mode Field Diameter

Fig. 2. Chromatic dispersion of fibers and residual dispersion.
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pressed area surrounding the central core, which is 
fluorine-doped silica glass and is known as a trench 
core, and, finally, the outer ring with a lower refractive 
index than that of the central core. 

By optimizing distribution of the refractive index 
profile, negative dispersion and dispersion slope are 
realized. Consequently, it becomes possible to com-
pensate accumulated dispersion of the transmission 
fiber over a wide wavelength range 6) 7). The reference 
index of dispersion compensating ability per unit loss 
is FOM given by

 
FOMSC-DCF =

DSC-DCF

LSC-DCF

 ………… (2)

where DSC-DCF is chromatic dispersion and LSC-DCF is 
loss of fiber. When SC-DCF has high FOM by realiz-
ing large chromatic dispersion, the fiber length of SC-
DCF used in SC-DCF module is shorter than previous 
fiber length. Shortening fiber length used in the mod-
ule is one of the reasons to decrease the insertion loss 
of the SC-DCF module.

Additionally, we have to take into account nonlinear 
effects in optical fibers. In the case of long-distance 
transmission, optical signal with high input power is 
necessary for the enhancement of signal-to-noise ratio. 
However, high input power induces nonlinear effects 
in optical fiber and will cause distortion of optical sig-
nal. Specifically, stimulated Brillouin scattering (SBS) 
and self-phase modulation are the two major nonlinear 
effects to cause problems in SC-DCF. The threshold of 
SBS depends on homogeneity of the longitudinal fiber 
structure and fiber length. When the fiber has inhomo-
geneous stricture or short fiber length, SBS is sup-
pressed 8). Nonlinear phase shift is used to evaluate an 
effect of self-phase modulation 9). The nonlinear phase 
sift is expressed as

 
F =

2p
l

n2
Aeff

LeffP0  …………… (3)

where λ is wavelength, n2 is nonlinear refractive index, 
Leff is effective fiber length, which is calculated by the 
actual fiber length and the attenuation of the fiber, and 
P0 is input power. Lowing the input power, shortening 
the fiber length, and the large Aeff are all effective for 
suppressing the nonlinear effect.

In the condition that residual dispersion is compen-

sated, we focus on the design of SC-DCF so as to have 
chromatic dispersion and Aeff as large as possible in 
the range of allowable bending loss and cutoff wave-
length. We numerically calculate the optical properties 
of SC-DCF for various dimensions and deltas of the 
refractive index profile and finally achieve target prop-
erties of SC-DCF.

2.2 Optical properties of SC-DCF

Optical properties of prototype SC-DCF are shown 
in Table 2. The cladding diamiter of the SC-DCF is the 
same as SSMF. At the wavelength of 1550 nm, the SC-
DCF is in chromatic dispersion of -152 ps/nm/km, 
the attenuation of 0.40 dB/km, FOM of 380 ps/nm/
dB, RDS of 0.0034 nm-1 and Aeff of 21 mm2. These re-
sults achieved the optical properties that meet our ex-
pectations. 

The wavelength dependence of chromatic disper-
sion is shown in Fig. 4. Besides, the prototype SC-DCF 
has the same attenuation as the previous SC-DCF of 
0.40 dB/km; its chromatic dispersion is also 1.3 times 
that of the previous one. As per the results mentioned 
above, we succeed to develop the new SC-DCF with 
high FOM and equal Aeff compared with conventional 
SC-DCF. The attenuation spectrum of the SC-DCF is 
shown in Fig. 5. This increased attenuation due to 
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Fig. 3. Refractive index profile of SC-DCF.
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Fig. 4. Chromatic dispersion characteristics of SC-DCF.

Table 2. Optical properties of prototype SC-DCF.

Item Unit Measured value

Wavelength mm 1.55

Fiber diameter mm 125

Attenuation dB/km 0.40

Chromatic dispersion ps/nm/km -152

RDS nm-1 0.0034

FOM ps/nm/dB 380

Cutoff wavelength mm 1.55

Aeff mm2 21

Bending loss
(bending condition 
F20 mm¥10 turns)

dB/m 3
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bending loss over the wavelength of 1570 nm is not 
observed.

