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Abstract

The scope of this project is to design a general optical communications simulator with matlab. A
signal model, including polarization states, is defined, and then several mathematical models are
built in order to perform some basic simulations.

The modulations considered in this project are just the most basic ones: OOK,BPSK and QPSK. So as
to be able to make simulations, it is needed the models for the transmitter and receiver, and also
for the optical fiber and optical amplifiers.

So, in summary, all the elements to perform simple simulations are considered, designed and
implemented through mathematical models in order to calculate some useful parameters in
communication systems like BER, and eye-diagrams.

O [uE=
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Chapter 1 Introduction

1.1. General simulation concepts

There are several concepts that should be clarified when simulating communication systems. One
of them is the relationship between the time window and the frequency bandwidth. In fact, the
bandwidth is inversely proportional to the bit time, as shown in the figure below:

Time Window

T

fmin 0 fmax

v

Frequency bandwidth

Figure 1.1-1. Relationship time-frequency in simulations

In order to perform a simulation, the signals must be sampled. So the signal will be defined as a
stream of bits, each one of them will be represented with a determined number of samples.
Therefore, the number of points considered in the simulation is:

Eq. 1.1-1
n, = (Samples/Bit) *n
Where n is the number of bits.

Another important parameter of a digital communications signal is the symbol rate (Rs), which

altogether with the samples per bit, determine the sample rate (fr):
@ C
j BEN
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Eq. 1.1-2
fr = R * (Samples/Bit)

The time window is also related with the parameters commented above. This relationship can be

written as:

Eq. 1.1-3

TW =nx* Ry

O RE=
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1.2.Signal model

The signal model used in this simulator is composed by the addition of the signal samples and the
polarization parameters. A general expression for representing a communications signal and its
polarization state is shown in jError! No se encuentra el origen de la referencia..

Eq. 1.2-1

-0 +7/4 ¢ ¢

cos@ —sin@) 1 (1 1) e 2 0 1 (1 cosEcose—jsinzsine
SOP:( i j_( j +ig/2 _( ]:
sind  cos® )2\ -1 1)\ 0 ei42)2l1 p s

cosEsin @+ jsin Ecos@
1 (ei9/2
%[euefﬂ]

) : ¢
E[ o 19/2 Lo+ i9/2 ]: ‘3055
—ip/2 | o+ i9/2
2| _gmid12 g+ id/ jsin%

And ¢, 8 are the parameters that indicate the polarization state of the signal. The equivalent
graphical representation for these parameters can be seen in the figure below:

Figure 1.2-1. Signal polarization representation [1]

e =
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Chapter 2 Devices
2.1.0ptical fiber

2.1.1. Atenuation in optical fibers

When light propagates through the fiber, it experiences an exponential decay of the optical power
over the distance as a consequence of absorption and scattering phenomena.

P(0) | ) P(L)

- e
w L >

Figure 2.1-1. Optical fiber

Eq. 2.1-1
Py
= 11 P©® dB/K
“*=1 °g<P(L)> [dB/Km]

Any material absorbs energy at certain wavelengths corresponding to the electronic and vibrational
resonances of the medium. There are two kinds of absorption: the intrinsic, which is due to the
basic material (Si02), and the extrinsic absorption, which is due to the impurities in the material.

There are two main scattering sources on optical fibers: the Rayleigh and the Mie scattering. The
Rayleigh scattering, which is the most important, is the fundamental loss mechanism arising from
microscopic density fluctuations which induce small variations of the refractive index of the
material. The Mie scattering is a loss mechanism arising from cylindrical structure imperfections,
comparable to the wavelength of the waveguide.

In the figure below, the main attenuation causes described before are represented depending on
the wavelength.

O R
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Optical Fiber Attenuation Curve
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Figure 2.1-2. Optical fiber atenuation

2.1.2. Dispersion in optical fibers

The dispersion in optical fibers can be classified as follows:

e Intermodal dispersion
e Intramodal dispersion
o Group Velocity Dispersion (GVD)
=  Waveguide Dispersion
=  Material Dispersion
o Polarization mode dispersion(PMD)

The intermodal dispersion leads to an important broadening of optical pulses. From the
geometrical-optics point of view, such broadening is attributed to different rays following different
paths. In the modal description it as attributed to different modes having different group velocities.

The main advantage of single-mode fibers is the absence of intermodal dispersion because the
energy of the pulse injected is transported just by one mode. Nevertheless, the dispersion dos not
disappear at all. That’s because the group velocity associated with the fundamental mode is
frequency dependent due to the chromatic dispersion. As a result, it is produced a phenomena
called group velocity dispersion (GVD), which has two contributions: waveguide dispersion and
material dispersion [2].

Within the intramodal dispersion, it also has to be considered the PMD. The latter is caused because
the refractive index is polarization dependent, and so each component has a different GV.

6 R=
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In a single-mode fiber of length L, a specific spectral component would arrive at the end of the
fiber with a delay T=L/vg , where vg —group velocity- is defined by:

Eq. 2.1-2

v, = (df/dw)™"

Using =nw/c, where n is the effective refractive index, then vg = ¢/ng where ng, called mode index,
is defined as:

Eq. 2.1-3

ng =n+ w(dn/dw)
If Aw is the spectral width pulse, the pulse broadening is expressed by:
Eq. 2.1-4

8T 5(t,L 52
(% )Aa) = L—'BAa) = LB, Aw

AT = %Aw ow Sw?

