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English

Digital signal processing (DSP) is at the core of modern technology and is widely used in diverse fields,
including security, communications, medicine, space exploration, and other areas that rely on digital
technologies or radio signals. Today, signal processing techniques can be combined with artificial
intelligence (Al), enabling systems to unleash their full potential and effectively exploit them. This work
aims to develop a machine learning algorithm, called Adaptive Pulses System (APS), that combines signal
processing tools with Al learning capabilities to build, learn, and optimally utilize digital filters to solve one
of the most significant problems in wireless communications. External influences such as noise and fading
are major problems in wireless satellite communications, negatively impacting transmission quality. The
carrier-to-noise ratio (C/N) generally represents the severity of these influences, with a C/N ratio below
zero representing extremely poor signal conditions where reliable data extraction is difficult or impossible.
The APS algorithm aims to build and learn high-performance DSP filters capable of raising the C/N ratio
below zero and achieving a signal processing gain of more than 10 dB.

Francais

Le traitement numérique du signal (DSP) est au cceur des technologies modernes et est largement utilisé
dans divers domaines, notamment la sécurité, les communications, la médecine, |'exploration spatiale et
d'autres domaines s'appuyant sur les technologies numériques ou les signaux radio. Aujourd'hui, les
techniques de traitement du signal peuvent étre combinées a I'intelligence artificielle (I1A), permettant aux
systemes d'exploiter pleinement leur potentiel. Ce travail vise a développer un algorithme d'apprentissage
automatique, appelé Adaptive Pulses System (APS), qui combine des outils de traitement du signal avec
des capacités d'apprentissage de I'lA pour créer, apprendre et optimiser I'utilisation de filtres numériques
afin de résoudre I'un des problémes les plus importants des communications sans fil. Les influences
externes telles que le bruit et I'évanouissement constituent des probléemes majeurs dans les
communications sans fil par satellite, impactant négativement la qualité de transmission. Le rapport
porteuse/bruit (C/N) reflete généralement la gravité de ces influences, un rapport C/N inférieur a zéro
représentant des conditions de signal extrémement mauvaises, rendant I'extraction de données fiable
difficile, voire impossible. L'algorithme APS vise a créer et a apprendre des filtres DSP hautes
performances capables d'élever le rapport C/N en dessous de zéro et d'atteindre un gain de traitement du
signal supérieur a 10 dB.
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General Introduction

In today’s world, the demand for high-speed and reliable wireless communication continues to
grow across a wide range of applications, from satellite broadcasting to mobile communications
and deep-space exploration. One of the primary challenges hindering the performance and ef-
ficiency of communication systems is the persistent presence of noise, which can significantly
degrade signal integrity and compromise data transmission quality.

The increasing complexity of communication environments, combined with the limitations of
traditional signal processing techniques, has prompted researchers to explore more intelligent and
adaptive solutions. Among these, the integration of artificial intelligence (AI) into signal pro-
cessing has shown considerable promise. Al offers powerful tools capable of learning patterns,
adapting to dynamic conditions, and effectively mitigating various types of interference, including
random and colored noise, multipath fading, and thermal noise.

This thesis addresses the issue of noise in satellite communication links by proposing a novel
framework based on Adaptive Pulse Systems (APS). These systems are designed using machine
learning techniques to function as intelligent digital filters that adaptively reduce noise from mod-
ulated signals, particularly those affected by binary phase shift keying (BPSK) quadrature phase
shift keying (QPSK), and other advanced modulation schemes. The work combines deep theoret-
ical analysis with practical system modeling, digital modulation techniques, and Al-driven filter
training and testing.

The research begins by examining the origins and types of noise in communication chan-
nels, including atmospheric noise, electronic thermal noise, and multipath propagation. It then
delves into modulation methods and their sensitivity to noise, setting the foundation for design-
ing effective denoising models. The proposed APS model is implemented using machine learning
principles, leveraging convolutional filters trained on noisy and clean signal pairs.

