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Abstract— High frequency, and broad bandwidth technology
development in photonic network applications is being driven
by the need to quickly process and distribute large amounts of
information. Due to the high cost, complexity, and
performance limitations of electronic high frequency systems,
hybrid electrical-optical or all-optical systems are necessary.
Current off-theshelf optical components function well at
frequencies below 20 GHz, but their performance begins to
degrade quickly above 40 GHz. This performance degradation
results primarily from limitations in the crystalline electrooptic
materials currently used to fabricate optical components.
Optical components and integrated optical devices that operate
at high frequency and with high bandwidth are necessary for
next generation applications such as high capacity optical
networks, high speed microprocessors, and high frequency
wireless communications. Therefore, this paper has proposed
the recent progress of LiNbO3 based Electrooptic modulator
devices in high speed photonic access communication networks.
We have investigated the cut-off frequency, 3-dB bandwidth,
modulation bandwidth, transmission bit rates and products
within NRZ coding over wide range of the affecting
parameters.
Keywords– Integrated Optoelectronics, Optoelectronic Devices,
Optical Modulation, Optical Planar Waveguide and NRZ Coding

I. INTRODUCTION

T

he ferroelectric material lithium niobate (LiNbO3) has
been extensively applied to optical devices. It has
excellent electro-optic and optical properties that is [1];
it has a large electro-optic effect and is capable of a highspeed response. It is also transparent for infrared light and it
is easy to fabricate into low-loss channel waveguides by
diffusing titanium. Consequently, various high-performance
optical waveguided LiNbO3 devices have been developed
for the terminal functions of external intensity modulators,
phase modulators, and multi/demultiplexers, as well as
switch arrays for optical fiber network systems. In
particular, these LiNbO3 devices are very useful for optical
wavelength division multiplexing (WDM) systems because
of the possibility of operation in the range of widewavelength infrared light with a single device due to its
transparence [2].
LiNbO3 external modulators have been developed for
extensive use in high speed and long-distance optical fiber
transmission systems. This is because they can offer the
advantages of modulation exceeding 10 Gbits/sec combined
with a low driving voltage, and they can eliminate the
dynamic laser wavelength chirping which limits the span-
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rate system product due to their fiber dispersion
characteristics. LiNbO3 external modulators can also offer
pure phase modulation in coherent systems and can realize
various optical signal processors. As the bit rate of optical
network systems becomes higher [3], it becomes more
difficult to drive a modulator with a high voltage due to the
restrictions of electrical instruments, in particular, electrical
driving amplifiers. Therefore, reduction of the driving
voltage of an LiNbO3 modulator with a broadband
characteristic is an extremely important issue for realizing
future high-speed optical transmission systems [4].
Present communication technology relies on fiber-optic
systems which include light sources such as a laser, optical
fiber [5], integrated optical components such as modulators
and switches, and optical detectors. The lasers and detectors
are fabricated using semiconductor materials, and the
integrated optical components are generally fabricated using
electrooptic single crystal materials such as LiNbO3. Among
the integrated optical components, the contribution from
electrooptic modulators using LiNbO3 waveguide structures
has been significant in the last several decades due to their
high-speed and chirp-free nature.
The essential requirements for efficient electrooptic
modulation are low half-wave (switching) voltage and broad
3-dB modulation bandwidth. Fast Mach-Zehnder LiNbO3
modulators with low operating voltage fabricated in
electrooptic modulator technology have the potential to
considerably cut costs for high speed optical transceivers. So
far, the fastest broadband light modulation in silicon
technology was achieved with free-carrier injection, which
allowed modulation up to 30 GHz [6]. On the other hand,
much higher modulation frequencies can be achieved with
polymer based material systems through the virtually
instantaneous electro-optic effect [7].
In the present work, we have taken in to account one of
the most important components of a nanophotonic
communication system is a fast electrooptic modulator,
which takes in a direct current optical input signal and
switches it on/off using a high data rate electronic signal.
Modulation is achieved by inducing a change in the phase or
the intensity of the light, using a refractive index change or
an absorption change, respectively. Moreover we have
analyzed parametrically the transmission data rate, operating
signal
bandwidth,
modulation
bandwidth,
device
performance index, and transmission data rate length
product within NRZ coding as a good criteria for high speed
electrooptic device performance and efficiency.
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II. DIFFERENT MODULATION SCHEMES WITH
ELECTROOPTIC NODULATOR DEVICES
Figure 1 show single-mode channel waveguided device
structures using z-cut LiNbO3 crystals, where a lowrefractive-index buffer layer of SiO2 film is formed between
the electrode and the LiNbO3 substrate to prevent light
absorption by the metal. For external modulators, the
absence of optical wavelength chirping in modulated signals
is essential in high-speed and long-distance optical

