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Pre-Equalizing Electro-Optic Modulator Utilizing
Polarization-Reversed Ferro-Electric Crystal Substrate∗
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SUMMARY We have proposed and developed new electro-optic modu-
lators for the pre-equalization of signal distortion caused by the optical fiber
chromatic dispersion effect. We found that the synthesis of an almost arbi-
trary impulse response function is obtainable by utilizing an electro-optic
modulator composed of a Mach-Zehnder waveguide and travelling-wave
electrodes on a ferro-electric material substrate with polarization-reversed
structures. In this paper, the operational principle, design and simulation
results of the pre-equalization modulator are presented. Some preliminary
experimental results are also shown with future prospects.
key words: optical modulator, Pockels effect, polarization reversal, im-
pulse response, equalization

1. Introduction

A single-mode silica optical fiber is indispensable for long
haul communication networks in the world; a silica fiber has
the lowest propagation loss in any kind of data transmission
cable [1], [2] and a rather wide transmission bandwidth over
THz with negligible crosstalk. Recently, study and devel-
opment of multi-core and/or multi-mode optical fibers are
also attracting a lot of interest for advanced communication
networks [3], [4].

However, a silica fiber has one disadvantage for high-
speed data transmission; it shows dispersion characteristics
owing to material dispersion and structure dispersion. The
dispersion effect essentially causes signal distortion since
the phase relationship between frequency components are
changed through fiber transmission.

Compensating for the optical signal distortion result-
ing from the chromatic dispersion of silica fibers is indis-
pensable in modern long-haul telecommunication systems,
since the signal distortion is proportional to the square of the
data/symbol repetition frequency. Therefore, it is a big prob-
lem in high-data-density modulation formats which employ
advanced vector modulation techniques.

In order to compensate for the signal distortion result-
ing from the chromatic dispersion effect, the digital coherent
method utilizing high-speed analog-to-digital (A/D) con-
verters and digital signal processors has been developed and

Manuscript received November 7, 2017.
Manuscript revised February 16, 2018.
∗This is an original article.
†The authors are with Graduate School of Engineering Sci-

ence, Osaka University, Toyonaka-shi, 560–8531 Japan.
∗∗Presently, with Graduate School of Engineering, Mie Univer-

sity.
a) E-mail: murata@elec.mie-u.ac.jp

DOI: 10.1587/transele.E101.C.581

implemented [5]–[8]. This technique is robust and appli-
cable for any modulation format including vector modula-
tion schemes. Despite this, there may be a power consump-
tion issue; higher electrical power is necessary for signal
processing and cooling as the bit-rate becomes faster. Dis-
persion compensation fibers are also applicable for the dis-
tortion compensation [9], [10]. However, their operational
wavelength range is essentially limited.

We have proposed a high-speed pre-equalizing electro-
optic modulator (EOM) utilizing velocity-mismatched
traveling-wave electrodes and polarization-reversed sub-
strates of ferro-electric optical crystals [11]–[13]. This pre-
equalizing EOM is based on electrical-optical signal conver-
sion with temporal convolution and the synthesis of an arbi-
trary impulse response, which enables us to obtain a com-
plex transfer function precisely tuned to counter the signal
distortion caused by fiber chromatic dispersion [8]. In this
device, pre-equalization and electrical-optical signal conver-
sion are obtained simultaneously without A/D conversion
and high-speed signal processing. Therefore, dispersion
compensation with low-power consumption can be ob-
tained.

In this paper, the basic structure, operational principle,
and some preliminary experimental results of the proposed
EOM are presented.

2. Structure of Pre-Equalizing EOM

The basic structure of the proposed pre-equalizing EOM
is shown in Fig. 1. A Mach-Zehnder (MZ) or double
Mach-Zehnder (DMZ) optical waveguide is fabricated on
a substrate of ferro-electric electro-optic (EO) crystals like
LiNbO3. EO polymer is also applicable although rather fine

Fig. 1 Basic structure of the proposed pre-equalizing EO modulator.
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(∼50 µm) poling structures are necessary for the equalizing
operation.

When standard digital amplitude-shift-keying (ASK)
signals are supplied to the electrode of the modulator,
electrical-to-optical signal conversion and pre-equalization
are obtained simultaneously. Therefore, the output light sig-
nals from the device seem distorted, but after propagation
through an optical fiber of a designed length, clear optical
ASK signals are obtained.

By utilizing a DMZ waveguide rather than a standard
MZ waveguide, pre-equalization for vector/IQ modulation
signals (QPSK, QAM, and so on) is obtainable since the
proposed pre-equalization scheme is based on a pair of high-
speed optical phase modulation characteristics in a constel-
lation plane [8]. By switching the input and output of the
electrical signal, the extension of the fiber length to be com-
pensated for is possible due to the electric signal counter-
propagation with the lightwave [12].

