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RESUMEN

Las Comunicaciones Ópticas juegan un papel muy importante en el mundo de las
telecomunicaciones. Son capaces de mover grandes cantidades de datos, y así complementar
a las Comunicaciones Inalámbricas. Dentro de las Comunicaciones Ópticas encontramos
diferentes técnicas de detección: Detección Directa y Detección Coherente. Hasta ahora la más
utilizada ha sido la técnica de Detección Directa donde se modula la amplitud de la señal para
enviar información. Sin embargo, con el desarrollo de técnicas de Procesado Digital de la Señal
la técnica de Detección Coherente está recobrando importancia, ya que permite la detección de
modulaciones en amplitud y fase, abriéndonos las puertas al uso de nuevas modulaciones y
aumentando la cantidad de información que somos capaces de enviar.
El uso de esta técnica de detección también produce nuevos problemas que han de ser
corregidos si queremos que el sistema funcione correctamente. Uno de estos problemas que
vamos a encontrar es el Desplazamiento en Frecuencia de los láseres, esta tesis se centra en
su estudio y corrección con la utilización de modulaciones de alto orden (16 o 64-Quadrature
Amplitude Modulation).
Para corregir este Desplazamiento en Frecuencia se han desarrollado en esta tesis tres nuevos
algoritmos en MatLab: QPSK Partitioning Based FOC, QPSK Partitioning Differential Phase
Based FOC y Improved QPSK Partitioning Differential Phase Based FOC. Estos algoritmos
serán comparados con un algoritmo de referencia (BPS Based FOC) que se encuentra
actualmente en funcionamiento, y que ha sido provisto por el grupo de investigación formado
por KTH Materials and Nano Physics junto con el instituto de investigación Acreo.
Los resultados muestran que con un valor bajo de Desplazamiento en Frecuencia, el algoritmo
que mejor trabaja es el algoritmo de referencia (BPS Based FOC). Sin embargo, con un valor
alto de Desplazamiento en Frecuencia, dos de los tres algoritmos desarrollados tienen un
funcionamiento mejor y más estable (QPSK Partitioning Differential Phase Based FOC y
Improved QPSK Partitioning Differential Phase Based FOC).

ABSTRACT

Optical Communications play a critical role in the telecommunications world. They are able to
provide a big amount of data and to complement the Wireless Communications. Within the
Optical Communications we can find different detection techniques: Direct Detection and
Coherent Detection. Direct Detection has been the most used; it modulates the amplitude of the
signal to send the information. However, with the development of Digital Signal Processing
techniques, Coherent Detection is getting more important due to it allows the modulation of the
amplitude and phase of the signal. For that reason, we are able to use new modulations and to
increase the amount of data that we can send in the same bandwidth than with Direct Detection.
The use of this detection technic also comes with new problems that have to be solved if we
want a correct performance of the whole system. One of these problems that we will find is the
Frequency Offset of the lasers, this thesis project is focused on its study and correction with the
use of high order modulations (16 or 64-Quadrature Amplitude Modulation).
In order to correct this Frequency Offset three new algorithms have been developed in this
thesis with MatLab: QPSK Partitioning Based FOC, QPSK Partitioning Differential Phase Based
FOC and Improved QPSK Partitioning Differential Phase Based FOC. These algorithms will be
compared with a reference algorithm (BPS Based FOC) that is already working, and it has been
provided by the research group formed by KTH Materials and Nano Physics together with the
research institute Acreo.
The results show that with low Frequency Offset, the algorithm that works best is the reference
algorithm (BPS Based FOC). However, with high Frequency Offset two of the three developed
algorithms have a better and more stable performance (QPSK Partitioning Differential Phase
Based FOC and Improved QPSK Partitioning Differential Phase Based FOC).
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1. Introduction
The purpose of telecommunications has been, from their beginning, the transmission of
information. For this transmission two main groups of communications have been used
during its existence, such as: Wireless Communications and Wired Communications.
Both of them have been evolving together with first military purposes and second social
purposes. Nowadays they coexist and complement each other to supply their
weaknesses.
A very briefly description of these two ways to transmit is needed to know what
advantages and disadvantages have each one:
•

Wireless Communications: communication between two points without a physic
propagation medium, one is the sender and the other is the receiver. The waves
are sent to the space, where they are affected by many factors that degrade the
signal received.

•

Wired Communications: they are also communication between two points, but
in this case the sender and the receiver are connected by a physic propagation
medium. There are different types of wired communications, but what we concern
to explain is the Optical Communications. In this way of transmission, waves are
sent through the optical fiber, which is the physic propagation medium, where
they are also affected by some factors that degrade the signal but not as
significant as in Wireless Communications. These signals are protected by the
fiber from external factors. Thanks to this protection we are able to send much
more data without the worry of lose it.

With these two short descriptions we could easily guess where they complement each
other; Wireless Communications are good for the mobility but with a very limited data
transmission, whilst Wired Communications are good for fixed points and they have the
capability of sending a big amount of data.
In this thesis we are going to focus on the Wired Communications and more specifically
on Optical Communications, which are in increasing demand. This demand means that
the current data velocity will not be enough in the future decades, which is guiding
research to apply new methods based on: digital signal processing and high performance
modulations, for example 64-Quadrature Amplitude Modulation (QAM).
1

But before speaking about these methods we will introduce very briefly the backgrounds
of Optical Communications, and more deeply the kind of Optical Communications that we
are interested in, the Coherent Optical Communications.
1.1.

Background: Optical Communications
The purpose of this point is to describe what the Optical Communications
backgrounds are, and later to introduce the Coherent Optical Communications.
For that reason, we will focus on the element that gives the name Coherent.
Optical Communication links are based on one transmitter that sends the
information using light waves. These waves travel through a propagation medium
that is known as optical fiber. This fiber is made by plastic or in most of the cases
by glass. After a certain distance the waves arrive to the receiver, different from
radio-waves receiver, because an optical receiver has to receive light. This is
known as photo receiver.
Depending on what is used in the receiver, the link can be classified as Direct
Detection or Coherent Detection. There are two main technologies used in
Optical Communications for transmission and reception, Light Emitting Diode
(LED) and Light Amplification by Stimulated Emission of Radiation (laser), and
the main different between them is the bandwidth they use. We can see clearly
the difference depicted in Fig. 1 [1]:

Figure 1: LED spectrum on the LEFT compared with Laser spectrum on the RIGHT [1]

Therefore, the classification will be the next:
•

Direct Detection Optical Communications: these systems can use both,
LED technology or laser technology (only in the transmitter not in the
2

receiver). These systems usually use Intensity Modulation / Direct
Detection (IM/DD), which means that the signal transmitted is modulated
only changing its intensity.
•

Coherent Optical Communications (COC): these systems, unlike the
previous one only use laser technology, and it is present in the transmitter
and in the receiver as a local oscillator (LO). This kind of communications
mixes the received beam with the LO beam to get a microwave signal that
contains all the information. Furthermore, with this technology we get a
higher sensitivity, being able to use other modulations (in amplitude and
phase) that also give a better performance than IM/DD.