The parameter B2 , typically expressed in ps/GHz/Km, is known as the GVD parameter, which
determines how much an optical pulse will broaden on propagation inside the fiber. Alternatively,

Eq. 2.1-5
AT = o (L AA = DLAA
CSA\y,)
where
Eq. 2.1-6

D—6 1)\ 2mc
AU 2 P2

D is called the dispersion parameter and is typically expressed in ps/Km/nm

In order to study properly the dispersion in singlemode optical fibers, it is necessary to make an
approach to the fiber transfer function in linear regime, which can be expressed as follows:

6 R=
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Eq. 2.1-7

Where the propagation constant - - is frequency dependent. As we want to have a simple
expression for the transfer function, we can use the first terms of the Taylor series of 8 close to the
carrier frequency (wc):

1 1
B@) = o+ Bi(@ = 00) + 5820 — 0 + 23w = @)’

a n
where §,, = a’ﬁ

From the former equation, the zero order term is a phase constant, the first order term is a delay,
the second order term is the chromatic dispersion, and the third order term is the chromatic
dispersion slope. As usual, we will omit the first two terms without loss of generality. We will neglect
the last term for simplicity.

Therefore, the only term left is the second order term, which is precisely the dispersion parameter,

B:

Eq. 2.1-8
.1 2
H((l)) — e‘]jﬁz(w_wc)

2.1.3. Mathematical model

In this case, as we always consider the singlemode fiber, the intermodal dispersion does not exist.
Therefore, the fiber model implemented only considers the intramodal dispersion, more specifically
the material and waveguide dispersion, which together are also called GVD plus the attenuation.

Eq. 2.1-9

Ee(®) = FFT=((e L) 1) - FFT (B (0)

where D(ps/Km/nm) is the dispersion parameter about which we talked about in point 2.1.2, A is
the signal wavelength and A is the attenuation parameter defined in Eq. 2.1-1.

O R
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2.2.Photodetector PIN

2.2.1. Working principle

Figure 2.2-1. Photodetector PIN

The working principle of the photodetector PIN is the stimulated absorption, which is a quantum
mechanics process that consists in stimulating electrons from incident photons.

Basically, the incident photon is absorbed by an electron, which increments its energy level. As a
result of this, the greater number of photons received by the device, the greater amount of electrons
will increment its energy level and pass from the ground state to excited state.

This process is explained in the following image:

Excited State

N,[® o e o ° e °|E,
0
1
i

photon N\ E.

E=hf | o
i
1

N, | ®%®%eq00q°0 %ee 00 E

Ground State

Figure 2.2-2. Stimulated absorption

In order to produce this effect, the photon’s energy has to be greater than de energy gap between
the ground state and the excited state. Therefore, the equation 2.4.1 has to be accomplished:

Eq. 2.2-1

h-c
hfZEgﬁﬂSE— Ac
g

As it is shown in the previous equation, the photon to electron conversion depends on the photon’s
frequency, so the intensity of the detected signal will be frequency dependent too,

e =
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T[A]

detection spectrum

Ao A [nm]

Figure 2.2-3. Photodetector detection spectrum

2.2.2. Parameters

There are two important parameters that measure the right behaviour of the photodetector: the
quantum efficiency and the responsivity. The quantum efficiency, which depends basically on the
materials used and structure of the device, is the measure of the photon-electron conversion
efficiency, and can be expressed as shown in the Eq. 2.2-2

Eq. 2.2-2

_<N°e—h/seg> I/q -1
1= < N°fot/seg >  Piy/hf ~

The responsivity is the average delivered photocurrent over average incident optical power ratio, in
other words, the transfer function of the photodetector.

Eq. 2.2-3
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2.2.3. Mathematical model

Figure 2.2-4. PIN photodetector model

Until now, we have been talking about the general concepts about the behavior of this device. If the
device was perfect, then it would be just enough with the Eq. 2.2-3 to generate a good mathematical
model for the PIN photodetector. However, we have to take into account an additional parameter,
the dark current.

The dark current [1] is defined as the current through the photodiode in the absence of light. It
includes photocurrent generated by background radiation and the saturation current of the
semiconductor junction. In fact, we consider that the total electrical intensity delivered by the
device is the sum of the ideal photocurrent - Eq. 2.2-3- and the dark current [3].

Eq. 2.2-4
ipp = lpy tip
Eq. 2.2-5
Ipy =<ipy Z R- Py
0fy = 2qB - Ipy

Photodiodes have two different sources of noise: shot and thermal noise. The shot current refers
to random fluctuations in the photocurrent due to light’s inner randomness.

Eq. 2.2-6

ipg =<ipy > +(ipg—<ipy >)
If we define the shot noise as s=ipy—< ipy >, the mean value and variance of s are:
Eq. 2.2-7

<s>=0

O R
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0§ = E{s?} = E{(ipp—< ipy >)*}
Finally, if we make a slow signal approximation, the expression for shot noise variance is [2]:
Eq. 2.2-8

oBy (1) = 24BRP(0)

The thermal noise, though, is very common in all kind of communication systems, and is usually the
most important contribution of noise to an optical signal. It refers to the random fluctuations of the
signal due to the chaotic movement of electrons in any electronic device or circuit.

Eq. 2.2-9
< iTH >= 0

) . KT
O-TH =< "TH >= 4‘R_LB

e =
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2.3.X coupler

EiTL,l EO’LI,t,l

Ein,z Eout,z

Figure 2.3-1. 3dB coupler model

The 3dB coupler is an optical device that can be used as a power splitter or a power combiner. As
shown in Figure 2.3-1. 3dB coupler model, it has two inputs and two outputs.

So if the two inputs and just one output are used, the device will behave as an optical coupler where
any of the output branches can be chosen. If one input and two outputs are used, then the device
will behave as a signal splitter.