2.3 Optical properties of SC-DCF module

Appearance view of SC-DCF module is shown in 
Fig. 6. The SC-DCF module consists of a reel-wound 
SC-DCF and two connectors at either end of SC-DCF. 
Thus, module insertion loss (IL) is the sum of attenua-
tion of SC-DCF, splice loss between SC-DCF and 
SSMF, and reflection loss at the end of connectors, 
which is expressed as follows, 

 ILmodule = LSC-DCF + a + b ………… (4)

where LSC-DCF is attenuation of the SC-DCF, a is total 
splice loss, and b is reflection loss at the end of connec-
tors which is estimated around 0.3 dB.

There are differences of electromagnetic field distri-
bution between SSMF and SC-DCF. SSMF has Gauss-
ian electromagnetic field distribution and mode field 
diameter (MFD) of around 10 μm. On the other hand, 
SC-DCF has particular refractive index profile in Fig. 3 
and a small core with a high refractive index, which 
brings on non-Gaussian electromagnetic field distribu-
tion and small MFD of around 5 μm. By employing an 
intermediate fiber, which has similar refractive index 
profile and MFD as the SC-DCF, the intermediate fi-

ber can be spliced with low loss to both SC-DCF and 
SSMF, thus reducing the splice loss. In this case, SC-
DCF module needs four points of arc fusion splice.

Table 3 shows the optical properties of fabricated 
SC-DCF modules. The insertion loss of module No. 5 
is 3.7 dB at the wavelength of 1550 nm, which is re-
duced by over 40 % from the previous module with in-
sertion loss of about 6 dB. Hence, it can be seen that 
SC-DCF has high FOM and low splice loss. Figure 7 
shows compensated chromatic dispersion of total 
transmission line under the condition that SSMF is 80 
km in length. It is conformed that residual dispersion 
is within ± 5 ps/nm over the wavelength range of 1525 
nm to 1565 nm. As a result, the SC-DCF module, which 
has low insertion loss and adequate ability of disper-
sion compensation, is realized.

In comparison with nonlinear phase shift of the pre-
vious SC-DCF, the factors 2 p/λ and n2/ Aeff in Eq. (3) 
are almost conserved in the case of prototype SC-DCF. 
Furthermore, total fiber length used for the prototype 
SC-DCF module is reduced by two-thirds of the previ-
ous SC-DCF module. 

For example, when prototype 9 km SC-DCF com-
pensates 80 km SSMF, the previous SC-DCF needs 
the length of 16 km for compensating the same length 
of SSMF. Input power is also reduced to about 60 %, 
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Fig. 7. Residual dispersion after chromatic dispersion 
compensation for 80 km SSMF.
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Fig. 6. SC-DCF module.

Table 3. Optical properties of SC-DCF modules.

Item Unit No.1 No.2 No.3 No.4 No.5 No.6

Dispersion
ps/nm

1550 nm
-150 -350 -651 -1003 -1370 -1700

Fiber length of 
compensated 

SSMF
km 10 20 40 60 80 100

RDS
nm-1

1550 nm
0.0037 0.0035 0.0040 0.0036 0.0034 0.0033

Module 
insertion loss

dB
1550 nm

0.9 1.4 1.8 2.7 3.7 4.6

Module PMD *
ps

1525 nm 
- 1565 nm

0.1 0.1 0.1 0.1 0.2 0.3

*PMD : Polarization mode dispersion
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because module insertion loss is reduced from 6 dB 6) 
to less than 4 dB. From the results gathered so far, the 
nonlinear phase shifted down to 30 % of the previous 
one. In addition to the shortened fiber length of fabri-
cated SC-DCF module, the threshold of SBS has im-
proved from 7.5 dBm 6) to 8.5 dBm.