Since COC is explored in this thesis, we will describe it in the next subchapter.
1.2.

Principles and Benefits of Coherent Optical Communication
The coherent receiver adds the received signal wave (1.2.1) with a LO wave
(1.2.2):
𝐸𝐸𝑠𝑠 (𝑡𝑡) = 𝐴𝐴(𝑡𝑡)𝑐𝑐𝑐𝑐𝑐𝑐(𝜔𝜔𝑜𝑜 𝑡𝑡 + 𝜙𝜙𝑠𝑠 (𝑡𝑡))

(1.2.1)

𝐸𝐸𝐿𝐿𝐿𝐿 (𝑡𝑡) = 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵(𝜔𝜔𝐿𝐿𝐿𝐿 𝑡𝑡 + 𝜙𝜙𝐿𝐿𝐿𝐿 )

(1.2.2)

The optical power of the two waves is then detected by a photo detector. Since
the detector only detects frequencies much lower than the optical frequency this
yields:
𝑃𝑃(𝑡𝑡) = |𝐸𝐸𝑆𝑆 (𝑡𝑡) + 𝐸𝐸𝐿𝐿𝐿𝐿 |2

𝑃𝑃(𝑡𝑡) ≈ |𝐴𝐴(𝑡𝑡)|2 + |𝐵𝐵|2 + 2|𝐴𝐴(𝑡𝑡)||𝐵𝐵|𝑐𝑐𝑐𝑐𝑐𝑐((𝜔𝜔𝑆𝑆 − 𝜔𝜔𝐿𝐿𝐿𝐿 )𝑡𝑡 + 𝜙𝜙𝑆𝑆 (𝑡𝑡) − 𝜙𝜙𝐿𝐿𝐿𝐿 )

(1.2.3)

For direct detection there is no LO and only the first term is detected, whereas for
coherent detection a strong LO is used and the third term will be dominant. The
use of coherent detection has some important benefits, of which three will be
briefly explained in this part.
The first advantage with COC over IM/DD is that it gives higher sensitivity due to
the so called mixing gain. By just using a strong LO amplitude B, it is possible to
increase the signal over the thermal noise.
3

The second advantage is that coherent detection makes it possible to utilize both
amplitude and phase for information transmission. Together with the higher
sensitivity it enables the use of multilevel quadrature modulation formats, such as
16QAM and 64QAM. This allows more information to be sent per sent pulse
without increasing the modulations bandwidth, so that COC systems can be made
more spectrally efficient.
And the third benefit is that, since both amplitude and phase are detected,
impairments due to e.g. chromatic dispersion and phase noise can be mitigated
electrically by digital signal processing (DSP). That allows sending the information
further without the use of repeaters.
However, COC have also challenges compared to IM/DD. One is to compensate
for the frequency offset between the transmitter and LO (ωS − ωLO ), and avoid
noise in the phase difference that carries the phase modulation (𝜙𝜙𝑆𝑆 (𝑡𝑡) − 𝜙𝜙𝐿𝐿𝐿𝐿 ). As

we said above, COC use lasers in both the transmitter for generating the
lightwave carrier and in the receiver as LO. The laser generates coherent light if it
meets two conditions:
•

Temporal coherence: this is the capability of producing a “monochromatic
beam”, that means, it has to be able to concentrate the beam in a narrow
spectrum, as is shown in Fig. 1.

•

Spatial coherence: capability of creating light beams with the same phase
and directionality, as is depicted in Fig. 2.

Figure 2: Two waves with same phase and directionality

However, the coherence of lasers is not perfect since they have phase noise [2],
and this phase noise in both transmitter laser phase and LO phase will limit the

4

performance of coherent systems, especially for high level modulation formats,
increasing the Bit Error Rate (BER) of the received signal.
1.3.

The Coherent Transmitter and Receiver
COC were studied as an alternative to direct detection already in the 1980’s [3].
This research was mainly motivated by the higher sensitivity of COC so the
distance without repeating the signal could be longer.
Nevertheless, the challenges with the polarization and phase tracking needed,
together with the introduction of erbium doped fiber amplifiers prevented COC
from being commercially viable until DSP techniques were developed in the
beginning of the 2000’s. An example of a modern coherent system including the
DSP block is showed below [4]:

Figure 3: Coherent System [4]

Transmitter:
1.

A laser sends a continuous wave (CW), which acts as a lightwave carrier,
and it is divided in two parts (one for each polarization x and y) before arriving
to the inphase/quadrature (I/Q) modulator.

2.

The information that will be sent is converted to electrical driving signals by
the application-specific integrated circuit (ASIC) and transferred to the I/Q

5

modulator and modulated on each polarization of the carrier. The polarization
is combined and the resulting signal is transmitted through the fiber.
Receiver:
3.

The received signal is divided by the polarization beam splitter (PBS) into the
initial polarizations (x and y). Each polarization is mixed with the laser LO in
the 90º hybrid.

4.

Both polarizations (x and y) and both I/Q branches are detected by four
detectors. After that, they go through an anti-aliasing filter and they are
sampled and converted from analog to digital by ADCs. When the signals are
digital, they will be processed by the DSP unit.

5.

The DSP unit is composed by different blocks working together. The blocks

BER Counter

Frequency Offset &
CPR

Equalization

Timing Recovery

90°

CD Compensation

ELO(t)

DC Removal

ADC

ES(t)

IQ Imbalance &
Low Pass Filtering

that work in the DPS chain are depicted in the next image [5]:

Figure 4: Digital Signal Processing Chain

In the image above we can distinguish eight blocks, which will be briefly
explained:
•

ADC (Analog to Digital Converter): system that converts an analog
signal to digital signal ready to be processed.