The coupler transfer function can be expressed as:

Eq. 2.3-1

out,2

S W

where a is the splitting factor.

O R
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2.4.Interferometer

Ein,l Eout,l

Ein,z Eout,Z

Figure 2.4-1. Interferometer model

The interferometer is a device which is used in receiver systems of multilevel modulations. Is the
key device of the I/Q demodulator, which is the base for advanced modulation formats. It can be
splitted in four simpler components: 2 couplers (see jError! No se encuentra el origen de la
referencia.iError! No se encuentra el origen de la referencia. for more information) and 2 phase
shifters. Therefore, the mathematical expression of the output is:

Eout,l _ i 1 J ej% O i 1 J Ein,1 _
Eout,2 \/5 J 1 O ej¢|_ \/E J l Ein,2
coupler delay coupler

1( e _gint (et 4eoit) (EMJ

Eq. 2.4-1

O R
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2.5.Mach Zender Modulator (MZM)

2.5.1. Working principle

A MZM is a device which can be used for controlling the power and phase of a laser beamthrough
an electrical control signal. It typically contains one or more pockels cells, whose principle of
operation is based on the linear electro-optic effect -also called pockels effect- which consists on
the modification of the refractive index of a nonlinear crystal by an electric field in proportion to the
field strength [4] . In the figure below is shown how the refractive index and the phase shift change
by the applied voltage.

4 )
o =
-g L P > . 3
= ®
o v
(I s
'E /2 /2 g‘
.g nn ””””””””””” T E
L ‘ 0 o

0 Vn/2 V1r =

L Applied Voltage (V) )

Figure 2.5-1. Pockels effect and phase shift in MZM [3]

There are two possible waveguide configurations for MZM to control the phase of the signal. If the
waveguide has two electrodes on each side of the pockels cells (as shown in figure XXX) and the
electrical signal is applied, then the optical signal needs to be X polarized in order to be parallel to
the electrical field. If the waveguide has the active electrode on top of the Pockels cell plus two
ground electrodes on each side (as shown in figure XXX), then the optical signal needs to be Y
polarized in order to be parallel to the electrical field.

Ve v
Ege

—_—
XY z
b B
E-optical E-optical
z LiNbO, Xy LiNbO,
X,y-cut z-cut

Figure 2.5-2. MZM polarization states

O R
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2.5.2. Mathematical model

2.5.2.1. MZM Transfer function

Ein(t) | | Epr(t) = 22 (e/®v — eJ91) e/t

—— 1

E,n(t) = 70 (e”’U + eJ¢L)eJn/Ze]wt

Figure 2.5-3. MZM model

The MZM is composed by two 3dB couplers and two electrical controlled phase shifters. So, the
total transference function of this device can be expressed as:

Eq. 2.5-1

)l ol G )

coupler delay coupler

20 (et 4eit) it _git 0) 2| jeit ein)) "
Consider the structure of a MZM shown in the Figure 2.5-3. MZM model. If we define the input
Ei,(t) as:

Eq. 2.5-2
Eip(t) = Eqe/"*

A MZM is an interferometer with which a drive signal is used, producing a phase delay ¢, and ¢,,
which are the upper and the lower branch delays respectively. Therefore, two possible outputs can
be considered. In the case of this project, the lower branch has been chosen.

So, the output of our MZM model can be expressed as:

O R
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Eq. 2.5-3

E ; ; jT .
Eout (t) = = (e/%V + e/P)ez et

E ]ﬁJ_Fﬂ JﬁJ_¢L _j%_¢L Jz . _ j¢1J+¢L+” i
En.(t)=—2e 2 |e 2 +e 2 |e2e! =E cos T Py S
2 2

ZCOS(@J
Eq. 2.5-4

0= st 200 oo 1L U D)
2 N

T

(1) = @, (D+g (1) _ W (t)+V, ()
- 2 - V

a

¢0Ut

The Eq. 2.5-4 allows representing the MZM transfer function easily, and it is possible to see how
the output power and phase evolve by the driving voltage. The module of the transfer function is
represented on the figure below.

4 Mach-Zehnder Transfer Function )
1.0

= 82 / \\ / \

g0 // \ \ / \

5% // \ / \

E 0.0 \

% -0.2 | \ /

€ .04 | [Power/Amplitude | \ /

[=]

Z -0.6 /
-0.8
107y, 0 Vr 2Vn 3Vn

Normalized Driving Voltage
N\ J

Figure 2.5-4. MZM transfer function

The delay on each branch of the MZM depends on several parameters, like the Vpi voltage, which is
the value for which there is an 180° phase shift at the output, the drive configuration-balanced and
unbalanced- and the drive signal. Moreover, the MZM is polarization sensitive, and can be used in
x-polarization or y-polarization mode. In conclusion, there are 4 possible configurations, which are
discussed next.