Through simulation and evaluation, the developed system demonstrates its capability to im-
prove signal quality, offering a scalable and intelligent approach to signal restoration. This work
contributes to the advancement of robust, adaptive communication systems and paves the way
for future integration of Al in satellite and wireless technologies.
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1 The origin of radio noise

1.1 Introduction

The emergence of deterioration factors is both unexpected and inevitable in communication chan-
nels. These factors are numerous, such as noise and attenuation, and vary in their sources, types,
and impact on each other. These factors pose a major problem in wireless communications, lead-
ing to weak or even nonexistent connectivity. Finding solutions to these factors requires a firm
understanding of their origin and their evolution.

1.2 Satellite Communication Link

The channel propagation within the satellite link is a critical element. This is due to several
influences such as atmospheric conditions, adverse effects of the transceiver, and the propagation
area. The efficiency of the transmission link can be reduced or even eliminated in some cases. We
can define the most important influences on the signal by following the path of a signal between
a transmitter and receiver. Figure shows the basic component in satellite link.

Satellite

Up link Down link

gmim‘ng Receivin%
Earth Stafion

Earth Station

’_. Encoder —pIMndulnmr ! Cu"xllfm —{ Amplifier ;|\ /R Amplifier _,l (.ﬂ‘:“‘:“ —'|aeumdu|-uur F—9 Decoder j

Antenna Baschand

B.us('il:md Antenna Signal
Signal

Figure 1.1: Signal path in satellite link

The Uplink Path

Uplink communication begins at the ground station by generating and modulating information,
then converting it to the uplink frequency within the operating band. In satellite links, the fre-
quency spectrum is divided into several bands. Each band has a specific use, and communications
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4 CHAPTER 1. THE ORIGIN OF RADIO NOISE

satellites typically use the C, X, Ku and Ka bands|3|]. Table shows the uplink and downlink
frequency ranges for each band.

Frequency Bands Uplink (GHz) Downlink (GHz)

C 5.925 - 6.425 3.7-4.2
X 7.9-84 7.25-7.75
Ku 14 - 14.5 10.9 - 12.75
Ka 26.5 - 40 18 - 20

Table 1.1: Frequency Bands and Their Uplink/Downlink Ranges

The signal is then amplified and sent to the antenna, which converts the electrical signal
into electromagnetic waves. The antenna dish focuses all the waves into a powerful signal beam
directed toward the satellite. Many factors affect the transmission beam, ranging from the thermal
effects of transmitters, the interactions of radio waves with the atmosphere, and the thermal effects
of the satellite receiver. All of these factors are different sources of radio noise. Radio noise consists
of all unwanted contributions whose power is added to the desired carrier wave power, reducing
the receiver’s ability to correctly reproduce the information content of the received desired carrier
wave.

The incoming signal is then amplified with a low-noise amplifier to reduce additional noise,
then frequency-converted to the downlink frequency in the specified band, amplified, and broad-
cast to the receiver.

The Downlink path

There are two main factors that significantly impact the signal during descent. The first is
multipath propagation, which occurs due to the nature of electromagnetic waves that reflect,
refract, and scatter when interacting with terrestrial surfaces, such as mountains, buildings, and
trees. This results in multiple signal paths reaching the receiver antenna, leading to fading, which
is considered the superposition of all multipath components at the receiver level. The second
factor is noise, introduced into the communication system at the receiving antenna and front-
end circuitry. This noise is particularly critical in the downlink, where the desired signal level
is typically at its weakest. Figure [1.1] shows a microwave receiver including the antenna and
front end [5]. The front end of the receiver consists of a bandpass filter that select the receiving
frequency range and a low-noise amplifier that minimize additive noise.

antenna . 1 Ed
Post—amplifier

U o |

Discriminato:
-
LPF, ===
Baseband
I Signal

BPF 1

receiver front-end

riven by
Carrier Recovery Loop

Figure 1.2: Microwave Receiver

1.3 Sources of Noise

The primary sources of noise in satellite communication links include:
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- Natural noise originating from atmospheric interactions.
- Thermal noise generated by components within the receiving equipment.

In the following subsections, we examine each of these sources in detail, starting with the atmo-
spheric contributions to noise.

Atmospheric Radio Noise

During radiative transfer, gas molecules such as oxygen and water vapor absorb the energy of
radio waves. This process leads to a decrease in the amplitude of the signal (attenuation) and
a corresponding increase in the energy of the gas molecules. To release this acquired energy,
the molecules undergo random vibrational motion, generating thermal noise (also known as sky
noise), the intensity of which depends on the degree of absorption.