6

•

DC Removal: this block removes the Direct Current and center the
constellation at 0. The signal after this block is shown in the next
image:

Figure 5: Signal after the DC Removal

•

IQ Imbalance & Low Pass Filtering: the IQ Imbalance compensates
the imperfections in the 90º hybrid of the receiver [4]. The Low Pass
Filtering removes the out-band-noise. The next image represents the
signal after this block:

Figure 6: Signal after the IQ Imbalance & Low Pass Filtering

•

Chromatic Dispersion (CD) Compensation: this block is an
algorithm that compensates the CD, and the result is shown in the next
image:

Figure 7: Signal after the CD Compensation

•

Timing Recovery: this part is used to recover the clock and select the
samples with the best optical signal to noise ratio (OSNR), thanks to
7

this, the difference between the symbol clock and the ADC sampling
rate is compensated. We would get something like is depicted in Fig.
8:

Figure 8: Signal after the Timing Recovery

•

Equalization: with this block we get to remove the Intersymbol
Interference (ISI) due to the channel’s bandwidth. It also tracks the
signal polarization. In this image we can see the results:

Figure 9: Signal after the Equalization

•

Frequency Offset Compensation (FOC) & Carrier Phase Recovery
(CPR): this is the block that we can divide into two different algorithms.
It will be explained in depth in the next paragraph. After the FOC
compensation and CPR, the original constellation diagram is visible (in
this case 16-QAM) and the signal can be decoded.

Figure 10: Signal after the FOC & CPR

•

BER Counter: this block counts the errors and analyzes the
performance of the whole system.

8

The technique showed above allow the use of complex modulations formats,
such as: QAM, instead of IM/DD. Due to the use of these modulations formats,
two main estimations and subsequently, corrections, have to be done in the
seventh block (FOC&CPR block). These two estimations are Frequency Offset
(FO) estimation and Carrier Phase estimation, while their corrections are
Frequency Offset Compensation (FOC) and CPR. They are divided in two
algorithms that are responsible for the data processing; FOC algorithm and CPR
algorithm. FOC algorithm is commonly performed before CPR algorithm, this is
because if we do not remove the FO first, we will have big phase variations
between symbols and the CPR algorithm will not work correctly.
The problems in the signal without these corrections and after the Equalization
block (sixth block) are depicted in Fig. 11:
2
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Figure 11: Signal without phase error on the LEFT vs signal with phase error on the RIGHT

As we can see in the figure above, without phase error the signal that is received
looks like the signal that has been sent by the transmitter (a 64QAM). But with
phase error the signal is distorted and it is only possible to see circles. The
explanation to these circles is in the phase of the signal; a signal with real part
and imaginary part can be expressed like in the 1.3.1:
𝑥𝑥(𝑡𝑡) = 𝐴𝐴𝑒𝑒 𝑗𝑗(𝜔𝜔𝜔𝜔+𝜙𝜙) ; 𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝜔𝜔 = 2𝜋𝜋𝜋𝜋

(1.3.1)

Therefore, if we have changes in the received signal frequency due to FO, this will
be translated to phase changes. This is what first will be corrected by the FOC
algorithm and later by the CPR algorithm.
9

This thesis is focused on the FOC algorithm, for that reason a brief explanation
about why it is produced is needed. Both the transmitter laser and the receiver
laser have a nominal operational frequency (fc). They are supposed to operate at
the same frequency, but in the reality, their frequency suffers continuous changes
with the time, and this is what produces FO. It is easy to understand as is
depicted in the Fig. 12:

Figure 12: Transmitter and Receiver Frequency changing with time, t=0, 1, 2,… ∞

The FOC algorithm has two operation modes depending on if the algorithm is
applied for an ideal case (with simulations) or a real case:
•

Ideal case: the FO changes slowly; thus, it is assumed that the FO is
constant in all symbol sequence. For that reason the FO is calculated in a
full block only once, and later the corrections are applied with the residual
frequency calculated in the FOC algorithm.

•

Real case: the FO changes continue being slowly, but in this case, to be
more accurate, the signal is divided into blocks and the FO is calculated
for each block. The frequency corrections are applied for each block with
the corresponding residual frequency.

The simulations will work with the ideal case to simplify the process.
1.4.

Problem description and thesis structure
As was described before, the problem that must be corrected will be the FO
between the lasers. This will be addressed using signal processing, applying
different FOC algorithms for 64QAM.
The use of this high-performance modulation (64QAM) gives the possibility of
reaching more data rates, which is the main advantage. However, increasing the
10

modulation order, the algorithm complexity is also increased. Furthermore, the
use of this modulation format in Optical Communication is relatively new, which
means that there are not so many algorithms developed for 64QAM modulation
because they are currently being developed by research groups [e.g.6].
Therefore, the purpose of this thesis is the development of three new FOC
algorithms for 64QAM. These three algorithms are as follows:
•

Quadrature Phase-Shift Keying (QPSK) Partitioning based FOC

•

QPSK Partitioning Differential Phase Based FOC

•

Improved QPSK Partitioning Differential Phase Based FOC

In order to know if the algorithms are working properly, their performance will be
compared with a reference algorithm that has been developed in the research
group formed by the KTH Materials and Nano Physics together with the research
institute Acreo. This reference algorithm is called Blind Phase Search (BPS)
Based FOC.
Thus, the thesis will be structured in the next points: first the development step by
step of these three algorithms (chapter 2, 3 and 4). Later the description of the
reference algorithm (chapter 5) with which our three algorithms will be compared.
Finally, the performance comparison of the Frequency Estimation between the
four algorithms will be shown (chapter 6).
Some of the algorithms need to have an adjustment on some parameters to work
properly depending on the FO chosen to do the tests, for that reason all of them
will be adjusted to work on equal terms.

2. QPSK Partitioning Based FOC
This algorithm takes as reference the algorithm in [7], but it will be developed for 64QAM.
It can be summarized into three steps, the first step is the partitioning, in which the
symbols will be classified by their amplitude, after that it is compulsory to remove the
modulation component with the purpose of making a good FO estimation as last step.

11

2.1.

Partitioning
In this step is searched to partition the symbols in a given mQAM constellation
depending on their amplitudes. The process will be done for 16QAM and 64QAM.
i.

Reference constellation
First a reference constellation will be generated using a function given by
the research group; it is called getCulsters(M,coding,shape,phi).
Input parameters are as follows:
•

M = constellation order (16 or 64)

•

Coding = bits codification (gray)

•

Shape = modulation (qam)

•

Phi = phase (0)

Therefore, the reference constellations are depicted in Fig. 13:
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Figure 13: Reference constellations; 16QAM on the LEFT and 64QAM on the RIGHT
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ii.

VPI constellation
A high-quality signal will be simulated in the optical link. The OSNR will be
increased to 35 dB and the Lasers will not have FO. The resulting 28
Gbaud 16/64QAM signals, after equalization, are shown in Fig. 14:
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Figure 14: VPI constellation, 16QAM on the LEFT and 64QAM on the RIGHT

iii.