2.5.2.2. Push-pull vs push-push operation
As shown in Eq. 2.5-3, the MZM output signal has frequency chirp, which means that its frequency
present little variations on time. This effect can be problematic in some cases. For this reason the

6 R=

push-pull operation mode -explained below- is used.
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When operating the MZM [5] in push-push mode — and identical phase shift ®= ®y = @, is induced
in both arms- a pure phase modulation is achieved. So, in this case the Eq. 2.5-3 becomes:

Eq. 2.5-5
Eo j¢ j® I jwt j¢ I jwt j¢ I
Epue () =7(e U+4e L)eZe =E,e/PezelV = E;, (t)e!Pe2

On the other hand [5], when one arm gets opposite phase shift with respect the other arm -¢p,; =
—¢.-, the MZM is operated in the push-pull mode and it is obtained a chirp free amplitude
modulation, therefore the transfer function becomes:

Eq. 2.5-6
Eo (idu 4 gitn)opeimt I
Epue (t) = 7(6 U+te L)e 2e/Wt = Ej (t)cos(p)e 2
Where the output phase of the signal is cancelled:
Eq. 2.5-7

¢0ut (t) = 7Z.VU (t) +VL (t) VL(t):*VU (t) N o

T

And the output power of the signal can be expressed as:

Eq. 2.5-8

P (1) = P, cos® (;rvu ®-V, (t)} MWWy p cos? (ﬂvti/(t)]

yAY,

4

Figure 2.5-5. Frequency chirp in MZM. Unbalanced operation(left),balanced operation(right)

e =
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2.5.3. Drive configuration

2.5.3.1. xy-cut

{ N
2 VRF._l :.Voc ® N VRrr @1 Voc
S
s(8) : s(t) —— so(t)
s4(1)
B8
g 54(1) JAN ©> y

Figure 2.5-6. MZM xy-cut and unbalanced (left) and balanced (right) drive model

In the x-y cut configuration, the MZM is x-polarized. This means that the input signal has to be x-
polarized too; otherwise there would be an important loss of signal power. The most commonly
used is the balanced drive configuration, although it can also be used in an unbalanced drive mode.

The delay values of each branch depend on the drive configuration, so:
i) Unbalanced drive
Eq. 2.5-9

T
by = A (Vrr + Vpe)
T

$.=0
ii) Balanced drive

Eq. 2.5-10

T
by = A (Vrr + Vpe)
T

3

¢ == Vrr + V)

a~

O [uE=
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2.5.3.2. z-cut

{ © N
4 ) Vrr_up L Vopcur 5o(t)
0

VRre Vbe 5o () ()
b ]
VRr_Lo bc_Lo 1 ()

K 2 )

s1(t)
J

Figure 2.5-7. MZM z-cut and unbalanced (left) and balanced (right) drive

In this configuration, the MZM is y-polarized, so the input signal should be polarized the same way
too. As shown in Figure 2.5-7. MZM z-cut and unbalanced (left) and balanced (right) drive, in the
balanced configuration two drive signals are used. This allows having a better control of each branch
delay. Nevertheless, if a symmetric configuration is needed, it is better to use an x-y configuration.

And the delay values:

i) Unbalanced drive

Eq. 2.5-11

ii) Balanced drive

Eq. 2.5-12

i
by = 72 (Vrr1 + Vpe1)
Vs

i
¢ = "2 (Vrrz2 + Vpe2)
Vs

e =
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2.5.4. Pulse carver

PULSE CARVER

—_—— O———

cw MZM
LASER

Figure 2.5-8. Pulse carver

MZM can also be used for another purpose in optical communications systems, the pulse carver.
Pulse carver is a technique used to convert the optical pulses to an RZ format. It is useful for many
reasons, for example it helps synchronizing the signal in the receiver.

It is possible to control the duty cycle of the output pulses by the local oscillator signal used as a
drive signal for the MZM. There are three possible cases: 33%, 50% and 66% duty cycle, which are
explained next.

2.5.4.1. 33 % duty cycle

Normalized Driving Voltage
v v, wan 0 VoW v

[
=

=
=

=
(&)

Normalized Output Power

. TS SN, T SE—C L

=
=

OPFTICAL
OUTPUT

ELECTRICAL
INPUT

— _______________li:_ Yy

|

|

Figure 2.5-9. 33% duty cycle
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In order to obtain a 33% duty cycle, the frequency of the electrical drive signal must be half the
bitrate, and the amplitude must be between -V ana V. Therefore the mathematical expression is:

Eq. 2.5-13

R
for(t) = Vycos (Zn dzata t)

2.5.4.2. 50% duty cycle

Normalized Driving Voltage
V2 o V2 V, W2 2V, SV.2
1.0 - : . ; e e e
0.8 F, : , P
T Pl
g [ ¥ -,-:'L" ....5........... .E.......... i i
............ P
[ — A
i 5 I
= 00 I : H 4
i OPTICAL
| OUTFUT
s
——
ELECTERICAL P mm———
INPUT !

g
-----

=y —— =
L1
L]

AN

LAY

Figure 2.5-10. 50 % duty cycle

In the 50% case, it is needed a drive signal with amplitude between 0 and V& and a frequency equal
to the bitrate, hence the mathematical expression is:

cos(2R y4tqt)

for(t) =V, > +0,5

O [=
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2.5.4.3. 66% duty cycle

Normalized Driving Voltage
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Figure 2.5-11. CSRZ pulse carver

This configuration is also called Carrier-supressed mode, hence in this case are produced phase
shifts of  to the output signal. This way of polarizing the Mach-Zender modulator is used to
generate phase modulations.

The drive signal needed in order to achieve this is:

Eq. 2.5-14

for(£) = Vg {Sin (27‘[%1:) + 1}

e =
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2.6.0ptical Filters

Optical filters are used to selectively transmit or reject a wavelength or a range of wavelengths.
There are many kinds of filters, but in communication systems the most important are the raised
cosine filter and the Gaussian filter.

2.6.1. Raised cosine filter

Is the implementation of a band-pass Nyquist filter. Its description in the frequency domain is a
piecewise function [6]

Eq. 2.6-1
1_
T , ifl<=f
T 1-
H(f) =15 [1+cos (G |IfI-—|)|, 18 18
(2)[ (ﬁ[ 2T )] 2T<|f|S2T
otherwise
&
1 Hf) :
— [A=0
F=0.25
5=0.5
A=1

Figure 2.6-1. RCF Frequency domain impulse response [7]

In the previous figure it is represented the transfer function of the filter for different values of the
roll-off factor(B). For =0, it is a perfect square filter, and as the roll-off factor is incremented, the
flanks become softer.