transmission systems. A Mach-Zehnder interferometric
modulator has an ideal zero chirp [8] with push-pull
operation, i.e., an increase in the refractive index of one
waveguide causes a corresponding decrease in that of the
other. Consequently, a Mach-Zehnder interferometer is
normally utilized for high-speed intensity modulators,
whereas a directional coupler is used for integrated
switching devices [9].

Fig. 1. Scheme of typical waveguided z-cut LiNbO3 devices. (a) phase modulator, (b) intensity modulator using Mach-Zehnder interferometer, and
(c) intensity modulator using directional coupler.

III. DEVICE MODELING ANALYSIS
To use the highest electrooptic coefficient in LiNbO3
(r33), the externally applied electric field should be parallel
to the Z-axis [7]. Therefore, in order to optimize the
interaction between the electric field and the optical mode
[8], in a Z-cut wafer the electrodes should be positioned on
top of the waveguide arms, while in an X-cut wafer the
electrodes should be located on both sides of the branches.
In these conditions the extraordinary refractive index change
by electro-optic effect in LiNbO3 is given by [9]:
(1)
∆ne = 0.5 ne r33 E z ,
Where ne is the effective refractive index of the material
based electrooptic modulator device, r33 is the corresponding
electrooptic coefficient in pm/Volt, Ez is the applied electic
field in Z-direction in Volt/cm. The integrated MachZehnder intensity modulator is perhaps the paradigm of
integrated optical devices, and it has been successfully used
in optics communications technology. The theoretical value
for the half-wave voltage of the integrated electro-optic
modulator or switching voltage can be calculated using the
expression [10]:
Vπ =

λg
Lm ne3 r33 Γ

,

(2)

overlap between the applied electric field and the
propagating modal field). The transmittance of an optical
signal through the modulator using the following equation:
Tm = e −α Lm , dB
(3)
Where α is the power absorption coefficient in dB/cm. The
resistance of modulator device can be measured by
estimating the device dimensions as the following equation:
R=ρ

(4)

,

Where ρ is the resistivity, d is the modulator thickness, and
w is the modulator width. The time constant, τ of the
modulator device can be calculated as follows [9]:
τ = RC ,
(5)
The cut-off frequency, fcut-off of the modulator device is
calculated from the RC time constant as the following:
f cut − off =

1
,
2 π RC

(6)

The relative refractive index change induces an optical
phase modulation of:
(7)
∆φ = k0 Lm ∆ne ,
Where k0=2π/λ is the wave number. The electrical 3-dB
bandwidth f3-dB for which modulation voltage, Vm is reduced
by (1/ 2 ) from its value can be expressed as [10]:

Where λ is the operating signal wavelength in µm, g is the
gap between electrodes in µm, Lm is the modulator length in
cm, and Г is confinement factor (factor with relates the
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π R ε eff C Lm

,

(8)
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Where C is the capacitance in pf, εeff is the effective RF
relative dielectric constant. The bandwidth is reduced by the
electrooptic device loss. Under the perfect velocity matching
condition [11], achievable modulation bandwidth fm is:
fm =

6.84

,

α Lm

GHz

(9)

For LiNbO3 material, the investigation of both the
thermal and spectral variations of the effective waveguide
refractive index (ne) requires empirical equation. The set of
parameters required to completely characterize the
temperature dependence of the refractive-index is given
below, Sellmeier equation is under the form [12]:
ne = A1 + A2 H +