Symbols’ classification
Once we have the reference constellation and the received signal, the
next step is to classify the symbols. The classification will be done thanks
to the reference constellation and depending on the symbols’ amplitude.
We will do border circumferences and later the received signal will be
classified using these limits, as shown in Fig. 15 and Fig. 16:
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Figure 15: (16QAM) Reference constellation with boundaries on the LEFT and received signal with boundaries on the RIGHT
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Figure 16: (64QAM) Reference constellation with boundaries on the LEFT and received signal with boundaries on the RIGHT

As can be seen in Fig. 16, some of the symbols have color red and blue
mixed, when it should be each level only with one color (red or blue). It is
because some symbols are classified into one level they do not belong.
This is mainly due to Additive White Gaussian Noise (AWGN), which
translates in classification error.
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2.2.

Modulation component removal
As we are going to use a mth power based FOC approach, we need the QPSKbelonging points in the constellation, that is the reason why the partitioning was
done as first step.
The 4th power operation will be employed for the QPSK classified symbols in
order to remove their modulation component first and estimate the FO later.
A QPSK constellation is composed by four symbols with the same amplitude (A)
𝜋𝜋
4

𝜋𝜋
2

and phase + ∙ 𝑚𝑚 ; 𝑚𝑚 = 0, 1, 2,∙∙∙, ∞. The QPSK constellation is shown in Fig. 17:
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Figure 17: QPSK constellation

Thus, a QPSK signal modulated on a transmitter laser carrier (ωTx) can be
expressed as in 2.2.1:
𝑥𝑥𝑇𝑇𝑇𝑇 = 𝐴𝐴𝑒𝑒

𝑗𝑗�

2𝜋𝜋 𝜋𝜋
𝑛𝑛+ +𝜔𝜔𝑇𝑇𝑇𝑇 𝑡𝑡+𝜙𝜙𝑇𝑇𝑇𝑇 �
4
4
;

𝑛𝑛 = [0: 3]

(2.2.1)

In this equation, ωTx is the transmitter carrier frequency and ϕTx is the phase of the
transmitting laser. The received signal with the LO, which is also a laser, can be
expressed as 2.2.2:
𝑥𝑥𝑅𝑅𝑅𝑅 = 𝑥𝑥𝑇𝑇𝑇𝑇 𝑒𝑒 −𝑗𝑗(𝜔𝜔𝐿𝐿𝐿𝐿 ∗𝑡𝑡+𝜙𝜙𝐿𝐿𝐿𝐿 ) = 𝐴𝐴𝑒𝑒

𝑗𝑗�

2𝜋𝜋 𝜋𝜋
𝑛𝑛+ +(𝜔𝜔𝑇𝑇𝑇𝑇 −𝜔𝜔𝐿𝐿𝐿𝐿 )𝑡𝑡+(𝜙𝜙𝑇𝑇𝑇𝑇 −𝜙𝜙𝐿𝐿𝐿𝐿 )�
4
4

(2.2.2)

The data we want to isolate from this received signal is (ωTx-ωLO), because this is
the FO: 2π(fTx-fLO) = 2πfFO.
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Although QPSK modulation is not going to be used, the partitioned QPSK
symbols in 16/64QAM constellations contain the same characteristics, with the
difference of symbols having different amplitude levels as is shown in 2.2.3 and
2.2.4:
𝑥𝑥𝑇𝑇𝑇𝑇 = 𝐴𝐴𝑚𝑚 𝑒𝑒

i.

𝑗𝑗�

2𝜋𝜋 𝜋𝜋
𝑛𝑛+ +𝜔𝜔𝑇𝑇𝑇𝑇 𝑡𝑡+𝜙𝜙𝑇𝑇𝑇𝑇 �
4
4

𝑥𝑥𝑅𝑅𝑅𝑅 = 𝑥𝑥𝑇𝑇𝑇𝑇 𝑒𝑒 −𝑗𝑗(𝜔𝜔𝐿𝐿𝐿𝐿 𝑡𝑡+𝜙𝜙𝐿𝐿𝐿𝐿 ) = 𝐴𝐴𝑚𝑚 𝑒𝑒

𝑗𝑗�

(2.2.3)

2𝜋𝜋 𝜋𝜋
𝑛𝑛+ +(𝜔𝜔𝑇𝑇𝑇𝑇 −𝜔𝜔𝐿𝐿𝐿𝐿 )𝑡𝑡+(𝜙𝜙𝑇𝑇𝑇𝑇 −𝜙𝜙𝐿𝐿𝐿𝐿 )�
4
4

(2.2.4)

QPSK-symbols in 16/64QAM
Once it is known where the FO has to be calculated, the QPSK-symbols
must be selected first. The QPSK symbols in 16QAM modulation are
depicted in Fig. 18:
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Figure 18: (16QAM) QPSK-symbols within the circles
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The QPSK symbols in 64QAM are different, we will see better as is shown
in Fig. 19:
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Figure 19: (64QAM) QPSK-symbols within the circles

As we can see in the image above, there are symbols within circles and
symbols within squares. This is because at first view we could think that
all the symbols with phase

𝜋𝜋
4

𝜋𝜋
2

+ 𝑚𝑚 ; 𝑚𝑚 = 0, 1, 2,∙∙∙, ∞ are the QPSK

symbols. However, in 64QAM there are symbols with phase

𝜋𝜋
4

𝜋𝜋
2

+ 𝑚𝑚 ; 𝑚𝑚 =

0, 1, 2,∙∙∙, ∞ that have the same amplitude than symbols without this phase.
Therefore, the symbols within a square cannot be selected, because we
would choose also non-QPSK symbols that introduce noise.
Consequently, the selected QPSK symbols in 16/64QAM signals are
shown in Fig. 20:
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Figure 20: QPSK symbols, 16QAM on the LEFT and with 64QAM on the RIGHT
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ii.

Raise to 4 the QPSK-symbols
The next step after classifying the QSPK symbols in both modulations is
to raise them to the 4th power in order to remove their modulation
component. Once the modulation component has been removed, then is
when we can calculate the FO. The calculations can be continued from
2.2.4:
One symbol will have the next expression:
𝑥𝑥𝑅𝑅𝑅𝑅 = 𝑥𝑥𝑇𝑇𝑇𝑇 𝑒𝑒 −𝑗𝑗(𝜔𝜔𝐿𝐿𝐿𝐿 𝑡𝑡+𝜙𝜙𝐿𝐿𝐿𝐿 ) = 𝐴𝐴𝑚𝑚 𝑒𝑒

𝑗𝑗�

2𝜋𝜋 𝜋𝜋
𝑛𝑛+ +(𝜔𝜔𝑇𝑇𝑇𝑇 −𝜔𝜔𝐿𝐿𝐿𝐿 )𝑡𝑡+(𝜙𝜙𝑇𝑇𝑇𝑇 −𝜙𝜙𝐿𝐿𝐿𝐿 )�
4
4

(2.2.5)

Before raising the expression to the 4th power, this part of the phase
(𝜙𝜙 𝑇𝑇𝑇𝑇 − 𝜙𝜙𝐿𝐿𝐿𝐿 ) is neglected, because it is much smaller than (𝜔𝜔 𝑇𝑇𝑇𝑇 − 𝜔𝜔𝐿𝐿𝐿𝐿 ).
Raising the expression to the 4th power in 2.2.6:

(𝒙𝒙𝑹𝑹𝑹𝑹 )𝟒𝟒 = (𝐴𝐴𝑚𝑚 𝑒𝑒

2.3.

