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Abstract 
 

In the present paper, we have been modeled parametrically and numerically the high 

speed of materials based electrooptic (EO) modulators in advanced optical communication 

systems. The modulated bandwidth is deeply and parametrically studied over wide ranges of 

the affecting sets of parameters via specially designed software which processes the 

interaction of causes and effects. The design parameters of the lumped circuit have been 

processed over large operating requirements. Lithium niobate (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, it becomes more 

difficult to drive a modulator with a high voltage. 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. Moreover polymer electrooptic 

devices have been extensively studied and explored due to its intrinsic advantages over 

conventional materials such as high speed operation, compatibility with other materials and 

substrates. 
 

Keywords: Electrooptic devices, electrooptic modulation, optical polymers, Lithium 

niobat, slab and rib waveguides. 
 

1. Introduction 
 

Present communication technology relies on fiber optic systems which include light 

sources such as a laser, optical fiber, 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 lithium niobate (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 [1]. The 

essential requirements for efficient electrooptic modulation are low half-wave (switching) 

voltage and broad 3-dB modulation bandwidth. High-speed traveling-wave electro optic 

modulators are very important devices because of their applications in many optoelectronic 

fields, such as telecommunication, optical signal processing, and optical measurement. With 

the increasing demand for broadband communication, many studies on the high-speed electro 

optic modulators have been carried out for optical communication system [2]. In addition, the 

precise control of the frequency responses of high-speed electro optic modulators has been 

required for the new generation optical fiber communication systems. In a standard traveling-

wave electrooptic modulator, the frequency response of the modulation index is restricted by 
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two effects: the velocity mismatching between the lightwave and modulation microwave and 

the loss of modulation microwave in the traveling-wave electrodes [3]. 

Electrooptic modulators have a number of telecommunication and scientific applications, 

including analog optical links, optical signal processing (OSP), and frequency comb 

generation [4]. These types of modulators have an enhanced modulation response within a 

finite bandwidth of typically a few gigahertz around resonance. Ring resonators made from 

EO polymer materials have certain advantages over other material choices such as LiNbO3, 

most notably the low microwave/optical velocity mismatch allowing for simple design of 

high-speed modulation devices. For instance, demonstrations driving an EO polymer Mach–

Zehnder (MZ) modulator beyond 100 GHz have been reported previously [5]. In addition, the 

photolithographic fabrication capabilities of EO polymer enable easy integration of complex 

OSP structures [6]. 

In the present study, LiNbO3, and Polymer electrooptic 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 multi 

Gbit/sec combined with a low driving voltage, and they can eliminate the dynamic laser 

wavelength chirping which limits the span-rate system product due to their fiber dispersion 

characteristics. 
 

2. Types of Modulation Schemes 
 

It is well known that the electrical signal still conquers our communication terminals in 

everyday life. But to take advantage of the optical transmission system, these electrical 

signals must be converted into optical ones which can be transferred in fibers. The 

electrooptic modulator as shown in Fig. 1, is such a device that converts the electrical signal 

to the optical one and passed it to the amplification process stage. 
 

 
Fig. 1. Electooptic Modulator Function in the Transmitter System. 

 

 

In addition, high bandwidth optical modulation has also applications in fiber optic radio 

frequency signal transmission and optoelectronic signal processing [7]. 
 

2. 1. Direct Modulation Scheme  
 

The most straightforward method for modulation is to directly modulate the laser source. 

Due to the requirements of bandwidth and efficiency, only semiconductor lasers are of 

practical interest for direct modulation A unique feature of semiconductor lasers is that the 
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semiconductor laser can be modulated directly by modulating the excitation current. As 

shown in Fig. 2, for a semiconductor laser, the output power of light intensity increases 

linearly with the injection current above threshold.  
 

 

 
Fig. 2. Transition function of a current modulated semiconductor laser 

 

For an injection current I = I0 + i (t), the optical output power is P(t) =P0+p(t), where 

(I0,P0) is the bias point for the direct modulation of the semiconductor laser [8]. Using this 

feature, the direct modulation scheme can be configured as shown in Fig. 3. 
 

 
    Fig. 3. Direct Modulation Scheme 

 

However, when the modulation frequency increases toward the relaxation resonance 

frequency of a semiconductor laser, both the relative intensity noise and distortions increase 

rapidly [8]. This severely limits the feasibility of direct modulation for a higher frequency. 

