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Abstract 

In recent years, the use of optical links for data transmission has highly increased due their 

advantages as compared to electrical links, and with it, the number of software tools 

dedicated to simulate these optical links. 

The main focus of this project is to create a software tool which can help in the study of 

this type of links, their components and their different behaviour. For that some blocks 

from VPIphotonics software tool have been converted into Matlab’s functions to be able 

to create simple simulations. 
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Resum 

En els últims anys l’ús de enllaços òptics han sigut altament incrementats degut als 

avantatges que aquests suposen sobre els enllaços elèctrics, junt a això, també  han 

incrementat els programes dedicats a la simulació d’aquest enllaços òptics. 

L’objectiu principal d’aquest projecte es crear programes els quals puguin server per l’estudi 

d’aquest tipus d’enllaços i el seus components a més del diferents comportaments d’aquest. 

Per això s’han convertit en funcions de Matlab diversos blocs del programa VPIphotonics 

per fer diverses simulacions simples. 
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Resumen 

En los últimos el uso de enlaces ópticos han sido altamente incrementado debido a las 

ventajas que supone este sobre los enlaces eléctricos, junto con esto, también han aumentado 

los programas dedicados a la simulación de estos enlaces ópticos. 

El objetivo principal de este proyecto es crear programas lo cuales puedan servir para el 

estudio de este tipo de enlaces y sus componentes además del diferente comportamiento de 

estos. Para ello se han convertido en funciones de Matlab diferentes bloques del programa 

VPIphotonics para poder hacer varias simulaciones simples. 
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1. Introduction 

1.1. Project objectives 

The main objective of this project is to recreate the simulation tool, VPIphotonics, in Matlab 

by converting its blocks in functions. Then by using those functions, create a link 

transmission simulation.  

To do this, there are other objectives to accomplish: 

-Study and understand how the different elements of a link (Mach-Zehnder, Amplifier, 

Photodetector…) work mathematically and conceptually. 

-Study and understand the different phases of the data processing in transmission and 

reception of the information. 

-Mix both parts mentioned before and create a software tool to simulate them. 

 

1.2. Thesis overview 

In this thesis, in Chapter 2, the Radio-over-fiber link is going to be explained, along with its 

main components such as Mach-Zehnder modulator (MZM), Optical fiber, detector, IQ 

modulator and demodulator. 

In the following chapter, Chapter 3, will be a detailed description of the two software tool 

(MZM Transfer function & Rof Design System) and the functions used in each of them with 

some examples of their use. 

Finally, in Chapter 4, there will be a conclusion and which topics would be interesting to 

explore for future work. 

Also, at the end of the thesis there are two appendices to see the whole Live Script of the 

software tool created. 
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2. Radio-over-fiber 

The development of this project follows the basic radio-over-fiber system scheme 

represented in figure 2.1 

 

Figure 2.1: Radio-over-Fiber basic scheme 

The following sections will explain the components that appear in the figure 2.1. Since 

there are two simulation tools (MZM Transfer function & RoF Desing System), the first 

elements to be explained are the ones that does not have any interaction with the data and 

then the ones that work with data. 

 

2.1. Mach-Zehnder Modulator (MZM) 

The Mach-Zehnder is the modulator used in this project. It is the most typical modulators 

based in the electrical-optic phenomenon that appears in crystals like Lithium Niobate 

(LiNbO3). [1-3] 

 

Figure 2.2 Diagram of an amplitude modulator based on the Mach-Zehnder interferometer 

As we can see in figure 2.2 the optical input (Ein) is divided into two paths and introduced 

in both branches of the MZM, which will apply a different phase depending on the values 

of the voltages V1 and V2 applied to the branches. The output of the MZM can be written 

as: 

𝐸𝑜𝑢𝑡 =
𝐸𝑖𝑛

2√𝐿𝑀𝑍𝑀
 [𝑒

𝑗
𝜋

𝑉𝜋
𝑉1 + 𝑒

𝑗
𝜋

𝑉𝜋
𝑉2]              Expression 2.1 

Where LMZM are the losses of the modulator and Vπ is a voltage needed to produce a phase 

shift of 180º in each branch of the modulator. 
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Depending on the voltage applied to the electrodes we can find two basic configurations: 

-Push-pull, where the two branches are fed with antipodal voltage, producing a ±πV/2Vπ 

phase shifting. In this case since both branches are fed with the same voltage, Vπ is the 

voltage needed to move from a maximum of the transmission function to a minimum or 

vice-versa 

-Dual drive, where different and independent voltages are applied to the branches. In this 

case the Vπ remains with its previous definition: Vπ is a voltage needed to produce a phase 

shift of 180º in each branch of the modulator. 

Also let’s define some variables that will be used for the rest of the explanation: 

𝑚 =
𝑉𝑅𝐹 𝜋

𝑉𝜋
           𝜃𝐵 =

𝑉𝐵 𝜋

𝑉𝜋
     Expression 2.2  

Where VRF and VB are the amplitude of the RF signal and the bias voltage respectively. 

Now we will explain the different configurations for a Radio-over-Frequency Links. 