2.4 Reliability of SC-DCF module

Figure 8 shows temperature dependence of inser-
tion loss of fabricated module No. 4 at measurement 
wavelength of 1545 nm. In this evaluation test, envi-
ronmental temperature variation range is 115 °C from 
-40 °C to +75 °C. This range covers operating tem-
perature from -5 °C to +70 °C, and storage tempera-
ture from -40 °C to +75 °C. The maximum value of 
the module insertion loss appears at the lowest limit 
temperature of -40 °C ; however, this variation of the 
module insertion loss disappears when the environ-
mental temperature returns back to room temperature 
of 25 °C. It is confirmed that the temperature variation 
of the module insertion loss is lass than 0.05 dB over 
the operating temperature range. 

In addition, the fabricated SC-DCF modules are 
evaluated by reliability tests based on Telcordia stan-
dard as shown in Table 4 10) 11). Table 5 shows the re-
sult of reliability tests. No variation of optical proper-
ties is observed through all tests.

3. Compact SC-DCF module

3.1 Optical fiber design

For the downsizing of the SC-DCF module, reduc-
tion of fiber diameter and large dispersion coefficient 
are necessary 12). With the goal that new module will 
be half the current size of SC-DCF module, we focus 
on the design of SC-DCF so as to achieve fiber dimen-
sion as small as possible and chromatic dispersion as 
large as possible in the range of allowable bending 
loss, cutoff wavelength, and micro-bending loss due to 
lateral pressure at winding process.

We numerically calculate the optical properties of 
SC-DCF and finally achieve target properties of SC-
DCF.

3.2 Optical properties of SC-DCF

Optical properties of previous SC-DCF with reduced 
fiber diameter, target values of prototype SC-DCF, and 
measurement values of prototype SC-DCF are shown 
in Table 6. The dimension of the prototype SC-DCF is 
reduced, in cladding diameter of 80 mm and coating 
diameter of 145 mm. At the wavelength of 1550 nm, the 
SC-DCF is in chromatic dispersion of -160 ps/nm/
km, the attenuation of 0.53 dB/km, FOM of 300 ps/
nm/dB, RDS of 0.0034 nm-1 and Aeff of 17 mm2. 

The SC-DCF has reduced cladding diameter and 
thin coating; therefore, micro-bending loss and me-

chanical strength are key characteristics. The attenua-
tion of the fiber is shown in Fig. 9. Increased loss at a 
wavelength longer than 1575 nm, which is due to bend-
ing loss of the fiber, is not observed. Figure 10 shows 
Weibull distribution plots of prototype fiber. The curve 
of prototype SC-DCF is in line with SSMF. This result 
indicates that the SC-DCF has reliable mechanical 
strength.

Coating dimension of prototype SC-DCF is 0.83 
times that of the previous one, and chromatic disper-
sion of the SC-DCF is 1.39 times that of the previous 
one. As a result, occupied winding volume of the SC-
DCF in SC-DCF module is 0.6 times that of the previ-
ous one.

3.3 Optical properties of SC-DCF module

SC-DCF module for compensation of 100 km SSMF 
is fabricated by using prototype SC-DCF. The SC-DCF 
is wound on a reel and optical connectors are spliced 
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module.

Table 4. Test item and condition of reliability test.

Table 5. Measurement variation of optical characteristics after 
each test.

No. Item Test condition

1 Vibration
Frequencies range 10 to 500 Hz, 1.5 G 

along each axis

2 Shock
4 inch drop unpackaged, 30 inch drop 

packaged

3 Thermal cycle -40 °C/+85 °C, 1000 cycle

4 Damp and heat 85 °C and 85 %RH for 1000 h

No. Item

Variation of 
insertion 

loss
(dB)

Variation of 
dispersion
(ps/nm)

Variation 
of PMD

(ps)

Variation 
of PDL*

(dB)

Wavelength 1550 nm

1 Vibration <0.2 <1.0 <0.2 <0.02

2 Shock <0.2 <1.0 <0.2 <0.02

3
Thermal 

cycle
<0.2 <1.0 <0.2 <0.02

4
Damp and 

heat
<0.2 <1.0 <0.2 <0.02

*PDL : Polarization depending loss
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at both ends of SC-DCF. The module dimension, which 
is dominated by the size of flanges put on both sides of 
the reel, is diameter of 138 mm and width of 23 mm.