A3 + A4 H

A + A8 H
+ 7
− A10λ ,
λ2 − ( A5 + A6 H )2
λ2 − A92

(10)

Where λ is the optical signal wavelength in µm and
H = T 2 − T02 , T is the ambient temperature in K, and T0 is the
room temperature (300 K). The set of parameters of
equation coefficients (LiNbO3) are recast and dimensionally
adjusted as: A1=5.35583, A2=4.629x10-7, A3=0.100473,
A4=3.862x10-8, A5=0.20692, A6=-0.89x10-8, A7=100,
A8=2.657 x10-5, A9=11.34927, and A10=0.01533. Equation
(10) can be simplified as the following:
ne = A12 +

A34
2
λ2 − A56

+

A78

λ2 − A92

− A10λ ,

(11)

Where: A12=A1+A2H, A34=A3+A4H, A56=A5+A6H, and
A78=A7+A8H. Then the first and second differentiation of
Eq. (11) with respect to operating signal wavelength λ
which gives:



dne  − λ  
A34
A78
 .
= 
A
+
−
10
 ,
dλ  ne   2
2 2
2
22

λ − A9
 λ − A56


(

d 2 ne
2

dλ

) (

)
(2 − (λ − A ) + A
(λ − A )

( (
)
(
)


2
 1   A 2 − λ2 − A56
A
=   .  34
+ 78
2
2
2
2
 ne  
λ − A56


2

22
9

2
9

(12)



10  ,




(13)
The material dispersion based electrooptic modulator,
Dmat. which is given by the following equation [13]:
 L . ∆λ . λ   d 2 ne
Dmat . = −  m
 .
c
  dλ2



 ,



(14)

The modal-dispersion delay, Dmodal for a multi mode
step-index electrooptic device with length Lm, is given by:
Dmod al = Lm ne ∆ne / c ,
(15)
Where the total dispersion coefficient [15],
Dt=Dmat.+Dmodal. In addition to providing sufficient power to
the receiver, the system must also satisfy the bandwidth
requirements imposed by the rate at which data are
transmitted. A convenient method of accounting for the
bandwidth is to combine the rise times of the various system
components and compare the result with the rise time
needed for the given data rate and pulse coding scheme. The
system rise time is given in terms of the data rate for non
return to zero pulse code by [16]:
BR (NRZ ) =

0.7
,
Dt

(16)

In the same way, the device performance index (DPI)
can be expressed as the following expression [18]:
f
DPI = m , GHz / Volt
Vπ

[ISSN: 2045 -7057]

(17)

IV. SIMULATION RESULTS AND DISCUSSIONS
We have investigated recent progress of LiNbO3 based
electrooptic modulator device in high speed photonic
networks over wide range of the affecting operating
parameters as shown in Table 1.
Table 1: Proposed operating parameters for our suggested electrooptic
modulator device.
Operating parameter
Symbol
Value
Operating signal wavelength