 

2.1.1. MZM Push-Pull (MZM-PP) 

The first configuration is the MZM Push-Pull, which has the same input in both branches 

with different sign. This input is the sum of the Bias Voltage (VB) and RF signal (VRF 

cos(ωRF t)) (figure 2.3) 

 

 

 

Figure 2.3 MZM-PP Configuration 

 

Using the expression 2.1 and knowing that in the MZM-PP configuration we are interested 

in letting: 

V1=VB+ VRF cos(ωRF t) 

V2= -V1 
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The field at the output of the modulator has the following expression:  

𝐸𝑜𝑢𝑡 =
𝐸𝑖𝑛

2
 [𝑒

𝑗
𝜋

2𝑉𝜋
(𝑉𝐵+𝑉𝑅𝐹cos (ω𝑅𝐹 𝑡)

+ 𝑒
−𝑗

𝜋

2𝑉𝜋
(𝑉𝐵+𝑉𝑅𝐹cos (ω𝑅𝐹 𝑡))

]   Expression 2.3 

𝐸𝑜𝑢𝑡 =
𝐸𝑖𝑛

√𝐿𝑀𝑍𝑀
 cos (

𝜋

2𝑉𝜋
(𝑉𝐵 + 𝑉𝑅𝐹 cos (𝜔𝑅𝐹 𝑡)))   Expression 2.4 

𝐸𝑜𝑢𝑡 =
𝐸𝑖𝑛

√𝐿𝑀𝑍𝑀
 cos (

𝜃𝐵+𝑚 cos (𝜔𝑅𝐹 𝑡)

2
)   Expression 2.5 

 

Applying the corresponding small-signal approximation m<<1: 

𝐸𝑜𝑢𝑡 ≈
𝐸𝑖𝑛

√𝐿𝑀𝑍𝑀
 [cos (

𝜃𝐵

2
) − sin (

𝜃𝐵

2
)

𝑚

2
cos(𝜔𝑅𝐹 𝑡)]   Expression 2.6 

 

2.1.2. MZM Dual-Drive (MZM-DD) 

The second configuration is the MZM Dual-Drive. This configuration in the upper branch 

has the RF signal and the lower branch has the bias voltage as an input. (figure 2.4) 

 

 

Figure 2.4 MZM-DD Configuration 

Using the expression 2.1 and knowing that in the MZM-DD configuration we are 

interested in letting: 

V1= VRF cos(ωRF t) 

V2= VB 

 

The field at the output of the modulator has the following expression:  

𝐸𝑜𝑢𝑡 =
𝐸𝑖𝑛

2
 [𝑒

𝑗
𝜋

𝑉𝜋
𝑉𝑅𝐹cos (𝜔𝑅𝐹 𝑡)

+ 𝑒
𝑗

𝜋

𝑉𝜋
𝑉𝐵]        Expression 2.7 

𝐸𝑜𝑢𝑡 =
𝐸𝑖𝑛

2
 [𝑒𝑗𝑚cos (𝜔𝑅𝐹 𝑡) + 𝑒𝑗𝜃𝐵]    Expression 2.8 
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2.1.3. MZM Dual-Parallel (MZM-DP) 

The last configuration is the MZM Dual-Parallel. This configuration is more complex than 

the other ones due to the fact that it is composed by two MZM-PP in each branch. (figure 

2.5) 

The RF signal and the first bias voltage (VB1) are applied to the upper MZM. 

The second bias voltage (VB2) is applied to the lower MZM. 

Finally, there is a third bias voltage (VB3) applied to the output of the lower MZM to apply 

a phase shift between the outputs of the two MZM. 

 

 

 

Figure 2.5 MZM-DP Configuration 

 

The optical field at the output is a sum of two outputs from a different MZM with a phase 

between them. 

 

𝐸𝑜𝑢𝑡 =
1

2
 [𝐸1 + 𝑒

𝑗𝑉𝐵3
𝜋

𝑉𝜋𝐸2]      Expression 2.9 

𝐸1 =
𝐸𝑖𝑛

2
[𝑒

𝑗
𝜋

2𝑉𝜋
(𝑉𝐵1+𝑉𝑅𝐹 cos(𝜔𝑅𝐹𝑡))

+ 𝑒
−𝑗

𝜋
2𝑉𝜋

(𝑉𝐵1+𝑉𝑅𝐹 cos(𝜔𝑅𝐹𝑡))
] = 

𝐸𝑖𝑛 cos (
𝜋

2𝑉𝜋
(𝑉𝐵1 + 𝑉𝑅𝐹cos (𝜔𝑅𝐹𝑡)))             Expression 2.10  

𝐸2 =
𝐸𝑖𝑛

2
[𝑒

𝑗
𝜋

2𝑉𝜋
𝑉𝐵2 + 𝑒

−𝑗
𝜋

2𝑉𝜋
𝑉𝐵2] =  𝐸𝑖𝑛 cos (

𝜋

2𝑉𝜋
𝑉𝐵2)      Expression 2.11 

 

By using basic trigonometric identity and some approximations for small amplitude 

signals the equation can be rewritten as: 

 

𝐸𝑜𝑢𝑡 ≈
𝐸𝑖𝑛

2
[cos (

𝜃𝐵1

2
) − sin (

𝜃𝐵1

2
)

𝑚

2
cos(𝜔𝑅𝐹 𝑡) + 𝑒𝑗𝜃𝐵3  cos (

𝜃𝐵2

2
)]  Expression 2.12 
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2.2. Optic Fiber 

The optical fiber is the environment where our optical field will be transferred. The 

phenomenon that our fiber is going to introduce is the chromatic dispersion. 