𝑗𝑗�

2𝜋𝜋 𝜋𝜋
𝑛𝑛+ +(𝜔𝜔𝑇𝑇𝑇𝑇 −𝜔𝜔𝐿𝐿𝐿𝐿 )𝑡𝑡� 4
4
4
)
4

= 𝐴𝐴𝑚𝑚 4 𝑒𝑒

4𝑗𝑗�

2𝜋𝜋 𝜋𝜋
𝑛𝑛+ +(𝜔𝜔𝑇𝑇𝑇𝑇 +𝜔𝜔𝐿𝐿𝐿𝐿 )𝑡𝑡�
4
4

=≫

=≫ (𝒙𝒙𝑹𝑹𝑹𝑹 )𝟒𝟒 = 𝐴𝐴𝑚𝑚 𝑒𝑒 𝑗𝑗(2𝜋𝜋𝜋𝜋+𝜋𝜋+4(𝜔𝜔𝑇𝑇𝑇𝑇 +𝜔𝜔𝐿𝐿𝐿𝐿 )𝑡𝑡) = 𝑨𝑨𝒎𝒎 𝟒𝟒 𝒆𝒆𝒋𝒋(𝝅𝝅+𝟒𝟒(𝝎𝝎𝑻𝑻𝑻𝑻 +𝝎𝝎𝑳𝑳𝑳𝑳)𝒕𝒕)

(2.2.6)

Frequency offset calculation

The data that we need to estimate the FO is in the phase of the symbol, which
means, first the phase of the symbols must be obtained, and later the term where
the FO is located must be isolated.
First to get the phase, one MatLab function will be used, it is called angle. But the
problem with this function is that the phase it returns is between ±π, which is not
the real angle. One solution is the use of another MatLab function called unwrap.
This function does not limit the phase between ±π, it adds ±2π when a jump
between two consecutive elements is greater or equal to π radians. The jump
happens when the phase is growing from an initial phase smaller than π. Then the
phase reaches a phase bigger than π, how the function angle limits the phase
between ±π, the next phase will be taken in some point between –π≤phase<π. In
this moment is when the function unwrap works detecting a jump in the phase
greater or equal to π radians, and unwrap will add 2π to correct the phase value.
The equation is shown in 2.3.1:
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𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢�𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑥𝑥𝑅𝑅𝑅𝑅 4 )� = 𝜋𝜋 + 4(𝜔𝜔 𝑇𝑇𝑇𝑇 − 𝜔𝜔𝐿𝐿𝐿𝐿 )𝑡𝑡

(2.3.1)

As we can see in 2.3.1, the term that we need (wTx − wLO ) is multiplied by 4, for
that reason 2.3.1 must be divided by 4, as we can see in 2.3.2:
𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢�𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑥𝑥𝑅𝑅𝑅𝑅 4 )� 𝜋𝜋
= + (𝜔𝜔 𝑇𝑇𝑇𝑇 − 𝜔𝜔𝐿𝐿𝐿𝐿 )𝑡𝑡
4
4

(2.3.2)

The next step, to show what happens, will be simplified using two consecutive
QPSK symbols, one in tx+1 and another in tx. They will be subtracted as is shown
in 2.3.3:
𝜋𝜋
𝜋𝜋
∆𝜙𝜙 = � + (𝜔𝜔 𝑇𝑇𝑇𝑇 − 𝜔𝜔𝐿𝐿𝐿𝐿 )𝑡𝑡𝑥𝑥+1 � − � + (𝜔𝜔 𝑇𝑇𝑇𝑇 − 𝜔𝜔𝐿𝐿𝐿𝐿 )𝑡𝑡𝑥𝑥 � = (𝜔𝜔 𝑇𝑇𝑇𝑇 − 𝜔𝜔𝐿𝐿𝐿𝐿 )𝑇𝑇𝑆𝑆
4
4

(2.3.3)

As the subtraction is between consecutive QPSK symbols, the time between
them is the symbol time (Ts) and the term (𝜔𝜔 𝑇𝑇𝑇𝑇 − 𝜔𝜔𝐿𝐿𝐿𝐿 ) is equal to 𝜔𝜔𝐹𝐹𝐹𝐹 = 2𝜋𝜋𝑓𝑓𝐹𝐹𝐹𝐹 .
The final step can be seen in 2.3.4:

𝑓𝑓𝐹𝐹𝐹𝐹 =

∆𝜙𝜙
2𝜋𝜋𝑇𝑇𝑆𝑆

(2.3.4)

These steps have been simplified in this demonstration with only two consecutive
QPSK symbols, but the algorithm does the same process with all consecutive
QPSK symbols. The MatLab function that is used is called diff; and the
expression is shown in 2.3.5:
𝑓𝑓𝐹𝐹𝐹𝐹 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(

𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢�𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑥𝑥𝑅𝑅𝑅𝑅 4 )�
))
4

(2.3.5)

The mean is also done in 2.3.5 to have less noise and a better FO estimation.

3. QPSK Partitioning Differential Phase Based FOC
This algorithm takes as reference also the algorithm in [7], but it will be also developed
for 64QAM.
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The algorithm is summarized into 3 steps; the first step is the partitioning (chapter 2.1)
that is exactly the same than in the algorithm QPSK Partitioning Based FOC. The second
step is also to remove the modulation component but in a different way, and the last step
is the FO calculation.
As the first step is already explained in chapter 2.1, we will start here from the second
step.

3.1.

Modulation component removal
In this step the QPSK points are already classified and the process will be also
shown with only two symbols to simplify the calculations.
First the multiplication of two consecutive symbols, one must be conjugated to get
the phase difference, and later the multiplication will be raise to the 4th power to
remove the modulation component.
i.

Consecutive multiplication of conjugated symbols
Once the partitioning has been done like in the first algorithm, and the
QPSK symbols have been also classified, then the FO term is isolated.
Therefore, the first step is the multiplication of consecutive QPSK
symbols, one of them conjugated; it will be shown in 3.1.1:
𝑥𝑥1 ∗ = 𝐴𝐴𝑒𝑒

ii.