The large frequency chirp also precludes the direct modulation for long-distance 

communications systems. 
 

2. 2. External Modulation Scheme 
 

At bit rates of 10 Gbit/s or higher, the frequency chirp imposed by direct modulation 

becomes large enough that direct modulation of semiconductor laser is rarely used [9]. Unlike 

direct modulation, external modulation has been shown to have superior performance for 

wide bandwidth optical fiber communications, however with the potential disadvantages of 

adding system complexity and cost. 
 

 
Fig. 4. External Modulation Scheme 
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As shown in Fig. 4, for a high-speed transmitter, the laser is biased at a constant current 

to provide the continuous wave (CW) output, and an external optical modulator placed next to 

the laser converts the CW light into a data coded pulse train with correct modulation format. 

In the external modulation scheme, the light output passes through a material whose optical 

properties can be modified by an applied external electric field. External optical modulators 

with bandwidths greater than 10 GHz are typically fabricated from the electro-optic crystal 

LiNbO3, electro-optic polymers or III-V semiconductor compounds. Some of these devices 

have shown modulation frequencies in excess of 40 GHz [10]. 
 

3. Lumped Element Circuit Model 
 

At frequencies where the wavelength is several orders of magnitude larger than the 

greatest dimensions of the circuit or system being examined, conventional circuit elements 

such as capacitors, inductors and resistors are the basic building blocks for the circuits or 

systems. The description or analysis of such circuits may be adequately carried out in terms of 

loop currents and node voltages without consideration of propagation effects.  

 
Fig. 5. Equivalent circuit of an electrooptic modulator 

 

However, as the frequency is raised to a point where the wavelength is no longer large 

compared to the circuit dimensions, propagation effects can no longer be ignored [10]. As 

shown in Fig. 2, the maximum modulation bandwidth (the frequency spectrum occupied by 

the modulation signal) must be less than (with RL=RS). 
 

4. Theoretical Model Analysis 
 

Both the input power Pi and the output power P0 of the modulator are given by [11]: 
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Where Vm is the modulating voltage, RL is the load resistance, Γm is the peak retardation 

of the modulating voltage, ε =ε0 . εr is the dielectric constant at the modulation frequency ω0, 

A is the cross-section area, υ is the modulation bandwidth, Lm is the modulator length, n0 is 

the refractive index of the material, r63 is the elect-optic coefficient. The resonance frequency 

ωr and the angular bandwidth ω can be expressed as the following: 
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1
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Where r is the linear ratio of ON power to OFF power, R is the resistance of the lumped 

circuit, C is the capacitance of the lumped circuit. Also we have in the electrooptic 

modulators, the peak retardation of modulation voltage is given by the following formula: 

 ,
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Where Vπ is the voltage required to change the output light intensity from its maximum 

value to its minimum value or modulator half wave voltage can be expressed as [11]. 
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Assuming that cross section under the square configuration that A = 2
mL , the modulator 

efficiency is given by: 
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Thus η is proportional to modulator length Lm and inversely proportional to capacitance 

of lumped circuit C. Therefore to design at maximum efficiency i.e., η =1, we must make the 

condition: 
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To work at certain modulation frequency ω0, we must make the condition: 
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To work at given angular bandwidth ω, we must have: 
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In the general case, if η  1,the capacitance, inductance and resistance of modulator 

device, we have: 
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Then The 3-dB bandwidth of the electrooptic modulator device can be expressed as: 
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4. 1. Materials Based Electrooptic Modulator 
 

4. 1. 1. LiNbO3 material  
 

The investigation of both the thermal and spectral variations of the waveguide refractive 

index (n0) require Sellmeier 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]: 
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Where λ is the optical signal wavelength in μm and 2
0

2 TTF  , T is the ambient 

temperature in K, and T0 is the room temperature and is considered as 300 K. The set of 

parameters of Sellmeier equation coefficients (LiNbO3) are recast and dimensionally adjusted 

as below [12]: 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 (16) can be 

simplified as the following: 
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Where: A12=A1+A2F, A34=A3+A4F, A56=A5+A6F, and A78=A7+A8F. Then the first and 

second differentiation of Eq. (16) with respect to operating wavelength λ which gives: 
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4. 1. 2. Polymer material  
 