 

2.2.1. Chromatic dispersion 

The Chromatic dispersion in optic fiber is the result of the group delay (different 

wavelengths arriving to their destination at different times). This basically produces a 

temporal spreading of the signal through the fiber. 

The dispersion is characterised by the D[ps/nm·km] parameter. This parameter describes 

the time delay between two components separated in wavelength 1 nm when the signal has 

travelled 1km. The most common value for this parameter is 17 ps/nm·km for single-mode 

fibers in the C-Band. 

Mathematically we can describe the dispersion as the relation between the constant 

propagation (β) and frequency. Assuming that the carrier frequency is much higher that the 

RF frequency (ω0 >> ωRF), we can develop the propagation constant with its Taylor series: 

𝛽(ω0 +  ω) = 𝛽(ω0) +
𝜕𝛽

𝜕ω
𝜔 +

1

2

𝜕2𝜔

𝜕𝜔2  𝜔2 = 𝛽0 + 𝛽1 +
1

2
𝛽2𝜔2  Expression 2.13 

Where: 

-β0 is the phase velocity, the speed with which the phase of a wave propagates in space. 

-β1 is the group delay at a certain ω0. 

-β2 is related to the dispersion parameter. 

Given a pulse with a spectral width of ∆f, the widening after travelling through a fiber of 

length L, can be expressed as: 

∆𝑇 =
𝜕𝑇

𝜕ω
∆𝜔 +

𝜕

𝜕𝜔
(

𝐿

𝑣𝑔
) ∆𝜔 = 𝐿

𝜕2𝜔

𝜕𝜔2  ∆𝜔2 = 𝐿𝛽2∆𝜔  Expression 2.14 

Where vg is the group velocity, defined as 𝑣𝑔 = (
𝜕𝛽

𝜕ω
)

−1
 

The previous equation (Expression 2.14) can be rewritten in terms of wavelength using 

𝜔 =
2𝜋𝑐

𝜆
 and     ∆𝜔 = −

2𝜋𝑐

𝜆2 ∆𝜆  

∆𝑇 =
𝜕

𝜕𝜆
(

𝐿

𝑣𝑔
) ∆𝜆 = 𝐷𝐿∆𝜆    Expression 2.15 

And finally we can get the expression 2.16 that relates the dispersion parameter D with β2: 

∆𝑇 =
𝜕

𝜕𝜆
(

𝐿

𝑣𝑔
) = (−

2𝜋𝑐

𝜆2 ) 𝛽2     Expression 2.16 
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2.2.2. Group delay 

Our system has an RF signal modulated over carrier, that implies that both components will 

suffer delay: a phase delay which affects the carrier and a group delay which affects the 

envelope of the transmitted signal. 

Taking into account the optical carrier frequency (ω0) and the envelop modulated with a 

frequency (ωRF), the low-pass equivalent of the optical field at the output of the modulator 

can be expressed: 

𝐸𝑜𝑢𝑡 = 1 +
𝑚0

2
(𝑒𝑗𝜔𝑅𝐹𝑡 + 𝑒−𝑗𝜔𝑅𝐹𝑡)       Expression 2.17 

In the reception, at the end of the optical fiber, once the signal has travelled a distance L 

and is affected by the propagation constant β, the optical field with the Taylor series can 

be expressed as: 

𝐸𝑜𝑢𝑡 = 1 +
𝑚0

2
(𝑒𝑗𝜔𝑅𝐹𝑡𝑒−𝑗(𝛽0𝜔0+𝛽1𝜔𝑅𝐹+

𝛽2
2

𝜔𝑅𝐹
2 )𝐿 + 𝑒−𝑗𝜔𝑅𝐹𝑡𝑒−𝑗(𝛽0𝜔0−𝛽1𝜔𝑅𝐹+

𝛽2
2

𝜔𝑅𝐹
2 )𝐿)         

Expression 2.18 

Since we are detecting amplitude in reception, the phase delay (𝜏𝑓 =
𝛽0𝐿

𝜔0
) that the carrier 

suffers can be ignored. Knowing this, the expression can be described as: 

𝐸𝑜𝑢𝑡 = 1 +
𝑚0

2
(𝑒𝑗𝜔𝑅𝐹𝑡 + 𝑒−𝑗𝜔𝑅𝐹𝑡)𝑒−𝑗(𝛽1𝜔𝑅𝐹+

1

2
𝛽2𝜔𝑅𝐹

2 )𝐿
     Expression 2.19 

And finally defining the parameter 𝜙 =
𝛽2

2
𝜔𝑅𝐹

2 𝐿 =
𝜋𝐷𝜆0

2𝑓𝑅𝐹
2 𝐿

𝑐
 the equation can be rewritten 

as: 

𝐸𝑜𝑢𝑡 = 1 + 𝑚0𝑒𝑗𝜙cos (𝜔𝑅𝐹(𝑡 − 𝛽1𝐿))   Expression 2.20 

 

The following image (figure 2.6) shows a theoretical S21 for two different distances 

(L=25km and L=50km). 