−𝑗𝑗�

2𝜋𝜋 𝜋𝜋
𝑛𝑛+ +𝜔𝜔𝐹𝐹𝐹𝐹 𝑡𝑡𝑥𝑥1 �
4
4

𝑥𝑥1 ∗ ∙ 𝑥𝑥2 = 𝐴𝐴𝐴𝐴𝑒𝑒

; 𝑥𝑥2 = 𝐵𝐵𝑒𝑒

𝑗𝑗�

𝑗𝑗�

2𝜋𝜋
𝜋𝜋
𝑚𝑚+ +𝜔𝜔𝐹𝐹𝐹𝐹 𝑡𝑡𝑥𝑥2 �
4
4

2𝜋𝜋
(𝑚𝑚−𝑛𝑛)+𝜔𝜔𝐹𝐹𝐹𝐹 𝑇𝑇𝑆𝑆 �
4

(3.1.1)

Raise to 4th power the consecutive multiplications
The last step to remove the modulation component is raise to the 4th
power the result of the equation 3.1.1, as we can see in 3.1.2:
(𝑥𝑥1 ∗ ∙ 𝑥𝑥2 )4 = (𝐴𝐴𝐴𝐴)4 𝑒𝑒 𝑗𝑗(2𝜋𝜋(𝑚𝑚−𝑛𝑛)+4𝜔𝜔𝐹𝐹𝐹𝐹 𝑇𝑇𝑆𝑆 )

(3.1.2)

Thus, having removed the modulation component, now it is possible to
isolate the FO term, this process will be shown in the next chapter.

3.2.

Frequency offset calculation
Before calculate the FO, the sum of all terms that were raised to the 4th power
must be made to reduce the noise as much as possible. After that the FO will be
calculated with more precision. The process can be done as follows in 3.2.1:
20

𝑥𝑥𝑇𝑇 = (𝑥𝑥1 ∗ ∙ 𝑥𝑥2 )4 + (𝑥𝑥2 ∗ ∙ 𝑥𝑥3 )4 + ∙∙∙ +(𝑥𝑥𝑚𝑚−1 ∗ ∙ 𝑥𝑥𝑚𝑚 )4 = 𝐶𝐶𝑒𝑒 𝑗𝑗(4𝜔𝜔𝐹𝐹𝐹𝐹 𝑇𝑇𝑆𝑆 )

(3.2.1)

Once the noise has been reduced, then the calculation of the FO is using the
MatLab function angle, to get only the phase of the signal. In this case the
MatLab function unwrap does not have to be used because the phase is only in
function of TS, which is constant, for that reason the phase does not grow with the
time. The process is shown in 3.2.2:
𝑓𝑓𝐹𝐹𝐹𝐹 =

𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑥𝑥𝑇𝑇 )
4 ∙ 2𝜋𝜋𝑇𝑇𝑆𝑆

(3.2.2)

4. Improved QPSK Partitioning Differential Phase Based FOC
The last algorithm is exactly the same than QPSK Partitioning Differential Phase Based
FOC, but there is a difference that improves significantly its performance. The difference
is in the number of QPSK symbols taken for the calculations, they are increased, and it
will be explained in the next chapter.

4.1.

QPSK symbols in 64QAM
In the other two algorithms, the QPSK symbols that are selected for 64QAM are
depicted in the Fig. 21:
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Figure 21: Initial QPSK symbols 64QAM
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The new symbols that are going to be selected are called Triangular Edge (TE)
symbols [8], and they are shown in Fig. 22:

<

𝜋𝜋
4

𝜋𝜋
4

>

𝜋𝜋
4

Figure 22: QPSK symbols with TE symbols 64QAM

As we can see in the image above, there are eight symbols more that are
selected. If we focus on the first quadrant, the symbol we took before (in red) has
𝜋𝜋
4

a phase of , and the new symbols that are taken have a phase smaller than
(in blue), and also bigger than
𝜋𝜋
4

𝜋𝜋
4

𝜋𝜋
4

(in green). Although these symbols have not a
𝜋𝜋
4

phase of , they are very near to the main QPSK symbol with phase of .
The improvement of the algorithm’s performance is due to the number of new
QPSK symbols selected. Instead of having 12 QPSK symbols, it will have 20
QPSK symbols. This increase in the number of QPSK symbols allows an
achievement of better phase noise tolerance, and therefore, better results
compared with the other two algorithms.
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5. BPS Based FOC (Reference Algorithm)
In this chapter, the blind phase search algorithm applied for frequency offset
compensation (BPS Based FOC) is explained in detail. The performance of this algorithm
will serve as a benchmark for the other studied FOC algorithms in terms of FO tolerance
and stability. The block diagram of the blind phase search algorithm is illustrated in Fig.
23 [9, 10]. In the next subchapters, each of the blocks in Fig. 23 will be briefly explained
for a better understanding of its functionality.

Figure 23: BPS Based FOC block diagram [11]

5.1.

Symbol Block

Figure 24: First Block (1)

The BPS algorithm firstly selects a block of 2M+1 consecutive received symbols
for phase noise estimation. The number of employed symbols for phase noise
estimation will have an impact on the performance of the algorithm as stated in
[9].

5.2.

Second Block

Figure 25: Second Block (2)

The selected block of symbols is then de-rotated by a number of “test phases” β
chosen in a

𝜋𝜋
2

phase span due to the

𝜋𝜋
2

rotational symmetry of mQAM
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constellations. The number employed of test phases defines the phase search
resolution of the algorithm.

5.3.

Decision Circuit

Figure 26: Third Block (3)

All the de-rotated blocks are then fed into a decision circuit module where the
closest constellation points in the ideal/reference mQAM constellation to all derotated symbols are decided.

Figure 27: Distance between reference symbol (blue) and received symbol (red)

Fig. 27 exemplifies the decision circuit module for a de-rotated symbol by a given
βi (shown in red) test phase. As an example, the ideal point in the first quadrant of
a QPSK constellation is illustrated in blue. Therefore, it is observed that the
received and de-rotated symbol belong to the ideal QPSK point illustrated in blue.

5.4.

Distance Calculation

Figure 28: Fourth Block (4)

Once the algorithm has decided where the received symbol belongs, it has to
calculate the distance between the reference symbol and the received symbol.
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This is done with a very simple mathematical rule, corresponding to the minimum
Euclidian distance as:
𝑑𝑑 = �(𝑥𝑥2 − 𝑥𝑥1 )2 + (𝑦𝑦1 − 𝑦𝑦2 )2

(5.4.1)

Distances are calculated for all the symbols in the block and for all the differently
de-rotated blocks.

5.5.

