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We investigate the effect of polarization-mode dispersion (PMD) on the optimum dispersion com-
pensation (ODC) monitoring and nonlinear penalty in optical transmission systems. We report that 
PMD may reduce the fiber nonlinearity. We also report that the monitoring error of the clock-based 
ODC monitoring technique decreases after the first-order PMD compensation. A simple explanation 
of this phenomenon is shown.
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I. INTRODUCTION

In high-speed optical transmission systems with ≥40 
Gb/s per channel, it is essential to monitor and com-
pensate for chromatic dispersion in real time [1, 2]. In 
the linear optical transmission systems with a low signal 
power, a 100-% dispersion compensation gives the best 
signal quality. Thus, the optimum dispersion compensa-
tion is 100% in the ideal linear optical transmission. 
However, in the real optical transmission systems with 
≥40 Gb/s per channel, the optical signal power should 
be high enough to satisfy the required optical signal-to- 
noise ratio. The high optical signal power causes fiber 
nonlinearity such as self-phase modulation (SPM), which 
shifts the optimum value of chromatic dispersion com-
pensation from 100% to another value [3].

Therefore, finding the optimum value of chromatic 
dispersion compensation is more important than merely 
monitoring chromatic dispersion in the real nonlinear 
optical transmission systems. We have defined the ability 
to find the optimum value of chromatic dispersion com-
pensation as optimum dispersion compensation (ODC) 
monitoring [4]. In the earlier works, we have shown that 
clock-frequency component can be used for ODC moni-
toring in the nonlinear transmission systems [4, 5]. 

However, we have not considered the polarization-mode 
dispersion (PMD) effect in the earlier works. Thus we 
were not able to insist that the clock-based ODC moni-
toring can be used in the real optical transmission systems 
with PMD.

In this paper, we investigate the PMD effect on the 
clock-based ODC monitoring technique. We also inves-
tigate the PMD effect on the nonlinear optical transmission. 
And, a simple explanation about the results are presented.

II. CONCEPTS AND DEFINITIONS

In this paper, we introduce several concepts and defi-
nitions for a quantitative analysis of chromatic dispersion 
compensation and fiber nonlinearity, as illustrated in 
Fig. 1. Dispersion-compensation ratio (DCR) is defined 
as the ratio of the amount of dispersion compensated 
by a dispersion compensator to the total amount of dis-
persion accumulated along the transmission.

In the ideal linear optical transmission systems, a 100-% 
DCR gives the lowest eye-opening penalty (EOP). However, 
in the real nonlinear optical transmission systems, the 
optimum DCR is shifted from 100% to another value. 
The optimum value of DCR is defined as optimum disper-
sion compensation (ODC) in this paper. And, the tech-
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FIG. 1. The definition of nonlinear penalty and ODC 
estimation error in ODC monitoring. The X-axis is dispersion- 
compensation ratio (DCR).

FIG. 2. The EOPs and clock powers as a function of dispersion-compensation ratio without PMD, with PMD, and 
after PMD compensation (PMDC).

nique to monitor the ODC point is defined as ODC 
monitoring [4].

For a quantitative analysis of fiber nonlinearity, we 
define the nonlinear penalty as the remained EOP at 
the ODC point, as illustrated in Fig. 1. The nonlinear 
penalty implies the minimum EOP that can be obtained 
by using dynamic chromatic dispersion compensation 
in nonlinear optical transmission. From the other point 
of view, it also implies the penalty induced by fiber non-
linearity that cannot be eliminated by chromatic dispersion 
compensation. We think that the nonlinear penalty can 
be an index for the amount of fiber nonlinearity.

In the earlier works, we have shown that the ODC 
point can be detected by finding the peak point of clock 
power [4, 5]. In Fig. 1, the estimated ODC means the 
point detected by finding the peak point of the clock 
power. However, because the clock-based ODC monitoring 
technique is not perfect, there exist some errors. To quan-

tify the monitoring errors, we define ODC estimation error 
as the additional EOP induced by the monitoring error 
of the ODC monitoring technique. The ODC estimation 
error implies the accuracy of the ODC monitoring technique.

From the next paragraph, we will investigate the PMD 
effect on the nonlinear penalty and the ODC estimation 
error in the nonlinear optical transmission systems.