 

Figure 2.6: Theoretical S21 of a SMF fibre at distances L=25km (blue) and L=50km (orange) 
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2.3. Erbium Doped Fiber Amplifier (EDFA) 

The function of an Erbium Doped Fiber Amplifier (EDFA) is to get the same optical power 

at the output of the photodetector to compare the BER results between the MZM 

configurations. 

The physical functioning of the EDFA is the following one: The EDFAs are made of Er3+ 

ions which can have 2 states; Fundamental state or Excited state. The Excited ions, close to 

an input signal photon, have a probability of releasing another identical photon due the 

stimulated emission. From one input signal photon we can obtain an average of G (gain) 

photons at the fiber output. [2] (figure 2.7) 

 

Figure 2.7: EDFA Principle Scheme 

2.4. Photodetector 

The photodetector is an optical receiver that converts optical signals into electrical signals. 

One of the most common photodetectors is the PIN photodiode that has a three-layer 

structure. The middle layer is an intrinsic semiconductor and the outer layers are P-type and 

N-type. (figure 2.8) 

 

Figure 2.8: PIN Principle Scheme 

The process to convert optical signals into electrical signals is via optical absorption. This 

process is based in the generation of an electron-hole pair in the active zones due the energy 

of the photon. Those electrons and holes are accelerated in opposite directions due to the 

electric field through which the diode is polarized, creating a current flow proportional to 

the incident optical power.  

The output of the photodetector is a photocurrent and is expressed by the following 

expression: 

𝐼𝑃𝐷 = 𝑅𝑃𝑖𝑛 ≈ |𝐸𝑖𝑛|2    Expression 2.21 

Where R [A/w] is the Responsivity and Pin the input power of the photodetector. 
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2.4.1. Noise 

The parameter that always affects in a link is the noise coming from various sources. The 

noise is a power added to the signal through the transmission that in some cases can affect 

negatively to it if a good Signal to Noise Ratio (SNR) is not assured.  

In this thesis there are three types of noise that affect to an RoF link that we will study. 

All noises are assumed white and we characterize them by their spectral densities meaning 

that the noise parameters are given in normalized form for a bandwidth of 1 Hz 

2.4.1.1. Thermal noise 

Thermal noise is the one generated by the agitation of electrons. It is mainly caused by the 

resistive elements that form the electronic components of our system.  

This noise can be characterised by the mean square voltage 〈𝑉𝑡ℎ
2 〉 = 4𝐾𝑇𝑅 or its mean 

square intensity 〈𝐼𝑡ℎ
2 〉 =

4𝐾𝑇

𝑅
 introduced to the system. Being K the Boltzmann factor, T the 

temperature and R the resistance [5-6] (figure 2.9) 

 

Figure 2.9: Thermal noise equivalent sources 

2.4.1.2. Rin noise 

Rin noise is the one that results from random fluctuations of intensity. It mainly depends on 

the intensity of laser used (ID) and the continuous current of the photodetector.  

Mathematically it can be expressed as: 〈𝐼𝑅𝐼𝑁
2 〉 = 𝑅𝐼𝑁 𝐼𝐷

2   [5-6] 

Being RIN a parameter of the laser used, with a typical factor of -10dB/Hz. 

2.4.1.3. Shot noise 

Shot noise emerges from the current fluctuations due to the quantic nature of the process of 

generating electrons from the absorption of photons in the photodetector. 

Mathematically can be expressed as: 〈𝐼𝑆ℎ
2 〉 = 2𝑞𝐼𝐷, where q is the charge of the electron in 

Coulombs (1.6 ·10-19 C) and ID the DC current. [5-6] 

If we analyse the mean square value, we will notice that this noise increases with the optical 

power present in the photodiode. 

 

These components that just have been explained, are independent of any type of data and 

they are used for both software tools: MZM Transfer function and RoF Design System. 

From now on the following part is focused on data. That means that the next components to 

be explained are going to be used only for RoF Design System. 
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2.5. IQ Modulator 

The IQ modulator is where the signal that is going to be sent is created [4]. To explain how 

it is done, we are going to follow the scheme in figure 2.10. 

 

Figure 2.10: IQ Modulator Scheme 

To start, the sequence of bits, that we want to transmit, is created and separated in the 

components in-phase and quadrature. That results in a two sequence of bits with half the 

length of the original one.  

This process first consists in transforming every bit into a shaping pulse (in our case a 

square root raised cosine to reduce the bandwidth used and minimize the intersymbol 

interference) to give the bits a temporal meaning. To be able to do this, first it is necessary 

to do an up-sampling that consist in introducing ‘zeros’ samples in between the bits. The 

main function of this is to have space between the bits to introduce the shaping pulse. 