Condensed water, in the form of rain or clouds, is a strong absorber of microwave signals and
contributes significantly to atmospheric noise. This phenomenon is illustrated in Figure[I.2], which
shows the measured sky noise temperature during rainfall in the KA-band signal propagation
experiments for the ROCSAT-1 satellite [2].
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Figure 1.3: Sky noise temperature during a rain fall

The sky noise temperature contribution from atmospheric phenomena (rain, clouds, or clear-
air absorption) can be derived from path attenuation using the following physical model:

T, =T, (1—-1074") [K] (1.1)
Where:
e T, is the equivalent sky noise temperature (K)
e A is the total path attenuation (dB)
e T, is the effective mean path temperature (K)
The mean path temperature is empirically related to surface conditions by:

Tm=112,T, — 50 [K] (1.2)
Where :
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e T is the ground surface temperature (K).

Key Implications:
The total noise produced in the channel is expressed by the system noise temperature.

Tsys = Tn + Trec + Tant (13)

Where:
e T, is receiver noise temperature (k).
e T, is antenna noise (k).

For heavy rain (A > 10 dB), 7,, dominates T}, as 10-4/10 - 0.
The multiplier [1.12] in Eq. accounts for:

e Atmospheric lapse rate ( 6.5 K/km)
e Water vapor density gradients

Example Calculation:
For Ts = 300 K (270C) and 20 dB rain attenuation:.

T, = 1.12 x 300 — 50 = 286 K T, = 286(1 — 1072) = 277.9 K

Electronic thermal noise

The major contributor to noise at radio frequencies is thermal noise, which arises from the thermal
motion of electrons in the receiver’s components—both active and passive. Each component
in the receiver system—amplifiers, mixers, upconverters, downconverters, switches, combiners,
and multiplexers—generates noise power within the signal bandwidth. This internally generated
noise must be accounted for in link performance calculations. The total system noise, therefore,
includes both the hardware-induced thermal noise and the noise introduced along the radio wave
transmission path by atmospheric conditions [6].

The Noise Power

The noise power N is defined by the **Nyquist formula™*:

N=T, -B-k (1.4)

Where: - T is the source noise temperature in Kelvin [K], - B is the noise bandwidth in Hertz
[Hz], - k is **Boltzmann’s constant™*, equal to:

k =1.38 x 107% Joules/ K

The noise bandwidth B typically corresponds to the **RF bandwidth** of the information-
bearing signal, usually defined by the system’s filtering characteristics.
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The Noise Figure (Active Devices)

Another convenient way to quantify the noise introduced by an amplifier or other active device
in a communication system is through its noise figure (NF).

The noise figure is defined as the ratio of the signal-to-noise ratio (SNR) at the input of the
device to the SNR at the output:

Figure [1.4] shows the equivalent noise circuit of an active device.

Pin Pout

Nin Nout

te

Figure 1.4: Equivalent noise circuit for an active device

Where:
e (5 is the gain of the device.
e 1. is the equivalent noise temperature added by the device.

The noise figure can be expressed as:

o -Pin . Nout

NF 1.6
Pout ' Ni ( )
Substituting the expressions for noise power:
Rn'[G'BS'(Ts+te)'k]
NF = 1.7
P, |G-Bs-Ts -k (17)
Simplifying:
Ts +t. te
NF = =14+ —= 1.8
T * T (18)
Where:

e T, is the input reference temperature, usually taken as 290 K.

For systems composed of multiple devices, the equivalent noise temperature t. of each device
can be derived from the noise figure as:

te =290 (NF —1) (1.9)

If the noise figure is expressed in decibels, the equivalent temperature becomes:

le
NFgg = 10 - logy, (1 + 290) (1.10)



8 CHAPTER 1. THE ORIGIN OF RADIO NOISE

And equivalently:

t, =290 - (10N1F€B - 1) (1.11)

The Noise Figure (Passive Devices)

Waveguides, cables, filters, and switches are examples of passive components that introduce sig-
nal attenuation. These devices also contribute to the overall system noise. Figure [1.5[ shows the
equivalent circuit of a passive device.