A technique for reducing the splice loss between 
SC-DCF and SSMF is applied. The direct connection 
loss between SC-DCF and SSMF is less than 0.2 dB, 
which is lower than that of intermediate fiber tech-
nique. Intermediate fiber becomes unnecessary by 
employing this method, and thus the number of arc 
fusion splice points is decreased to two points. This 
method allows for compact storage of fiber connec-
tion.

Table 7 shows the module properties of fabricated 
SC-DCF module. In comparison with previous SC-DCF 
module, the fabricated SC-DCF module has twice com-
pensation ability at the same volume. This means that 
the dimension of fabricated SC-DCF module is 0.6 
times that of the previous one. Downsizing and lower-
ing insertion loss of SC-DCF module are realized, with 
a module dimension that is half of the previous SC-
DCF module, by using prototype SC-DCF and direct 
fusion splice technique. 

Residual chromatic dispersion after compensating 
for 100 km SSMF is shown in Fig. 11. Over a wide 
wavelength range of 1525 nm to 1565 nm, residual dis-

persion is within ±10 ps/nm. 

3.4 Reliability of SC-DCF module

Figure 12 shows temperature dependence of mod-
ule insertion loss at measurement wavelength of 1550 
nm. The maximum value of the module insertion loss 
appears at lowest limit temperature of -40 °C. It is 
confirmed that the temperature variation of module 
insertion loss is less than 0.1 dB. 

 The fabricated SC-DCF modules are evaluated with 
reliability tests as shown in Table 4 mentioned in Sec-
tion 2. No variance of optical properties is observed 
through all tests.

4. Conclusion
We have designed and developed two types of SC-

DCF and fabricated SC-DCF modules by using each 
prototype SC-DCF. One is a SC-DCF module with low 
insertion loss by using the prototype SC-DCF, which 
has higher FOM and equal Aeff compared with the pre-
vious one. As a result, the length of SC-DCF becomes 
shorter than that of the previous one, and thus nonlin-
ear effect in the fiber is suppressed. The other is a 
compact SC-DCF module by using the prototype SC-
DCF, which has small fiber diameter and large disper-
sion coefficient. As a result, the dimension of SC-DCF 
becomes smaller than that of the previous one. Fabri-
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Table 7. Optical properties of compact SC-DCF modules.

Item Unit Sample1 Sample2 Sample3 Sample4

Dispersion
ps/nm

1550 nm
-680 -1020 -1020 -1700

Fiber length of 
compensated 

SSMF
km 40 60 60 100

RDS
nm-1

1550 nm
0.0035 0.0034 0.0035 0.0034

Module 
insertion loss

dB
1550 nm

2.7 4.0 3.9 6.2

Module PMD
ps

1525-1565 nm
0.1 0.1 0.2 0.3

Table 6. Optical properties of conventional 90μm SC-DCF, 
target 80μm SC-DCF for compact modules

and prototype 80μm SC-DCF.

Item Unit
90μm SC-DCF
(Conventional)

80μm 
SC-DCF
(Target 
value)

80μm 
SC-DCF

(Prototype 
results)

Wavelength nm 1550

Fiber 
diameter

mm 90 80 80

Coating 
diameter

mm 175 145 145

Dispersion ps/nm/km -115 £ -150 -160

RDS nm-1 0.0034 0.0034 0.0034

Attenuation dB/km 0.53 - 0.53

FOM ps/nm/dB 220 ≥ 300 302

Aeff mm2 17 17 17

PMD ps/km1/2 0.1 0.1 0.1
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cated compact SC-DCF module is reduced by half of 
the previous one. 

Each of the prototype SC-DCF has been developed, 
and we have confirmed the optical properties and reli-
ability of SC-DCF modules. It is found that the newly 
developed SC-DCF modules have high performance 
for practical applications and will steadily replace the 
conventional SC-DCF modules.
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