Then we convolve the result of the up-sampling with the shaping pulse to get the signal in 

time domain.  

The following part consists in multiplying the signal that is in the in-phase branch with a 

cosine (that determines the RF frequency used in the system) and the same with the signal 

in quadrature branch with a sine. That part is what is going to let us extract both 

components in reception. 

The last part to get the final signal that is going to be introduced into the Mach-Zehnder 

modulator, is to sum both components that are in in-phase and quadrature branch. The 

final expression has the following representation. 

𝑆𝑜𝑢𝑡(𝑡) = 𝐼(𝑡) cos(2𝜋𝑓𝑅𝐹𝑡) + 𝑄(𝑡) sin(2𝜋𝑓𝑅𝐹𝑡)   Expression 2.22 

Where I(t) and Q(t) are, respectively, the in-phase and quadrature component at the end of 

the shaping pulse. 
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2.6. IQ Demodulator 

The IQ Demodulator is required to reobtain the original sequence of bits (the information) 

by doing the complementary process of the IQ Modulator [4]. To explain the process, we are 

going to follow the scheme of the figure 2.11   

 

 

Figure 2.11: IQ Demodulator Scheme 

 

The first step is to divide the path of the signal in two branches (so we have the same 

signal in both branches). As we want to get again the in-phase and quadrature components 

it is necessary to multiply again by a cosine and sine with the same fRF as the used in 

modulation. The expression of the signal once this step is done, for the in-phase case, is 

the following one: 

𝑆𝐼(𝑡) = 2𝑆𝑜𝑢𝑡(𝑡) cos(2𝜋𝑓𝑅𝐹𝑡) = 2𝐼(𝑡) cos(2𝜋𝑓𝑅𝐹𝑡) cos(2𝜋𝑓𝑅𝐹𝑡) + 2𝑄(𝑡) sin(2𝜋𝑓𝑅𝐹𝑡) cos(2𝜋𝑓𝑅𝐹𝑡) = 

2𝐼(𝑡)
1

2
[cos(2𝜋𝑓𝑅𝐹𝑡 + 2𝜋𝑓𝑅𝐹𝑡) + cos(2𝜋𝑓𝑅𝐹𝑡 − 2𝜋𝑓𝑅𝐹𝑡)] + 2𝑄(𝑡) sin(2𝜋𝑓𝑅𝐹𝑡) cos(2𝜋𝑓𝑅𝐹𝑡) =  

 𝐼(𝑡) + 𝐼(𝑡) cos(2 · 2𝜋𝑓𝑅𝐹𝑡) + 𝑄(𝑡) sin(2 · 2𝜋𝑓𝑅𝐹𝑡)            Expression 2.23 

For the quadrature case, the result is: 

𝑆𝑄(𝑡) = 𝑄(𝑡) + 𝑄(𝑡) sin(2 · 2𝜋𝑓𝑅𝐹𝑡) + 𝐼(𝑡) cosine(2 · 2𝜋𝑓𝑅𝐹𝑡)          Expression 2.24 

Where the SI and SQ is the Output signal in the in-phase and quadrature case and the Sout is 

the Input signal (figure 2.11) 

Since we are only interested in the in-phase and quadrature components, we want to 

eliminate the part with the double frequency components with a low-pass filter. 

The next step is to convolve again with the same shaping pulse and do a down-sampling to 

extract the zeros.  

Now, we have almost the same signal as the original one, but due to the noise of the 

system we have soft 1s and 0s. By using the decisor we can transform those soft bits into 

hard 1s and 0s and get the original in-phase and quadrature components. 
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2.7. Summary 

In the table 2.1 we can see a comparison of relevant characteristics of the MZM 

configurations explained before. 

 

 Push-Pull Dual-drive Dual-parallel 

Eout 
cos (

𝜃𝐵

2
) − sin (

𝜃𝐵

2
)

𝑚

2
cos(𝜔𝑅𝐹 𝑡) 

𝑒𝑗𝑚cos (𝑤𝑅𝐹 𝑡) + 𝑒𝑗𝜃𝐵  𝑒𝑗𝜃𝐵3  cos (
𝜃𝐵2

2
) −

𝑚

2
cos(𝜔𝑅𝐹 𝑡)1 

Number of bias 

voltages 
1 1 3 

Meaning of 𝜃𝐵 Voltage applied to each branch Difference of voltage 

between branches 
Formed by two PP:  

1º in null-point  
2º in optimum  

3º to control noch 

Reaches 

maximum 

value 

Yes Yes Yes 

Control of 

fading nulls 

(with VNOTCH) 

No Yes2 Yes3 

Table 2.1: Summary of the relevant equations of the MZM 

 

1. The expression in this case is supposing 𝜃𝐵1 = 𝜋 

2. Given a frequency in which we want to optimize the transmission, we can find the 

voltage of the bias that we have to apply using the following equation: 

𝑉𝐵_𝑁𝑂𝑇𝐶𝐻 = 𝑉𝜋[±(2𝑛 − 1) + 2𝐷𝜆0
2𝑓𝑅𝐹

2 𝐿/𝑐]         Expression 2.25 

Then we find 𝜃𝐵 using the expression: 