III. SIMULATION CONDITION

To investigate the PMD effect, we conducted computer 
simulations by using a commercial optical transmission 
simulator, VPItransmissionMaker

TM
 [6]. We conducted 

800-km optical transmission simulations with 40-Gb/s 
optical signal. In the simulation, we assume the use of 
nonzero dispersion-shifted fiber (NZDSF); chromatic dis-
persion = 4 ps/nm/km and PMD = 0.2 ps/(km)

0.5
. The 

signal format is non return-to-zero (NRZ). The signal 
power is - 1 dBm and the optical signal is amplified 
at the end of each 80-km span by an Erbium-doped fiber 
amplifier. Chromatic dispersion is compensated at the 
end of the each 80-km span by dispersion-compensating 
fiber. We assume that PMD is compensated at the end 
of the total 800-km transmission by the first-order PMD 
compensator. To investigate the PMD effect statistically, 
we randomly define 50 sets of the birefringence degrees 
of fiber to emulate PMD.

IV. RESULT AND DISCUSSION

Fig. 2 shows a set of the simulation results. One set 
of the simulation results consists of the EOPs and the 
clock powers without PMD, with PMD, and with PMD 
compensation, as a function of dispersion-compensation 
ratio, in one randomly defined set of the birefringence 
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(a) Nonlinear penalties with PMD

(b) Nonlinear penalties after PMD compensation

FIG. 3. Nonlinear penalties with PMD and PMD com-
pensation. The solid line is the original value without PMD.

FIG. 4. The ODC estimation errors after PMD compensation

degrees of the fiber.
In Fig. 2, the EOPs and the clock powers are displayed 

when PMD is not modeled, when PMD is modeled, and 
when the PMD is optimally compensated by a first-order 
PMD compensator. As shown in Fig. 2, although PMD 
itself causes severe additional EOP in the optical signal, 
the EOP after the PMD compensation decreases to even 
lower than the EOP without PMD. In other words, the 
nonlinear penalty after the PMD compensation decreases 
to lower than the original value without PMD. This result 
shows that PMD may reduce the nonlinear penalty. In 
Fig. 2, it may be also shown that clock-frequency compo-
nent could be used to monitor the ODC point after PMD 
compensation. We will investigate the possibility in Fig. 4.

To investigate the PMD effect statistically, we con-
ducted more simulation sets (total 50 simulation sets) 
because the result of each PMD simulation can be dif-
ferent due to the birefringence degrees of the fiber although 
the mean value of PMD is fixed. Fig. 3 shows the 
nonlinear penalties of the 50 simulation sets with (a) 
PMD and (b) PMD compensation. It is shown that 
although PMD itself raises the nonlinear penalties, the 
nonlinear penalties after the PMD compensation 
decrease lower than the original value without PMD. 
It could be reported that although PMD itself is a kind 
of impairment in optical fiber transmission, PMD has 
a function of reducing fiber nonlinearity.

Fig. 4 shows the ODC estimation errors after the 
PMD compensation. It is shown that ODC estimation 
errors after PMD compensation decrease to lower than 
the original value without PMD. In other words, clock- 
based ODC monitoring technique becomes more accurate 
after PMD compensation, compared with the case 
without PMD. Thus, it can be reported that the clock- 
based ODC monitoring technique can be used in the 
optical transmission systems with PMD compensation.

From the simulation results in Fig. 3 and Fig. 4, it 
could be thought that PMD may reduce the fiber nonlin-
earity. To explain this phenomenon, we show a simple 
explanation in Fig. 5. For an easy explanation, we assume 
that the optical power is divided between two polariza-
tions (X and Y axis) each with a half power. The nonlin-
ear propagation equations in the fiber with birefringence 
are given by [7]
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where , , , ,  denote the envelope of the TE 

and TM polarized electrical field components, the Kerr 
nonlinearity, the fiber attenuation and the group velocity, 
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FIG. 5. Nonlinear effect in birefringence of the fiber

respectively, and  is the parameter related to the chro-

matic dispersion of the fiber.
If we assume that the each polarization has a half 

power, the total nonlinear effect becomes a 5/6 (= 
1*1/2 + 2/3*1/2) of the original value after the optical 
signal is divided into two polarizations. In any cases, 
the total nonlinear effect cannot exceed the original 
value due to the factor, 2/3 of |Ay|

2. And also, since 
the pulse positions of the two pulses are different in 
the Z-axis, the nonlinear effect from the Y-axis pulse 
cannot affect the whole value to the X-axis pulse. We 
have found that a similar explanation was reported 
before [8].

It may be necessary to note that we conducted more 
simulation sets in other simulation conditions including 
wavelength-division multiplexing (WDM) conditions, 
and we confirmed our results.

V. CONCLUSION

Using numerical simulations, we investigated the PMD 
effect on ODC monitoring and fiber nonlinearity. It has 
been shown that PMD may reduce the fiber nonlin-
earity. And it also has been shown that the clock-based 

ODC monitoring technique become more accurate after 
PMD compensation. Therefore, we can conclude that 
clock-based ODC monitoring technique will be useful 
in the optical transmission systems with PMD compen-
sation. A simple explanation about the phenomenon has 
been shown.
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