Pin ° Pout
Nin X Nout
te

Figure 1.5: Equivalent circuit of a passive device

Let:
e A be the attenuation factor (linear scale),
e P, P, be the input and output powers, respectively.

The attenuation is defined as:

P

A= 1.12
Pout ( )
The equivalent noise temperature added by a passive device is given by:
te =290-(A—1) (1.13)
If attenuation is expressed in decibels:
t, = 290 (10% - 1) (1.14)

Receiver Antenna Noise

Noise can be introduced into the system at the receiver antenna through two main mechanisms:
(1) losses within the physical antenna structure itself, and (2) noise originating from the radio
propagation path.

Antenna losses, are absorptive losses caused by components such as the main reflector, sub-
reflector, feed structures, etc. These losses reduce the effective power of the incoming radio wave
and are typically expressed as an equivalent noise temperature. The equivalent antenna noise
temperature usually ranges from a few to several tens of Kelvin, corresponding to approximately
0.5 to 1 dB of losses.

These losses are generally accounted in the antenna aperture efficiency 75, and therefore do
not need to be explicitly included in the system noise temperature calculation.
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Noise from the radio path, on the other hand, directly adds to the system noise by
increasing the effective antenna temperature. This form of noise—due to atmospheric conditions,
cosmic background radiation, and ground reflections—can be a significant factor, especially in
satellite communication systems where the received signal strength is often very low. As such,
radio path noise at the receiver antenna can be a limiting factor in overall link performance and
system design.

System Noise Temperature

The noise contributions of each device in the receiver chain—including atmospheric (sky) noise
and hardware noise—combine to form the total system noise temperature, which is a key
metric in evaluating the overall performance of a communication link.

Figure [I.6] shows a typical satellite receiver system with both active and passive components
[14].

Down Converter

Mixer
Low Noise ( ) LE
Amplifier +— Line Loss v .
.{ (LNA) < Amplifier
: Reference dia A(d?f)dal ?DC o
P i AU
A oint i y=10 10 DC tiE

Figure 1.6: Receiver system components

The combined noise from the receiving antenna to all electronic receiving components can be
modeled as a single equivalent noise figure N F's, which related to the system noise temperature

(ts)-

ls
290

Where: - t, is the system noise temperature in Kelvin, and 290 K is the standard reference
temperature.

In general, () is calculated as the sum of the contributions of each noise source. To do
this, we replace each component in the receiver with its equivalent noise circuit model. This is
illustrated in Figure [1.7, where the reference point is at the leftmost side of the diagram. At this
point, all noise sources are referred and combined to calculate the total system noise |22, 21].

NF, =1+ (1.15)

Figure 1.7: Equivalent circuit representation of a receiver system

The contributions are as follows:

- to: Antenna noise temperature — directly added. - t;4: Low-Noise Amplifier (LNA) noise
temperature — also directly added.

The line loss contribution, t.;y, referred back to the input, is attenuated by the LNA gain,

Where : 200(A — 1
teiN = 204 - 1) (1.16)
gra
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The Down Converter noise temperature, referred back to the reference point through the LNA
and line loss, contributes:

t tpc - A
pc __ tpc (1.17)

1
gra -4 grA

The noise temperature of the intermediate Frequency (IF) amplifier is further attenuated by
the previous stages, :

t tip- A
& = A (1.18)
gra- z 9pc  gLA " gpc
Summing all contributions gives the total system noise temperature:
290(A -1 tpe - A tip- A
fomtottpar A toc At (1.19)

gra gra grLA - 9gpc
This value represents the cumulative noise seen by the system from the antenna up to the
IF amplifier. In most practical scenarios, the dominant noise sources are the antenna and LNA;
other contributions are often negligible, especially if the LNA has a high gain and is placed close
to the antenna.

1.4 The Carrier-To-Noise Ratio

The ratio of the carrier power C' to the noise power N, within the same bandwidth, is defined as
the carrier-to-noise ratio (C/N). This ratio, denoted as %, considered an important parameter
to determines the performance of a satellite communication link.

A higher % value generally indicates better connection quality and reliability. Typical com-
munications systems require a minimum % value of 5 to 10 dB to achieve acceptable performance.

A lower carrier-to-noise ratio is due either to a decrease in carrier power C' or an increase
in noise power N. Both factors must be carefully considered when analyzing link budgets and
designing the system to ensure satisfactory performance.|3], [14].