𝜃𝐵_𝑁𝑂𝑇𝐶𝐻 = 𝜋
𝑉𝐵_𝑁𝑂𝑇𝐶𝐻

𝑉𝜋
        Expression 2.26 

3. This case works equals as the previous one, but with the following equation: 

 𝑉𝐵_𝑁𝑂𝑇𝐶𝐻 = 2𝑉𝜋[±𝑛 + 𝐷𝜆0
2𝑓𝑅𝐹

2 𝐿/𝑐]      Expression 2.27 
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3. Simulation tools 

In this chapter, the two software tools created, MZM Transfer functions & RoF Design 

System, are going to be explained. 

First a detailed description of how the software tools works and which information will be 

obtained by using them is presented. Then a description of the functions of the software and 

some examples of how they can be used is given. 

 

3.1. MZM Transfer function 

3.1.1. Description 

MZM Transfer function has the main objective to simulate the link that would be used to 

obtain the MZM transfer function. The result of this simulation tool is a visual 

representation of a MZM transfer function in function of the bias with different 

amplification factors.  

This link is composed by a MZM whose configuration (Push-Pull, Dual Drive and Dual 

Parallel) can be chosen by the user, at whose output we have an optic fiber that introduces 

dispersion, an amplifier to adjust the amplitude of the signal and then the photodetector that 

converts the signal from the optical domain to the electric domain. The figure 3.1 shows a 

scheme of the link just explained. 

 

Figure 3.1: Schematic of MZM Transfer functions 
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The Live Script of this simulation tool consists in two different parts: 

The first part (figure 3.2) is basically informative, there the user can read the objective of 

this simulation tool, a concise description of how it works and the schematic of the figure 

3.1 so the user has a better idea of how it is going to work. 

 

Figure 3.2: Objective, configuration and Schematic of the MZM Transfer function 

 

The second part (figure 3.3) shows the code that is going to be executed, with a small 

description about the evolution of the signal through the functions.  

The code starts initializing some variables needed (that can be changed depending of the 

preference of the user).  After the user has chosen the configuration desired of the Mach-

Zehnder modulator with a drop-down window, the code simulates the scenario explained 

before.  

 

Figure 3.3: Code of MZM Transfer function 
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Finally, it represents the MZM transfer function obtained for the different bias and 

amplification factors at the end of the script. (figure 3.4) 

 

 

 

Figure 3.4: Results of the code: MZM Dual Parallel transfer functions 

 with bias from 0 to 5 and 4 amplification factors from 1 to 4. 

 

The whole Live Script can be seen in the Annex I. 

 

3.1.2. Functions 

This section explains the functions that appear in this software tool. 

From the point of view of the user the most interesting part is the Initialize function. This 

function is the one used to change all the parameters that are going to interfere in the code. 

Some of the functions from Initialize, that the user could be interested in, are the following 

ones: vtheta_b (Voltage of the bias), ampli_factor (amplification factors). 

Then there is the rest of the functions (MZM_PP, MZM_DD, MZM_DP, Fiber, Amplifier, 

Photodetector) that does the mathematical procedure of the respective component. It is not 

recommended to modify those functions.  

The user can modify the Live Script, there he can choose which configuration of the MZM 

will be used and also can decide to add or remove the amplifier (not recommended). 
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3.1.3. Results 

This section we are going to see how the change of some parameters, commented in the 

previous section 3.1.2, affects the code. 

The default configuration that the user will have is the following one: 

vtheta_b= [0:0.1:5] 

ampli_factor= [1, 2] 

E=MZM_DP() 

With the result of the figure 3.5 

 

Figure 3.5: Result of vtheta_b=[0:0.1:5] and ampli_factor= [1, 2] 

 

The principal parameter that can be changed is the configuration of the MZM in the Live 

Script using the drop down window. By doing this, the simulation tool will show the 

corresponding transfer function. (figure 3.6-3.8)  

 

Figure 3.6: MZM_PP Transfer function 

 

Figure 3.7: MZM_DD Transfer function 

 

Figure 3.8: MZM_DP Transfer function 
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The first variable we are going to change is vtheta_b. This variable will affect the number 

of bias we are going to represent. For this parameter we can change the end of the results 

and the number of bias that are between them. 

To start we are going to change the end of the result. Instead of going from 0 to 5 we will 

try going from 0 to 3 (figure 3.9) 

vtheta_b= [0:0.1:3] 

 

Figure 3.9: Result of vtheta_b= [0:0.1:3] 

 

Now, instead of changing the ends we will see what happens (figure 3.10) when the 

number of bias is changed. 

vtheta_b= [0:0.2:3] 

 

Figure 3.10: Result of vtheta_b= [0:0.2:3] 

 

In this image, figure 3.10, we can see how the result is not as smooth as the one in figure 

3.9, but it is still clear. 

It is important that the first and last bias have a value distance of 2 in order to be able to see 

the whole period (figures 3.11 and 3.12). 