The refractive index of this material based electrooptic modulator can be [12]: 
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The set of parameters of Sellmeier equation coefficients (PMMA) are recast below [12]:  

B1=0.4963, B2= 0.0718 (T/T0)
2
, B3=0.6965, B4=0.1174 (T/T0)

2
, B5=0.3223, and B6=9.237 

(T/T0)
2
. Where T is the ambient temperature, and T0 is the room temperature. Then the first 

and second differentiation of Eq. (20) with respect to operating wavelength λ yields the 

following expressions: 
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4. 1. 3. Transmission bit rate capacity 
 

The total system rise time is the square root of the sum of the squares of the transmitter, 

optical fiber connection, and receiver rise times. That is given by [13]: 

 ,22
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 The material dispersion time of the single mode fiber mat. which is given by the 

following equation [14]: 
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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 the expression [13, 14]: 
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Then the bandwidth length product for electrooptic modulator device is given by [13, 14]: 

   ,. mRR LBNRZP   Gbit.cm/sec      (26) 

The bandwidth for single mode fibers for both materials based electrooptic modulator Lm 

is given by [13, 14]: 
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The signal to noise ratio (SNR) is a measure of signal quality at the receiver side, it is 

given by [15]: 
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Where P0 is the received or output optical power, ρ is the detector’s unamplified 

responsivity, G is the detector gain if an avalanche photodiode (APD) is used, n accounts for 

the excess noise of the APD (usually between 2 and 3),  B.Wsig. is the signal bandwidth at the 

receiver, k is Boltzmann’s constant (k = 1.38 x 10
–23

 J/K), e is the magnitude of the charge on 

an electron (1.6 x 10
–19

 coulomb), T is the ambient temperature in K, ID is the detector’s dark 

current, and RL is the resistance of the load resistor that follows the photodetector. The 

maximum transmission bit rate or capacity according to modified Shannon technique is given 

by [16]: 

         ,1log. 2. SNRWBB sigSHR                                       (30) 
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Where B.Wsig. is the actual bandwidth of the optical signal, and SNR is the signal to noise 

ratio in absolute value (i. e., not in dB). Where the Shannon bandwidth-length product can be 

given by [17, 18]: 

   ,. mSHRSH LBP   Tbit.cm/sec      (31) 

 

5. Simulation Results and Performance Analysis 
 

We have investigated ultra high speed LiNbO3 and polymer electrooptic modulator 

devices in advanced optical communication systems 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 

Definition Value and unit 

T Ambient temperature 300 K ≤ T ≤ 340 K 

Lm Modulator length 2 cm ≤ Lm ≤ 5 cm 

t Rise time of the transmitter 0.8 nsec 

r Rise time of the receiver 1 nsec 

P0 Output power 0.2 Watt ≤ P0 ≤ 0.597 

Watt 

T0 Room temperature 300 K 

 Operating signal wavelength 0.4 μm ≤  ≤ 1.4 μm 

Δλ Spectral line width of the 

optical source 
0.1 nm ≤ Δ ≤ 0.3 nm 

 

r33 

Electoptic coefficient for 

LiNbO3 

31 Pm/volt 

Electoptic coefficient for 

polymer 

300 Pm/volt 

L Inductance 20 μH ≤ L ≤ 120 μH 

C Capacitance 0.2 pF ≤ C ≤ 2 pF 

RL Load resistance 5 kΩ ≤ RL ≤ 50 kΩ 

G Detector gain 20 dB ≤ G ≤ 50 dB 

ID Detector dark current 8 nA 

ρ detector responsivity 0.25 A/Watt ≤ ρ ≤ 0.8 

A/Watt 

η Modulator efficiency 60 % ≤ η ≤ 95 % 

ε0 Dielectric permittivity 8.854 x10
-14

 F/cm 

εr Relative permittivity 2.5 

c Speed of light 3x10
8
 m/sec 

 

Based on the model equations analysis, assumed set of the operating parameters, and the 

set of the Figs. (6-29), the following facts are assured as the following results: 

i) Figs. (6, 7) have demonstrated that as the optical signal wavelength increases for both 

LiNbO3, and polymer materials increases, the refractive index of both materials 

decreases at constant ambient temperature. But as ambient temperature increases, 

refractive index of polymer material decreases at constant optical signal wavelength. 