Fifth Block

Figure 29: Fifth Block (5)

The squared distance can be employed for saving the square root operation. In
this way, bearing in mind the practical implementation of the algorithm in
electronics, all the necessary square root operations can be avoided for reducing
its implementation complexity. All the square distances of the symbols in the
given block are then summed up to give a distance metric Di. This process is
done for all the de-rotated blocks each of them giving a different distance metric.

5.6.

Sixth Block

Figure 30: Sixth Block (6)

In this block the index “i” giving the smallest distance metric Di is selected, This
index indicates the test phase βi which has de-rotated the employed block of
symbols the closest to the ideal constellation points in the reference constellation.
This test phase will later serve as the phase noise estimator of the received
symbol in the middle of the block.
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5.7.

Seventh Block

Figure 31: Seventh Block (7)

Figure 32: Received symbol is in a distance of
𝜋𝜋
2

As the test phases have been chosen in a

𝝅𝝅
𝟐𝟐

from where it should be

span, the phase noise estimator is

bounded to that span as illustrated in Fig. 33. As the phase noise can naturally
evolve between [−𝜋𝜋, 𝜋𝜋], the calculated phase noise estimator needs to be
unwrapped in order for the algorithm to really track the phase noise. Take Fig. 32
as an example and assume that the test phases are selected within the first
quadrant. Assume now a received symbol (illustrated in red) that originally
belonged to the first quadrant but, due to phase noise it has been rotated to the
second quadrant and it lays now on top of the ideal QPSK point (illustrated in
blue) corresponding to a phase noise of

𝜋𝜋
.
2

After applying different test phases to

this symbol within the range [0, 𝜋𝜋] in the BPS process as explained earlier, it is
noted that the test phase βi=0 will be selected as the phase noise estimator
instead of the actual

𝜋𝜋
2

value of phase noise.
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Figure 33: Representation of the ERROR in the Estimation without unwrap

In order to solve this ambiguity, the MatLab function “unwrap” detects jumps
bigger or equal to π, and it adds or subtracts 2π to the current value to bring it the
closest to the previous value. Although there is another problem, the rotation is
𝜋𝜋

doing with angles between [0, 2 ], so that the jump would never be bigger or equal
to π, and the function unwrap would not work. Further details on this function can
be found in [12,13].

5.8.

Eighth Block

Figure 34: Eight Block (8)

In the last block, the algorithm takes the unwrapped angle of the seventh block,
and it applies the angle to the signal for the phase noise compensation.
As our purpose is to apply this algorithm for FOC and not for phase noise
compensation, we use the slope of the retrieved angle by this algorithm over a FO
estimation block of symbols as the FO value similar to the earlier explained
algorithms.
In the next chapter we will see the results in the FO estimation with the algorithms
explained before. And we will be able to see which of them are more stable and
less affected by the increase of the FO.
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6. Results and Discussion
In this part of the thesis, the performance of the algorithms will be presented with
different FO. The tests will start from 50 MHz to 500 MHz and also varying the OSNR
from 20 dB to 28 dB.
The purpose of these tests is to see how the algorithms behave within a big range of FO,
and changing the OSNR from an acceptable OSNR to a very good OSNR.
Furthermore, in the first developed algorithm (QPSK Partitioning Based FOC) and in the
reference algorithm (BPS Based FOC), the estimation of the frequency depends on the
block length chosen. That means there is an optimum block length; it will be showed with
a FO of 50 MHz and 26 dB of OSNR in both algorithms:

Estimated Frequency VS Block Length (QPSK Partitioning Based FOC)
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Figure 35: Example optimum Block Length for QPSK Partitioning Based FOC

Fig. 35 belongs to the algorithm called QPSK Partitioning Based FOC, as we can see in
the image the X axis corresponds with the Block Length, whereas the Y axis corresponds
with the Estimated Frequency. Within the red square we see that X=61 and Y=49.72,
what means: with a block length of 61, we can get an estimated frequency of 49.72 MHz,
or the highest peak.
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Estimated Frequency VS Block Length (BPS Based FOC)
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Figure 36: Example optimum Block Length for BPS Based FOC

In the Fig. 36 what we can see is that with a block length of 53, we can get an estimated
frequency of 50 MHz. In this case there are several block lengths that get an estimated
frequency of 50 MHz, but the smallest block length will be chosen.
This process will be repeated for both algorithms in all tests, for the other two algorithms
(QPSK Partitioning Differential Phase Based FOC and Improved QPSK Partitioning
Differential Phase Based FOC) a block length is not required.
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6.1.

Frequency Offset of 50 MHz in 64QAM
This is the case in which the signal is going to be less affected, this is because
the FO is very low (only 50 MHz). However, the quality of the signal and the
frequency estimation depends on the OSNR as well; it will be depicted in the next
image:
64QAM & FO = 50 MHz
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Figure 37: Error in Estimation with FO = 50 MHz in 64QAM

What we can see in the image above is the error in the FO estimation, which is
calculated with a subtraction; if the FO that we want to estimate is 50 MHz like in
this case, the error would be calculated like:
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑖𝑖𝑖𝑖 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 [𝐹𝐹𝐹𝐹 = 50] = 50 − 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐹𝐹𝐹𝐹

(6.1.1)

This error is in function of the OSNR (X axis) with which the signal was created in
the simulation software VPIphotonics.
The performance of the algorithms should be worse when the OSNR is lower, and
this is what can be seen with the algorithms QPSK Partitioning Based FOC (red
line), QPSK Partitioning Differential Phase Based FOC (green line) and Improved
QPSK Partitioning Differential Phase Based FOC (pink line). It is easy to see as
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well that the tendency of these algorithms, increasing the OSNR, is going to Error
in Estimation = 0 MHz. However, the reference algorithm (BPS Based FOC, blue
line) seems to be very stable and accurate with a FO = 50 MHz and in the whole
range of OSNR values.
Nonetheless, as we will be able to observe in the next tests, the stability of some
algorithms will be affected due to the increase of the FO.

6.2.