 

      

          Figure 3.11: Result of vtheta_b= [0:0.1:2]               Figure 3.12: Result of vtheta_b= [1.5:0.1:3.5] 
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Also it is important to have a value between the bias lower than 0.3. Otherwise the result 

will lose its form. (figure 3.13) 

 

Figure 3.13: Result of vtheta_b= [0:0.4:3] 

 

Finally, with the ampli_factor the user can choose different amplitudes for the MZM 

transfer functions. (figure 3.14) 

 

Figure 3.14: Results of ampli_factor= [1, 2, 3] 
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3.2. RoF Design System 

3.2.1. Description 

RoF Design System is an evolution of the MZM Transfer function, their objectives are not 

the same, while MZM Transfer function has as objective to study the functioning of a simple 

link, this software tool wants to study the evolution of the data through the transmission and 

the BER for different bias and values of amplification. 

The execution of this software tool follows the scheme of the figure 3.15. It starts by 

generating what would be the sequence of bits (the information), then the process to 

transform those bits into a signal, separating them in in-phase and quadrature components. 

The next part is transmitting the signal through the link of the MZM Transfer function, to 

finally receive the signal with the noise, undo the transformation, get the original sequence 

of bits and then compare the result with the original one. 

 

Figure 3.15: Scheme of  RoF Design System 

This Live Script also consist in two parts, the first one (figure 3.16) let the user read the 

objective, a concise description of how the different parts works and the schematic of the 

figure 3.15  
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Figure 3.16: Objective, configuration and Schematic of the RoF Design System 

 

The second part is the code where all the generation, transmission and reception of the 

data is made. 

It starts by initializing the parameters necessary for the code. (figure 3.17) 

 

Figure 3.17: Initialize 

3.2.1.1. Data generation 

This part starts by creating the whole sequence of bits and then splitting them into in-

phase (I) and quadrature (Q) following the 4 QAM codification. (figure 3.18) 

 

 

 

Figure 3.18: Generated sequence of bits 
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3.2.1.2. Digital modulation 

Both sequences are up-sampled, this is done to be able to convolve with the shaping pulse 

that in our case is the squared root raised cosine set as default with common values. (figure 

3.19 – 3.21) 

 

 

Figure 3.19: Up-sampled components 

 

 

 

Figure 3.20: Squared root raised cosine 
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Figure 3.21: Convolution of squared root raised cosine and the up-sampled components 

 

Finally, both signals are multiplied by a cosine and a sine (respectively) at fRF frequency. 

(figure 3.22)  

 

Figure 3.22: Convolution of squared root raised cosine and the up-sampled components 

 

3.2.1.3. MZM and transmition 

Once the signal is created, it is going to be introduced in the Mach-Zehnder modulator. 

The user can choose its configuration with a drop down window 

  

 

Figure 3.23: Optical field at the output of the MZM 
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The optical field obtained from the modulator (figure 3.23) is transmitted through the fiber 

(adding dispersion), amplified and then transformed to the electrical field by the 

photodetector (figure 3.24). At this point the user can decide if the system will have shot 

noise. 

 

 

 

Figure 3.24: Photocurrent 

3.2.1.4. Digital demodulation 

Now with the actual signal, it is needed to do the digital demodulation. That is done by 

multiplying the signal again by the sine and the cosine and using a Chebyshev low-pass 

filter of 6th order to get the in-phase and quadrature components. (figure 3.25) 

  

 

 

Figure 3.25: Spectrum of the components before and after filtering 
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Once the signal of interest in both components is obtained, the signal is convolved with the 

pulse and down-sampled to get the two original components. (figure 3.26 and 3.27) 

 

 

Figure 3.26: Spectrum of the components before and after filtering 

 

 

Figure 3.27: Components after convolution and down-sampling 

 

At this point the user has to choose if the system has thermal noise. 

Due to the filtering, the dispersion and the noise the sequences do not have a strong 1 or -1, 

to correct this there is a Decisor which using the 0 as a threshold decides is a sample is a 1 

or -1. With the hard 1 and -1, the original sequence of bits can be obtained. (figure 3.28) 
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Figure 3.28: PRBS sent and received 

3.2.1.5. Data analysis 

Since the signal has been modified through the transmission it could have some errors, so 

there is a BER value (figure 3.29) to indicate how the received sequence is changed from 

the original one. 

 

Figure 3.29: BER 

 

At the end of the code we can see a comparison table (figure 3.30) where the BER is 

shown for different combinations of the bias and amplification factors.  

 

 

Figure 3.30: BER Comparison table 

 

The whole Live Script can be seen in the Annex II  
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3.2.2. Functions  

RoF Design system has different groups of functions: basic functions where are some 

funtions to have a clearer Live Script. There are also functions dedicated to the transmission 

part, the data part, the BER and the noise. 

For the common functions the user would be more interest in the Initialize. This function 

has the purpose to create all the variables for the code. Some of these variables, such as 

number of bits and the parameter of the filter, can be changed to create the configuration 

desired. 

The transmission functions contain the functions of the MZM Transfer functions (Section 

3.1) but instead of using a pure RF signal, they accept the signal created with the data. 