In the time domain, though, the expression of the filter becomes a little bit simpler:

e =
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Eq. 2.6-2

nft
h(t) = sinc (3) M

T/ _AB*t?
T2
ho — 4=0
3=0.25
3=0.5
A=1

Figure 2.6-2. RCF time-domain transfer function [7]

2.6.2. Gaussian filter

The Gaussian filter has several practical applications. In the case of optical communication systems,
it is commonly used to generate signals with smooth flanks, or even as band-pass filters needed in
the TX/RX systems.

The transfer function can be expressed in the time-domain and frequency-domain, but as the
Fourier transform of a Gaussian function is also a Gaussian function, the graphical representation is
very similar, and is represented in Figure 2.6-3. Gaussian frequency transfer function

The only important parameters in the Gaussian filters are the mean value and the standard deviation
(or variance). With the mean it is possible to control the central frequency of the filter, and the
standard deviation indicates how wide the filter is, the higher the deviation the wider the filter
becomes.

Eq. 2.6-3

t2
e _?ejznfct

1
h(t):\/E-a

H() = o—(T(F~fo0)”

e =
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Where o is the standard deviation of the Gaussian function.

H(f)

Figure 2.6-3. Gaussian frequency transfer function

It is very important to take into account the relationship between the optical signal bandwidth and
the standard deviation of the filter. If we take the transfer function from Eq. 2.6-3 and seek the point

where it is equal to 1/+/2, we will find the relationship we are looking for:

1
H(f = fo = Bo) = ™" = —

)

—(nByo)? = — %ln(Z)

Eq. 2.6-4

J2In(2)

2o

0=

e =
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Chapter 3 Optical Modulations

3.1.Intensity Modulation

3.1.1. Transmitter OOK

Tx |1 LPF

I F00K
j* Q ' Eqxe (t)
W OPTICAL
LASER MzM AMPLIFIER

Figure 3.1-1. OOK transmitter

Eq. 3.1-1

MZM | = Sl ; E. (1)
ENY )2l jei 4ein)

As we saw in the chapter “Figure 2.5-4. MZM transfer function “, this device has two outputs, but
the modulated signal is just one of them. So, in this case we have chosen the lower branch:

Eq. 3.1-2

%(ej +elh)E, A=,

OOK MZM
Eout Eout 1

push—pull

%%(e% +e ™ )E, = jeos(4,) E, =

—
push—pull [”V*U}

V,
=] cos(;r VU—(t)j E,
Vﬂ'

4

O R
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Where Vy(t) is the modulation signal from the upper branch,which must have an amplitude of
Vpi/2.
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3.1.2. Receiver O0OK

PREAMPLIFIER

Figure 3.1-2. OOK receiver

The input signal received on the OOK receiver can be expressed as:
Eqg. 3.1-3

B

E. (D) =] NA

cos ¢, (t)e’ ™

In the case of an OOK modulation, the receiver consists basically on a photodetector, so in order
to obtain the expression for the demodulated signal we just need to calculate the signal module:

Eq. 3.1-4

\Y

T

Vl(
I(t=KT)= E_Ozcosz ﬂVU (t=KkT) _ W (tkT)[oyz}%‘: E? ,0}
2 vV 5

T

0-sle,0f -Eoe40)

O R
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3.3.Phase Modulation

3.3.1. Transmitter BPSK

Tx p——-_COD | BPF

I BPSK
* : > ' out (t)
CW OPTICAL
LASER MzM AMPLIFIER

Figure 3.3-1. BPSK transmitter

Eq. 3.3-1

MZM i i
Eoutl _ l € —en E
MZM . i H in
Eoutz J(eMJ +eJ¢L)
As we saw in the chapter “Figure 2.5-4. MZM transfer function “, this device has two outputs, but
the modulated signal is just one of them. So, in this case we have chosen the lower branch:

Eq. 3.3-2

BPSK MzZM
Eout E =

e i(e“‘b tel)E, —h=h
2 %,—/

push—pull

ﬁ)l(ej¢lJ +e i )Ein = Jeos(4) By, =

—
push—pull (”Vfuj

V
=] cos(ﬂvu—(t)J E,
V/I

T

O R
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Therefore,

Eq. 3.3-3

BPSK _E V, (KTy) _ . E _
Eout KT = J?COS(ﬂ'V— = J?COS(¢I)!¢| _[0’ 72-]

*
é
In the figure below it is shown the constellation for the BPSK modulation as it is used in our

simulator:

Figure 3.3-2. BPSK constellation

O [=
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3.3.2. Receiver BPSK

BALANCED
T DETECTION ELECTRICAL

FILTER
© LPF
OPTICAL

FILTER

PREAMPLIFIER

INTERFEROMETER

Figure 3.3-3. BPSK detector

If we define the input signal as shown in the following equation:

Eq. 3.3-4

. E (s
E, (t) = j—Zcosg, (e’