3. Operational Principle

Figure 2 shows the basic operation block diagram for the
equalization. The inverse transfer function of the optical
fiber dispersion effect is implemented in the EOM by utiliz-
ing the transfer function synthesis technique with velocity-
mismatched traveling-wave modulation and polarization-
reversed structures [11].

For the case of a lightwave (LW) signal transfer over
an optical fiber of length L f , the transfer function can be
expressed as follows,

H(ω) = exp(− jβ(ω)L f ) (1)

where β is the propagation constant for the fundamental
mode in the fiber and the optical loss through the fiber trans-
fer is assumed to be sufficiently small. With the Taylor ex-
pansion of β at the angular frequency of the LW carrier, ω0,
β can be expressed as follows when the third and higher or-
der dispersion effects are negligible.

β(ω) = β1(ω − ω0) +
1
2
β2(ω − ω0)2 (2)

Therefore, the transfer function for the signal distortion
caused by fiber dispersion is expressed as follows.

Hdis(ω) = exp

(
−1

2
jβ2ω

2L f

)
(3)

Taking a Fourier transform of this dispersion transfer func-
tion, the impulse response of the LW signal distortion
caused by fiber dispersion is obtained. Figure 3 shows cal-
culated examples of the impulse response of the dispersion
effect with the group velocity dispersion of D = 16 ps/(nm
km) and the fiber length of L f = 10 km. The real and imagi-
nary parts of the impulse response of the fiber dispersion are
plotted.

Then, the transfer function to compensate for the LW
signal distortion caused by the fiber chromatic dispersion

Fig. 2 Block diagram and basic operation of the proposed pre-
equalization EOM.

Fig. 3 Calculated example of the impulse response, h(t), to express fiber
dispersion effect. (D = 16 ps/(nm km) and L f = 10 km)

effect is expressed as Hcmp(ω) = 1/Hdis(ω) = Hdis
∗(ω).

Therefore, by utilizing an EOM of impulse response, h∗(−t),
pre-equalization is obtainable with electrical-to-optical sig-
nal conversion simultaneously [11]. The required impulse
response is a complex function. Therefore, the real part
of the impulse function is set at one path in the MZ wave-
guide and the imaginary part is set at the other path in the
MZ waveguide with an optical phase shift of π/2. By using
this scheme, pre-equalization function can be implemented
in the EOM. The impulse response h∗(−t) is given by the
Fourier transform of Hdis

∗(ω).
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1
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Fig. 4 (a) EO phase modulator with a traveling-wave electrode and
polarization-reversed structures. (b) Its step response and (c) impulse re-
sponse.

4. Design of the Pre-Equalization Modulator

In order to realize the pre-equalization operation, the re-
verse impulse response of the fiber dispersion effect should
be implemented to the EOM. The impulse response of a
travelling-wave electrode EOM can be calculated easily by
a differential operation of its step response [14]. The step
response of a travelling-wave electrode EOM is obtained
with the simple consideration as shown in Fig. 4. Figure 4(a)
shows a simple configuration of a travelling-wave electrode
EOM with some polarization-reversed regions. Then, we as-
sume that the group velocity vg of the LW propagating in the
optical waveguide is larger than the phase velocity vm of the
electrical signal travelling along the electrode and that dis-
persion and depletion of the modulation signal in the elec-
trode are negligible. In this case, the step response becomes
a triangle-like shape according to the polarization-reversed
patterns as shown in Fig. 4(b). By differentiating the step
response with time, the impulse signal response of this EO
phase modulator is obtained (Fig. 4(c)).

Therefore, the impulse responses of the traveling-wave
electrode EOM with polarization-reversed structures are ob-
tained by simple digital-like shape functions correspond-
ing to the polarization-reversed patterns themselves [6]. The
temporal scale ∆t in the impulse response is proportional to
the spatial length ∆L of the electrode. Their relationship is
calculated by use of the velocity difference between the LW
propagating in the waveguide and the electric signal travel-
ing along the electrode.

∆t =
∆L
c
|ng − nm| (5)

where c is the LW velocity in vacuum, ng is the group index

Fig. 5 Calculated impulse responses (solid lines) and corresponding
polarization-reversed patterns in the LiNbO3 crystal substrate for pre-
equalization. (a) Real part. (b) Imaginary part.