Moreover as ambient temperature increases, refractive index of LiNbO3 material 

increases at constant optical signal wavelength. 
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ii)  As shown in the series of Figs. (8, 9), has proved that as refractive index of LiNbO3, 

and polymer materials increases, the modulator efficiency increases at constant 

modulator length. Moreover as modulator length based on these materials increases, the 

modulator length also increases.  

iii) Figs. (10, 11) have assured that modulator length increases, capacitance of lumped 

circuit increases for both materials based EO modulator device at constant refractive 
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index. As well as refractive index increases for both materials based EO modulator 

device, capacitance of lumped circuit also increases at constant modulator length. 
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iv) Figs. (12, 13) have proved that modulator length increases, inductance of lumped 

circuit decreases for both materials based EO modulator device at constant refractive 

index. Moreover refractive index increases for both materials based EO modulator 

device, inductance of lumped circuit also decreases at constant modulator length. 

v)  As shown in Figs. (14, 15), as capacitance of lumped circuit for both materials based 

EO modulator device increases, the 3-dB modulation bandwidth decreases at constant 

resistance of lumped circuit. As well as resistance of lumped circuit increases, the 3-dB 

modulation bandwidth decreases at constant capacitance of lumped circuit. 

vi) Figs. (16, 17), as capacitance of lumped circuit for both materials based EO 

modulator device increases, the modulation frequency decreases at constant inductance 

of lumped circuit. As well as inductance of lumped circuit increases, the modulation 

frequency decreases at constant capacitance of lumped circuit. 

vii) Figs. (18, 19) have demonstrated that as optical signal wavelength for both materials 

based EO modulator device increases, the transmission bit rates decrease with NRZ 

code at constant ambient temperature. Moreover as ambient temperature increases, 

the transmission bit rates decrease at constant optical signal wavelength. 

viii)  As shown in the series of Figs. (20, 21), as modulator length increases for both 

materials based EO modulator device, bit rate length product also increases at 

constant spectral line width of the optical source. But as spectral line width of the 

used optical source increases, the transmission bit rate length product decreases at 

constant modulator length. 

ix) Figs. (22, 23) have assured that as ambient temperature increases for both materials 

based EO modulator device, the signal bandwidth decreases at constant modulator 

length. As well as modulator length increases, the signal bandwidth decreases at 

constant ambient temperature.   

x) Figs. (24, 25) have proved that as ambient temperature increases for both materials 

based EO modulator device, the signal to noise ratio decreases at constant signal 

bandwidth. Also as signal bandwidth increases, the signal to noise ratio decreases at 

constant ambient temperature. 

xi) As shown in the series of Figs. (26, 27) has assured that as signal to noise ratio 

increases, Shannon transmission bit rates also increases as constant signal bandwidth. 

As well as signal bandwidth increases, the Shannon transmission bit rate also 

increases at constant signal to noise ratio. 

xii) Figs. (28, 29) has demonstrated that as modulator length increases, Shannon product 

also increases as constant transmission bit rate. Moreover as transmission bit rate 

increases, the Shannon product also increases at constant modulator length. 
 

6. Conclusions 
 

In a summary, we have showed the high speed performance of LiNbO3 and polymer 

materials based electrooptic (EO) modulator in advanced optical communication systems. We 

have observed the increased modulator length, the increased modulator efficiency, 

capacitance of lumped circuit, and the decreased inductance of the lumped circuit. As well as 

the increased refractive index of both materials based EO modulator, the increased modulator 

efficiency, capacitance of lumped circuit, and the decreased inductance of the lumped circuit. 
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It is evident that the decreased resistance, capacitance, and inductance of lumped circuit, the 

increased of both modulation frequency and 3-dB bandwidth. Moreover the decreased of 

optical signal wavelength, spectral line width of the used optical source and ambient 

temperature and the increased modulator length, the increased transmission bit rates and 

products within NRZ coding. The decreased of both modulator length, and ambient 

temperature, the increased signal bandwidth. Also in the same way, the decreased of both 

ambient temperature and signal bandwidth, the increased signal to noise ratio. The increased 

of both signal to noise ratio, and the signal bandwidth lead to the increased Shannon 

transmission bit rates and products.  
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