2

And then we use the interferometer transfer function, we obtain the two signals just before the

photodetectors:
gvn (L[ 0(t-T)-a(®) j(ot-T)+a(1)) ’{Em(t)j:
o 2\ jlo(t-T)+o(t) oa)-o(t-T) 0
_1f B (-T)-E, (O ) _
2\ j{E, (t-T)+E, (D} )
E, [ cosg(t-T )@l _cog g (1)l :t) .
—— Ty =
XA j{cosg, (t-T)e! =) L cosg (t)ell+))
E, [ cosg, (t-T)—-cosg, (t) (ats0)
o2 j{cosg, (t-T)+cosg, ()} ¢
Finally, the signal passes through the photodetectors and we get the expressions below:
OB [A0 Eggf; (0\2}
::fll ()‘ {cos? ¢, (t—T)+cos? ¢, (t1)—2cos g, (t—T)cosg, (1)}
c?flz (t)‘ cos ¢, (t—=T)+cos’ ¢, (t)+2cosg, (t—T)cosg, (t)

6 R=

Rx
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REZ

I (t)=———2cosg, (t-T)cosg, (t)

And if we discretize the signal in time, the expression for the DBPSK precoder is finally obtained:

REZ
2

| (t =KT)=-"—-2c0s ¢, Cos¢ =—REZ cosAd,

And the truth table is the following:

li li-1 (O] D1 VO Uk
0 0 0 0 0 0
0 1 0 Tt Tt 0
1 0 Tt 0 Tt 1
1 1 T T 0 1

Table 3.3-1. Truth table for BPSK
Eq. 3.3-5
L = up® I—q

So, the expression of the pre-coder function for DBPSK modulation is shown in Eq. 3.3-4.

PRECODER DIFFERENTIAL
ENCODER
: % +
T T

Figure 3.3-4. Implementation of the DBPSK precoder

O [uE=



[Optical communications simulator] 36

3.3.3. Transmitter QPSK
So as to obtain the pre-coder logical expression, we need to take a closer look to the DQPSK
transmitter and receiver systems. In the figure below, it is shown the architecture of a DQPSK

transmitter.

* MZM 0
/2

Ccw
Laser

Figure 3.3-5: 1/Q modulator

As seen in section 2.5.2, the output of a MZM can be expressed as:

Eq. 3.3-1
out,2

EMZM :l(emJ +ej¢L)E_MZM
2 n

Therefore, in order to obtain the output of the I/Q modulator, we just have to multiply the
transfer functions of all the elements that compose it:

ESY) 1 (1 j)(1 0)j(e +et 0 1(1 j)(E.)_
Exy) V2Ui 1)\0 j)2 o e i )V2(j 1){0)

coupler phase _ shift MZMs coupler

(1 jj et 1 gl 0 {1 jj(Em]_
alj 1 o e ye))li 1)L 0

1 jj el yeit  j(eit 4ei) (E‘"j—
400 1)\ (e 4 it ) j(em?JrewS) 0

1 jlei yeit) (i 4 i)
A _(eit 1eit)_ j(ei 4eif)| "

O R
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So the transfer function of the I/Q modulator is:

Eq. 3.3-2
Eott 21 jlei reit) (e 1 gi)
E'oM |7 4 _(emﬂ +8M)—j(e”§+ej¢3) in

out,2

But as we already did with the MZM, we are only interested in one of the outputs, which will be

our modulated signal. In this case, the second output branch is chosen:

Lo pei )y j(er 4o ) E,

Eote =
1 g gl et 40 — 42 (0o oo
=5 cos(—LJe 2+ jcos(—2 - ]e 2 |E, —>Zgijé
vy, VOV push—pull
EHW] {” v, ]
! : 1 vy () . Ve (t)
4=—% | Q _ U U
—=3 COSQ%)-}- JCOS(jﬁb )] E, ——E{COS(ﬂ' v ]+ jCOS(ﬂ o |1 En
push—pull ”EJ [”ﬁ“
vV, Vv,
H(KT,)) . V2 (KT, E _
oot |y = 70 COS(?T u )J+ jCOS(ﬂMj :—7°{cos¢, +jcosd, )
COS¢| COS¢Q
Finally,
Eq. 3.3-3
QPSK Eo -
S =__{COS¢| + JCOS¢Q}7¢I,Q =[0, 7]

In the figure below it can be seen the constellation of the DQPSK used in our simulator.

Q
(011) /"_——_\\\ (111)
I/. ‘\
i o
00 . _® @0

Figure 3.3-6 . DQPSK constellation

O [uE=
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According to the information above, it is possible to find the phase of our signal depending on the
I/Q values, which is detailed in the jError! No se encuentra el origen de la referencia.

Table 3.3-2. Signal Phase
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3.3.4. Receiver DQPSK

T ELECTRICAL

IN PHASE FILTER @)
SIGNAL
OPTICAL LPF
FILTER (2
INTERFEROMETERS BALANCED RX
PREAMPLIFIER (3) DETECTION
QUADRATURE
SIGNAL (9)
LPF
ELECTRICAL
FILTER

Figure 3.3-7. DQPSK Receiver architecture

In this point, as the incoming signal has been affected by propagation effects such as delay and
attenuation, we don’t know the phase and amplitude of the input signal. Therefore, we are going
define an arbitrary amplitude and phase:

Eq. 3.3-4
E, (t)= % {cos g (t) + jeos g, (1)} e/ = EgM (1)e Ve !(+?)
2M (p)eldV
cos® ¢, (t) +cos® ¢, (t cos ¢, (t
where M (t)s\/ $ 1)+ cos” g M) #(t) =arctan ©0sgp (1)
2 cos ¢, (t)

If we take the expression for the XCoupler from 2.3, the input signals to each interferometer can

be expressed as:
Eoa |_ 1 (1 jJ(Em(t)j
Eaiz) N2l 1)L 0
%/_/

coupler
Eq. 3.3-5

EX® (t)= (]JE M (t)ejqzﬁ(t)ei(mctm)
i)\2

o

O R
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The next step is the interferometer. So, in this case we need the matrix found in 2.4. In order to
make it simpler, we will use a compact notation to include for the two branches of the detector in

the same expression. If we make the calculations:

Eout >y *

2 j(a(t-T)+a@e ) 8(t)e(t)m ~a(t-T) 0
EX (t-T)-E*®, (De*n

a3 auft)
j{EXC" (t-T)+E

oufy) (2
1 E, M (t=T) pIt-T+0)gio (t=T) _ p (t)ej¢(t>ej(wct+6)etJ¢L
) 2V2| j{M (t=T) el 0gint) |\ (g0l O)gxid |

MZ"("?)(t):{ljl o(t-T)-ame ™  j(a(t-T)+o(t)e ) Eou:(lz)(t) i
j

N |~

(t)e”‘”L}

Eq. 3.3-6

Now assuming that there is an integer amount of period in a bit slot and particularizing the phase
shift to 45° we get to the expression:

E

out

jo(t-T) o), 17
MZI?(I )(t)a)cTzznﬂ :(1j EO M (t_T)e -M (t)e e’ ej(a)CHe)

Q
FNAR

hoalt j{M (t-T)e " M (t)e”’(“eiji}

The equation Eq. 3.3-6 shows the signal expression that we will have in the points (4)-(5) and (6)-
(7) of the figure iError! No se encuentra el origen de la referencia. , respectively. Therefore, the

last step is the photodetection:
Eq. 3.3-7

MZI1 -

el of e |

I(g)(t):iﬂ{

Where R is the responsivity of the photodetectors.

O R
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=2 Pl ‘E?S{Mz(t‘T“W(U—ZM (-Tm ORele )
::tZIz( ) _E_OZ{M 2t-T)+M2(t)+2M (t-T)M (t)Re{ej{¢("T)’¢(t)¢%}}}
RE? )

l(é)(t)=— M (t— T)M(t)cos[w+4J— ZﬁM(t —T)M (t){cosAg(t) Fsin Ag (1)}

cosA¢(t)cos%irsinM)(t)sin%

) (t=KT)= Ry M ([k —2]T )M (KT) [cos Ag (KT ) Fsin Ag (KT ) RE 0 {cosAg, FSiNAG,}

(Q) 2\/5 T T{ CoSAg sinAg, } \/5

Eq. 3.3-6

u = cos(Ve) — sin(Ve)
v = cos(Ve) + sin(Ve)

To find the pre-codification functions, the truth table is required:

Ik Qx lk-1 Qx1 (O]} [OJ%] VO Uk Vi
0 0 0 0 -3n/4 -3n/4 0 0 0
0 0 0 1 -3n/4 3n/4 -1t/2 0 1
0 0 1 0 -3n/4 -nt/4 -3mn/2 1 0
0 0 1 1 -3n/4 /4 n 1 1
0 1 0 0 3mn/4 -3n/4 /2 1 0
0 1 0 1 3mn/4 3n/4 0 0 0
0 1 1 0 3n/4 -nt/4 Tt 1 1
0 1 1 1 3n/4 /4 -1t/2 0 1
1 0 0 0 -nt/4 -3n/4 -3n/2 0 1
1 0 0 1 -t/4 3n/4 T 1 1
1 0 1 0 /4 /4 0 0 0
1 0 1 1 -nt/4 n/4 n/2 1 0
1 1 0 0 /4 -3n/4 s 1 1
1 1 0 1 /4 3n/4 /2 1 0
1 1 1 0 /4 -n/4 -1t/2 0 1
1 1 1 1 /4 /4 0 0 0

Table 3.3-3. DQPSK precoder truth table

Now, to find the mathematical expressions of the I/Q functions, Karnaugh maps are needed:

6 R=
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her Qua lr Qi
Ui Vi 00 01 11 10 e 00 01 11 10
00 1 1 00 1 1
01 1 1 01 1 1
11 1 1 11 1 1
10 1 1 10 1 1

Table 3.3-4: Karnaugh maps for | (left) and Q (right) functions
Therefore, the resulting functions are:

Eq. 3.3-7
Ly = Q—1lk—1up + L1 Qr-1Vk + Qroqli—1ily + -1 Q-1 %

Qk = Quo1ly—1Vi + Tiq Qroqty + + Qo1 li—1 Uy + Ii—1 Qp—1 T

O [uE=
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Chapter4 BER

4.1.Introduction

One of the most common requirements that have to meet an optical system is to have less than a
specified Bit Error Rate(BER). BERs required are very low, usually 1 over 10, and because of that it
would take tens of years to obtain a BER estimation by the method of counting errors. Nevertheless,
there are different ways to represent the signals, which allow us to obtain BER estimations with
more ease than in a laboratory.

In systems with a single dominant type of degradation, analytical methods may be used to estimate
BERs, as they are useful to obtain a first approximation. For instance, it can be used in systems
without optical amplifiers, where the thermal noise is dominant or in systems with optical amplifiers
where the Signal-ASE noise dominates.

An important parameter that needs to be used in optical simulation systems is the Q parameter. It
is used to measure the optical signal quality, and it can be expressed as:

Eq. 4.1-1

_ M1~ Ho
01 — Op

Where pg, 11, 04,09 are mean values and standard deviations of the ‘one’ and ‘zero’ measured just
before the decision circuit of the receiver.

In this simulator, three different methods of BER estimation are used: Monte Carlo, semi-analytic
and analytic, which will be explained in the following points.