λ

1.3 µm—1.55 µm

Spectral line width of the optical source

∆λ

0.1 nm

Ambient temperature

T

300 K ≤ T ≤ 320 K

Room temperature

T0

300 K

Relative refractive-index change

∆ne

0.05 ≤ ∆n ≤ 0.09

Modulator length

Lm

5 cm ≤ Lm ≤ 10 cm

Speed of light

c

3 x1010 cm/sec

Modulator width

W

2 cm ≤ W ≤ 5 cm

Modulator thickness

d

0.2 cm ≤ d ≤ 1 cm

Gap between electrodes

g

0.1–0.35 µm

Electro-optic coefficient

r33

30.8x10-10 cm/Volt

Applied electric field

E

2 Volt/cm

Resistivity

ρ

2.66x10-3 Ω.cm

Confinement factor

Г

0.8–0.95

Modulator device capacitance

C

0.2–0.4 nF

Effective RF relative dielectric constant

εeff

17.85

Power absorption coefficient

α

0.1–0.4 dB/cm

Based on the model equations analysis, assumed set of
the operating parameters, and the set of the Fig. (2–12), the
following facts are assured as the following results:
i) Fig. 2 has assured that as the operating optical signal
wavelength increases, this leads to decrease in device
performance index at constant power absorption
coefficient. As well as power absorption coefficient
increases, this results in decreasing of device
performance at constant operating optical signal
wavelength.
ii) As shown in Fig. 3 has proved that as operating optical
signal wavelength increases, this leads to increase in
switching voltage at constant modulator length. As well
as modulator length increases, this results in decreasing
of switching voltage at constant operating optical signal
wavelength.
iii) Fig. 4 has demonstrated that as gap between electrodes
increases, this leads to decrease in device performance
index at constant confinement factor. As well as
confinement factor increases, this results of increasing
of device performance index at constant gap between
electrodes.
iv) Fig. 5 has indicated that as ambient temperature
increases, this leads to slightly decreases in switching
voltage at gap between electrodes. As well as gap
between electrodes increases, this results of increasing
of switching voltage at constant ambient temperature.
v) As shown in Fig. 6 has assured as modulator length
and power absorption coefficient increase, this results in
decreasing of modulator transmittance.
vi) Fig. 7 has proved that as both modulator width and
modulator thickness increase this leads to decrease of
time
constant
of
the
modulator
devices.
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Fig. 2. Variations of the device performance index versus operating signal wavelength at the assumed set of parameters.
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Fig. 3. Variations of the switching voltage versus operating signal wavelength at the assumed set of parameters.
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Fig. 4. Variations of the device performance index against gap between electrodes at the assumed set of parameters.
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Fig. 5. Variations of the switching voltage against ambient temperature at the assumed set of parameters.
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Fig. 6. Variations of the modulator transmittance against modulator length at the assumed set of parameters.
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Fig. 7. Variations of modulator time constant against modulator thickness at the assumed set of parameters.
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Fig. 8. Variations of cut-off frequency against modulator length at the assumed set of parameters.
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Fig. 9. Variations of cut-off frequency against modulator width at the assumed set of parameters.
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Fig. 10. Variations of 3-dB bandwidth against modulator length at the assumed set of parameters.
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Fig. 11. Variations of modulation bandwidth against power absorption coefficient at the assumed set of parameters.
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Fig. 12. Variations of transmission bit rate versus effective refractive index at the assumed set of parameters.

vii) Fig. 8 has indicated that both modulator length and
modulator capacitance increase, this results in
decreasing of cut-off frequency.
viii) As shown in Fig. 9 has assured that as modulator
width increases and modulator capacitance decreases,
this leads to increase of cut-off frequency.
ix) Fig. 10 has indicated that both modulator length and
modulator capacitance increase, this results in
decreasing of 3-dB bandwidth.
x) As shown in Fig. 11 has demonstrated that as both
modulator length and power absorption coefficient
increase, this leads to decrease of modulation
bandwidth.
xi) Fig. 12 has proved that as effective relative
refractive-index change and modulator length
increases, these effects in decreasing in transmission
bit rates of modulator devices.
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V. CONCLUSIONS
In a summary, we have deeply investigated the recent
progress of LiNbO3 based electro-optic devices using NRZ
coding to handle the modulation bandwidth, switching
voltage, cut-off frequency, transmission date rate, and
transmission bit rate length product. The modulator device
performance parameters have been described. It is evident
that of both operating optical signal wavelength and power
absorption coefficient this leads to the decreased switching
voltage and then the increased modulator device
performance index. It is also found theoretically that the
decreased gap between electrodes and the increased
confinement factor this results in the increased modulator
device performance index. We have observed that the
decreased of both modulator length and power absorption
coefficient this leads to the increased of modulator device
transmittance. Moreover the increased of both modulator
thickness and width this results in the decreased of time
constant of the modulator device operation. As well as the
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decreased of both modulator capacitance and modulator
length and the increased modulator width this leads to the
increased cut-off frequency of the modulator devices. In the
same way, we have indicated that the decreased of
modulator length, modulator capacitance, power absorption
coefficient, and effective relative refractive change this
results in the increased of the 3-dB bandwidth, modulation
bandwidth and transmission bit rates of the modulator
devices.
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