Frequency Offset of 100 MHz in 64QAM
In this point, the FO is increased until 100 MHz, and we can start to see that the
algorithms are more affected by the FO between the Lasers. It will be shown
better in the next image:
64QAM & FO = 100 MHz
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Figure 38: Error in Estimation with FO = 100 MHz in 64QAM

As we can see in the Fig. 38, the algorithms change their performance from the
first test. For instance, the reference algorithm (BPS Based FOC, blue line) does
not seem such stable as in the Fig. 37 with 50 MHz, in fact, the estimation is
worse when the OSNR is 20 dB. During the next tests we will be able to see that
this algorithm is very affected by the FO. Another algorithm that is very affected
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by the FO is the QPSK Partitioning Based FOC (red line), it is easy to see in the
Fig. 38 that when the OSNR = 20 dB, this algorithm has been able to estimate
less than a half of the FO, remember that:
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑖𝑖𝑖𝑖 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸[𝐹𝐹𝐹𝐹 = 100 𝑀𝑀𝑀𝑀𝑀𝑀] = 100 − 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐹𝐹𝐹𝐹 (𝑀𝑀𝑀𝑀𝑀𝑀)

(6.2.1)

However, the other two algorithms: QPSK Partitioning Differential Phase Based
FOC (green line) and the Improved QPSK Partitioning Differential Phase Based
FOC (pink line) seem to have a stable performance, which means, they work
almost like in the first test.

6.3.

Frequency Offset of 200 MHz in 64QAM
Once we have seen what happens if the FO is increased from 50 MHz to 100
MHz, the FO will have bigger changes in steps of 100 MHz each one. These
changes will allow imagining the tendency of each algorithm, above all regarding
their stability. We can see their performance in the next image:
64QAM & FO = 200 MHz

160
BPS Based FOC
QPSK Partitioning Based FOC
140

QPSK Partitioning Differential Phase Based FOC
Improved QPSK Partitioning Differential Phase Based FOC

120

Error in Estimation (MHz)

100

80

60

40

20

0

-20
20

21

22

23

24

25

26

28

27

OSNR (dB)

Figure 39: Error in Estimation with FO = 200 MHz in 64QAM

In the Fig. 39 we can see that the algorithm QPSK Partitioning Based FOC (red
line) is extremely affected by the FO and the OSNR; it would be very difficult to
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use this algorithm with this FO due to the Error in Estimation is almost the FO.
Furthermore, the algorithm BPS Based FOC (blue line) is also being affected, not
as much as QPSK Partitioning Based FOC, but with an OSNR of 20 dB its
performance is not the best, although it improves with the increase of the OSNR.
The other two algorithms: QPSK Partitioning Differential Phase Based FOC
(green line) and Improved QPSK Partitioning Differential Phase Based FOC (pink
line) still work very stable, even when the OSNR is low their estimations are not
very far from the FO value. We will see what happens with them if the FO is
increased in the next chapters.

6.4.

Frequency Offset of 300 MHz in 64QAM
In this test the signal will be simulated with an FO 250 MHz bigger than in the first
test. As we will see in the next image, the performance of the algorithms has
changed enough to see big differences in their performance:
64QAM & FO = 300 MHz
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Figure 40: Error in Estimation with FO = 300 MHz in 64QAM

In the image above, we are easily able to see that the two algorithms more
affected by the FO are the reference algorithm (BPS Based FOC, blue line) and
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the QPSK Partitioning Based FOC (red line). For instance, when OSNR is 20 dB,
both algorithms do not work properly, because the FO estimated is not enough.
However, they seem to improve with the increase of the OSNR, and depending
on this value, they could be used.
Like in the last test, the other two algorithms (QPSK Partitioning Differential
Phase Based FOC and Improved QPSK Partitioning Differential Phase Based
FOC) work well enough, they seem to be very stable with the FO increases, and
they work very similar as well. It is good to remember that one of them is the
improved version of the other, but the differences are very little, that is why their
performance and stability are almost the same.
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6.5.

Frequency Offset of 400 MHz and 500 MHz in 64QAM
The last two tests have been joined in only one point because their behavior is
very similar and predictable when the FO is very big. The algorithms will have
almost the same error estimation track than in the other tests, but some of them
will work worse due to the increase of the FO. We will be able to see it better in
the next images:
64QAM & FO = 400 MHz
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Figure 41: Error in Estimation with FO = 400 MHz in 64QAM

As we see in the Fig. 41, the differences between the algorithms performance
have increased with the FO. If we increase the FO to 500 MHz, this difference will
be bigger, as we are able to see below in the Fig. 42:
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64QAM & FO = 500 MHz
500
BPS Based FOC
QPSK Partitioning Based FOC
QPSK Partitioning Differential Phase Based FOC
Improved QPSK Partitioning Differential Phase Based FOC
400

Error in Estimation (MHz)

300

200

100

0

-100
20

21

22

23

24

25

26

28

27

OSNR (dB)

Figure 42: Error in Estimation with FO = 500 MHz in 64QAM

As we said before, the difference between the algorithms performance is bigger
because the FO is also bigger.
In both tests, the most affected algorithms by the FO are: the reference algorithm
(BPS Based FOC, blue line) and the QPSK Partitioning Based FOC (red line).
Their tracks decrease with the increase of the OSNR, but the difference between
the FO and the value they estimate is not accurate.
However, like in the other tests, the other two algorithms: QPSK Partitioning
Differential Phase Based FOC (green line), and Improved Partitioning Differential
Phase Based FOC (pink line), show a good performance even with a big FOC
value. The look very stable during all OSNR values and their estimations seem to
be very accurate compared with the BPS Based FOC (blue line) and the QPSK
Partitioning Based FOC (red line).
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7. Conclusion and future work
If the FO is small, then the algorithm with the best performance is the reference algorithm
(BPS Based FOC). Furthermore, this algorithm is very accurate with a low FO compared
with the others.
However, the FO can have changes bigger than 50 MHz, and we have seen in the
results that when we increase the FO, the BPS Based FOC algorithm starts to
malfunction, up to the point where it does not estimate even half of the FO. It is in these
cases, with bigger FO, when we have to choose other algorithms with a better stability.
These algorithms are the QPSK Partitioning Differential Phase Based FOC and the
Improved Partitioning Differential Phase Based FOC. During the tests they showed a
performance with a small margin of error, but the stability in all the tests is a
characteristic very remarkable from them.
To sum up, if we have a low FO and we want a very good FO estimation then the
recommended algorithm is the BPS Based FOC. Otherwise, if we have the probability of
getting a high FO and we need a stable algorithm with small margin of error in the
estimation, then the recommended algorithms are the QPSK Partitioning Differential
Phase Based FOC and the Improved Partitioning Differential Phase Based FOC.
Regarding future work, this research field is still very new and the number of algorithms
for 64QAM will grow quickly. However, the future work is in the evolution of
communication networks, especially the most popular wireless networks. In parallel with
the wireless networks, the optical networks will have to evolve as well, and supply the
weaknesses of the wireless networks.
Possibly, one of the evolutions of the optical networks will be the use of even higher
order modulations than 64QAM, for instance 128QAM or 256QAM. Using these
modulations, the development of new algorithms will be required to support them. For
that reason, new algorithms of FOC and CPR will have to be developed in the next years
to continue with the increase of the data speed in the communications world.
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