O R



4.2.Estimation methods

4.2.1. Monte Carlo
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Input bits
A i u(j)
——>|modulator | filter > amplifier
X(j) Y(j) v
channel
\ 4
Y(k) [Awen
Compare & Sample & A
count errors decide " \.
W(j) (j)

=20V (k)

1

Figure 4.2-1. Monte Carlo estimator [8]

N(j)

There are many variations of the Monte Carlo technique; it basically involves the simulation of a

random experiment using artificial means.

In the context of the specific example shown in Figure 4.2-1. Monte Carlo estimator, Monte Carlo
simulation for estimating the bit error rate in a digital communication system involves the

following steps.

1. Generate sampled values of the input sequence, A(k); and the noise samples N(j).
2. Process these samples through the models of the functional blocks and generate output

sequence Y(k).
3. Estimate E(g(Y(k)) as

Eq. 4.2-1

=2 (Y (k)

Where g(Y(k)) =1if Y (k) # A(k) and g(Y(k)) =0if Y (k) = A(k). This step is equivalent to

counting errors.

O R
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4.2.2. Analytic

It is also referred to as deterministic analysis. The analytic method treats the signal waveforms and
the noise samples separately. So, is necessary to construct a model where the signal samples are
never corrupted by random noise samples. This means that all the optical elements in the simulation
system must be configured to not add noise, and the noise samples have to be generated and
propagated separately.

Then, the deterministic estimator is able to calculate the BER estimate by combining the results of
the analysis of the signal waveform with the noise power calculated from the noise samples.

The main advantage of this kind of estimator is that the results do not depend upon random
generated noise samples during a specific simulation run, and therefore good, stable estimates of
BER can usually be obtained from a comparatively small number of bits.

On the other hand, the main disadvantage of deterministic estimation is that keeping the signal
separated from the noise excludes the nonlinear interactions between signals and noise, and so
there is a loss of accuracy.

As the mean an standard deviation parameters for the signal waveform are well known, either for
the ‘ones’ and the ‘zeros’, the Q factor can be calculated, and then the BER estimation can be
expressed as:

Eq. 4.2-2

BER = %%erfc (%)

4.2.3. Semi-Analytic

In many cases, important nonlinear processes that are the result of the interactions between the
signal and the noise —and affect noise statistics- occur mainly during the transmission and in the
detection process.

If a Gaussian model; whose properties are easy to understand and very well known, is used for the
noise added after the photodetection, the semi-analytic method is appropriate.

In the semi-deterministic method, all optical noise is accounted for in the form of noise samples
added to the signal but all the post-detection electrical noise is still estimated using a deterministic
model.

BER = %Z%erfc (%)

Where Q is the quality factor for each bit.

O R
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Chapter 5 Simulation Examples

5.1.Simulation 1

In this simulation a non-dispersive scenario will be considered, and some performance parameters
and diagrams will be obtained for the three modulations studied within the scope of the project.

For this first simulation, the following parameters will be used:

e Symbol Rate = 10.7e9

e Lambda=1.55e-6

e Samples per bit=128

e Numberof bits=1024

e SignalPower=1mw (0 dBm)
e Noise power=-60 dBm

Next we are going to obtain, for OOK, BPSK and QPSK, respectively, the following information:

e Information bits

e Modulated signal’s module

e Demodulated signal’s module
e Eye diagram

Information Bits x 107 Modulated Signal{mod)
1 T T T T 2
08-
151
g 06~ %
= ooy
E :
< 04r =]
7
05~
02-
0 a a o o 0 L L L
0 5 10 15 20 25 30 35 0 500 1000 1500 2000 2500 3000 3500 4000 4500
Bits Signal Samples
10t eye diagram x 10" Demedulated Signal{mod)
B s mmor s PR p——— 8 T T T T
6
2 4
a
=
5 2f
[
ok

L L L . L L . .
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Signal Samples

Figure 5.1-1.00K simulation results
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Constellation diagram
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Figure 5.1-2. OOK constellation diagram
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Constellation diagram DBPSK
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Constellation diagram DQPSK
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Figure 5.1-6. Constellation diagram DQPSK
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5.2.Simulation 2

For the next simulation, the goal will be to obtain the receiver’s sensitivity. In order to achieve that,
the procedure will be putting a signal attenuator just before the detector until a BER of 1073 is

obtained.

So, the value of signal power for which a BER of 1073 is achieved is in fact the desired receiver’s
sensitivity. In this case, the signal reference power is 0 dBm, and the main parameters used are:

Symbol Rate = 10.7e9
Lambda = 1.55e-6
Samples per bit=128
Numberof bits=1024
Noise power: -50 dBm

With this scenario, it is possible to plot the BER depending on the signal power, and the red line
shows the reference BER chosen. The graphics are represented in a logarithmic scale for simplicity.
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Figure 5.2-1. BER-Signal power(dB) - OOK

Sensitivity: -13.8 dBm
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Figure 5.2-2 BER-Signal power(dB) -DBPSK

Sensitivity: -9 dBm
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Figure 5.2-3. BER-Signal power(dB) -DQPSK

Sensitivity: -12 dBm
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5.3.Simulation 3

The purpose of the third simulation is noticing the impact of the optical fiber dispersion on the

received signal. Next, we can see both eye and constellation diagram for different values of the

dispersion parameter(D) in ps /Km-nm.
Main parameters used:

e Symbol Rate = 10.7e9
e Lambda=1.55e-6

e Samples per bit=128
e Numberof bits=1024
e Noise power: -50 dBm

Dips/Km-nmj= 2

Dips/Km-nmj= 8
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Figure 5.3-1. Constellation diagram evolution
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Figure 5.3-2. Eye diagram evolution
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