The functions used for the data part are focused in creating the information to later modulate 

and demodulate it. 

3.2.3. Results 

This section is going to show how the change of the different parameters affects in the 

transmission and the different options the simulation tool gives.  

The first parameter is Nbits (number of bits). This parameter decides the number of bits that 

are going to be used as information in the transmission. The number of bits to simulate 

depends on the range of the BER values from enough errors, basically around 100. That 

means that when looking for BERs on the order of 10-3 you need on the order of 105 bits.  

The f (frequency) decides the frequency of the bits.  

The relation between frequency and number of bits decides the time window. From the 

figure 3.31 to 3.34 we can see 4 cases with the combination of number of bits and frequency 

with two values for each of them. Also comparing the figure 3.31 and figure 3.34 we can 

see that if we maintain the relation 133.78bits/GHz the time window will always have the 

same value. 

 

  

             Figure 3.31: 1024 bits and 9GHz                                       Figure 3.32: 64 bits and 9GHz 
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           Figure 3.33: 1024 bits and 0.5625GHz                       Figure 3.34: 64 bits and 0.5625GHz 

 

 

The next parameter is sps. This value represents the number of zero samples that are going 

to be introduced between the bits. It also decides the number of samples in which the squared 

root raised cosine is going to be represented. It is recommended to not reduce the value of 

this parameter since it would mean a loss of information of the raised cosine. However, it 

can be done if the velocity of the result is more important that the quality. In the figure 3.35 

and 3.36 we can see how the change of this parameters affects the raised cosine. 

  

    Figure 3.35: Square root raised cosine with sps=32        Figure 3.36: Square root raised cosine with sps=16 
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The two following variables are the ones that appeared in the MZM Transfer function, the 

vtheta_b and the ampli_factor, those variables save the values of the bias and the values that 

the signal would get at the end of the photodetector. For every combination of bias and 

amplification factor the code will give us a result. In the figure 3.37 and figure 3.38 we can 

see the results for two different configurations.  

 

 

Figure 3.37: Square root raised cosine with sps=32        Figure 3.38: Square root raised cosine with sps=16 

 

Finally, the last parameter that can be changed is in the Live Script. That is the noise that is 

going to be added to the system. The user in different points of the code can decide if he 

wants a specific type of noise (Shot and thermal noise) by choosing it with a drop-down 

window. From the figure 3.39 to figure 3.42 we are going to see 4 different scenarios where 

the noise affects in the code.  

 

 Figure 3.39: Without noise           Figure 3.40: Shot &Thermal Noise 

 

    Figure 3.41: Shot noise                 Figure 3.42: Thermal Noise 
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4. Conclusions and Future Work 

As a concise conclusion, since the main objectives of this thesis were to study the 

components of a RoF System and create a simulation tool (similar to VPIphotonics) to 

simulate those systems, it can be said that those objectives have been achieved. 

The Chapter 2, the theoretical part, is focused in explaining (conceptually and 

mathematically) the components that are used to create the system in MZM Transfer 

function and RoF Design system in order to understand how these simulation tools work. 

Additionally, with eyes to future developments, we have provided an analysis of 

components which will be useful to include into the RoF simulation tool. 

In Chapter 3 the main results of this thesis are presented. The MZM Transfer function is a 

software tool that analyses the transfer function of the three configurations of MZM (Push-

Pull, Dual-Drive and Dual-Parallel). The purpose of this software tool is to represent the 

real system that would be used to obtain that MZM transfer function. The other software 

tool presented is the RoF Design System. This software simulates a link that creates, 

transmits and receives data with two purposes. The first purpose is to show the evolution of 

the different stages of the data through the system such as the sequence of bits created, the 

signal result of the modulation, the optical field given by the MZM and the signal received 

before and after the processing. The second purpose is to make a study of the BER for 

different values of bias and amplification factors chosen by the user. These result appear in 

a comparison table. 

Comparing this simulation tool with the one used as a reference and the most commercial 

simulation tool used, VPIphotonics, two conclusions can be made: 

 Our simulation tool is much faster than the VPI due to its simplicity. The VPI 

photonics’ blocks can be configured with a lot of parameters. Since our code has a 

clear objective, the number of parameters are reduced and the unnecessary 

calculations are avoided.  

 The results of our simulation tool in terms of BER and optical power are similar to 

the ones of VPI. For example, for a BER of 10-3 the VPI need an optical power of 

10-6 W set by the EDFA. Our code can get this BER with an optical power of 6.25 · 

10-7W. Due the difference of the simulation tools it is normal to assume that the 

result will not be the same, but the magnitude of the results is accurate. 

It goes without saying that this simulation tool can be evolved in different ways, it could 

introduce more parameters to change, it could be added more functions that works as a 

blocks and also modify the actual functions in order to get another interesting results. 

Another parameter interesting to add is the ASE noise, the one introduced by the EDFA, 

that would limit the capacity of amplification of the EDFA and give a more realistic solution. 
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5. Annexes 

5.1. Annex I: Live Script of MZM Transfer function 
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5.2. Annex II: Live Script of RoF Design System 
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