Table 1 Parameters of the device design.

of the LW propagating in the optical waveguide, and nm is
the effective refractive index of the electrical signal travel-
ling along electrode. For example, when a standard chan-
nel optical waveguide in LiNbO3 (ng ∼ 2) and a thin metal
travelling-wave electrode (nm ∼ 4) are assumed, the cor-
responding temporal window for the convolution becomes
∆t = 200 ps when the travelling-wave electrode length is
∆L = 30 mm. This temporal window is proportional to the
products of a signal bit-rate and a fiber length able to com-
pensate for signal distortion using this EOM. For example,
when a 40Gb/s NRZ ASK signal is supplied to this EOM
with LW of 1.55 µm wavelength, the signal distortion can
be compensated for after transmission of a standard single
mode fiber (D = 16 ps/(nm km)) of 20 km long. In a 40
Gb/s RZ ASK signal case, clear signal can be obtained after
10km-long fiber propagation.

The designed polarization-reversed regions for the pre-
equalization are shown as the green areas in Fig. 5. The
black curves in Fig. 5 are the ideal impulse responses for
pre-equalization calculated from Fig. 3. We can use the
delta-sigma transformation technique to implement the re-
quired impulse responses by use of the fine polarization-
reversed structures [12], [13]. These two patterns are to be
set to the two paths in the MZ waveguide. The parameters
of the designed EOM are summarized in Table 1.

The calculated example of the LW output signal en-
velopes from the designed EOM and its variation through
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Fig. 6 Calculated variations of the LW signal from the designed EOM
after optical fiber transmission. (D = 16 ps/(nm km)).

optical fiber transmission are plotted in Fig. 6 when a 40
Gb/s RZ ASK signal is supplied to the designed EOM with
a 1.55 µm LW input. We can see that the signal distortion
can be compensated for after 10 km transmission through a
silica fiber.

5. Experiment

The designed pre-equalizing EOM was fabricated using
a z-cut congruent LiNbO3 wafer 250 µm thick with the
standard device fabrication method. For the fabrication
of the designed polarization-reversed structures, the pulse-
voltage applying method was used. A MZ waveguide
was fabricated by use of the annealed proton exchange
method. The traveling-wave electrodes, where the charac-
teristic impedance is matched with 50 Ω, but the microwave
velocity (the effective index of the microwave signal nm =

3.98) is not matched with the lightwave velocity (the group
index of the lightwave ng = 2.19) in order to obtain tempo-
ral convolution, were formed onto the MZ waveguide after
the deposition of a 0.2-µm-thick SiO2 buffer layer. The pho-
tograph of the fabricated EOM is illustrated in Fig. 7.

The performance of the fabricated pre-equalizing EOM
was tested by use of the experimental set-up shown in Fig. 8.
We measured the transfer function response of the fabri-
cated pre-equalizing EOM by utilizing the variable disper-
sion compensator (VIPA [10], [11]), which can generate op-
tical dispersion effects equivalent to 0 to 20 km-long silica
fiber cables. From a microwave oscillator, a single-tone mi-
crowave signal from 8 to 24 GHz was supplied to the fabri-
cated pre-equalizing EOM. The output signal from the pre-
equalizing EOM was fed to the VIPA, and then the output
from the VIPA was detected by use of a fast photodiode. A
typical example of the measured results is shown in Fig. 9.
For comparison, the results using a standard MZ EOM are
also shown. In the fabricated pre-equalizing EOM, the out-
put power levels were enhanced for all the measured fre-
quency when a dispersion effect corresponding to a 10-km-
long fiber was applied by the VIPA. While, for the stan-
dard MZ EOM case, the signal distortion resulting from the
dispersion effect was shown periodically at each frequency.
These figures were in line with our expected results. There-

Fig. 7 Photograph of the fabricated pre-equalization EO modulator.

Fig. 8 Experimental set-up for the measurement of the transfer function
of the EO modulator.

Fig. 9 Measured output signal levels for the single tone-modulation op-
eration with changing the equivalent fiber length by user of the variable
dispersion compensator (VIPA). (a) The fabricated pre-equalizing EOM.
(b) Commercially available standard MZ EOM.

fore, the synthesis of the transfer function utilizing polariza-
tion reversed structures and velocity-mismatched travelling-
wave electrode was verified.

6. Conclusion

The pre-equalization EOM utilizing the velocity-mismatched
electrodes and the polarization-reversed structures is dis-
cussed. Although the polarization reversal changes only
the sign of EO interaction digitally, useful signal process-
ing characteristics are obtainable with the combination of
the temporal delay in high-speed EO modulation devices.
These techniques are also applicable for EO polymer de-
vices and semiconductor-based EO devices.

The proposed EOM is operated as a pre-equalizer for
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the designed fixed fiber length with the fixed dispersion pa-
rameter. However, by adopting the structure for loading a
metal plate or a dielectric plate with an appropriate dielectric
constant, we can tune the fiber length/dispersion constant to
be compensated for in the range of −20 % to +10 % [12].
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