The Carrier Power C

The signal carrier in the transmission path is subject to various factors that cause power reduction.
The carrier-to-noise ratio is determined by the ratio of carrier power to noise power at the receiver
end. To evaluate the received carrier power C, all sources of attenuation along the transmission
path must be considered. This is typically done using the Friis transmission equation:

lrs - Lo

Where:

e P,: received power [W],

P,: transmitted power |W],

Gy, G, gains of the transmitting and receiving antennas, respectively (linear scale),

lrg: free-space path loss,

ly: additional loss factor accounting for other effects such as atmospheric attenuation, an-
tenna feed losses, cable losses, etc.
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The free-space path loss (rg, as a function of the transmission distance R and the signal
wavelength A, is given by:

lps = <$>2 (1.21)

This formulation allows for accurate estimation of the received carrier power by incorporating
both propagation-related and hardware-related losses.

The Noise Power N

As mentioned in the previous section, the noise power at the receiver can be calculated using the
system noise temperature ¢, through the **Nyquist formula®* (1.4).

The carrier-to-noise ratio at the receiver terminal becomes:

g_ Pt'Gt'Gr
N lpg-ly-k-t,-B

(1.22)

This equation is fundamental for evaluating the performance of satellite communication links.
It shows how the received signal quality depends on the transmitter power, antenna gains, prop-
agation losses, system noise, and bandwidth.

1.5 Noise types

A noise signal is defined as a signal that exhibits random fluctuations over time. These fluctuations
vary in nature and intensity depending on their source, such as electrical noise or natural sources
such as thermal noise resulting from the random motion of electrons. This variation ultimately
results in the production of different types of noise.

White Noise

White noise is a random signal that contains equal power across all frequency spectrum , as shown
in Figure [I.8] The term “white” is analogous to white light [I3], which contains all visible light
frequencies.

Perfect white noise is a theoretical concept, requiring unlimited power over an unlimited
bandwidth. In practice, additive white Gaussian noise (AWGN) is used to model a wireless
communication channel in a particular frequency range. AWGN assumes that noise is linearly
additive and has a mean amplitude of zero. Its probability density function (PDF) is given by:

1 n2

.o 202 1.23
V2mo? ( )

Where o is the standard deviation of the noise, defined as:

o= \/% Z(Q:Z — p)? (1.24)

P(n) =

Figure [I.9) shows the Gaussian distribution characteristic of white noise.
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Figure 1.9: Gaussian distribution of white noise

Colored Noise

Pink Noise

Pink noise is a signal whose power spectral density (PSD) is inversely proportional to its frequency,
meaning its power decreases by 3 dB for every octave of frequency. Pink noise can be generated
by filtering white noise through a low-pass filter, which allows its power to be attenuated at high

frequencies by 10 dB per decade, as shown Figure [1.10

1
PSD x =
f

A decade refers to a tenfold increase in frequency (i.e., from 10 to 104+1) [7].
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Magnitude (dB)

0 2000 4000 6000 8000 10000
frequency [Hz]

Figure 1.10: Pink noise Power density spectrum

Brownian Noise

Also called **brown noise** or **red noise™*[17], Brownian noise refers to a signal whose power
spectral density is inversely proportional to the square of the frequency:

PSDoci

£2
This equates to a decrease of 20 decibels per decade. Brownian motion refers to the random

movement of fluid particles (liquid or gas) due to collisions with the surrounding fluid. See
Figure|1.11}

Magnitude (dB)

0 2000 4000 6000 8000 10000
frequency [Hz]

Figure 1.11: Brownian noise power density spectrum

Blue Noise

Blue noise, also known as **azure noise**, has a power spectrum that increases with frequency:
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PSD « f

This results in a 10 dB increase per decade. One source of blue noise is **Cherenkov radia-
tion™*, generated when charged particles pass through a dielectric medium at speeds greater than
the speed of light in that medium. Blue noise is relevant in high-frequency systems, as shown in

Figure [[.12

Magnitude (dB)
I
]

0 2000 4000 6000 8000 10000
frequency [Hz]

Figure 1.12: Blue noise power density spectrum

Purple Noise

Also known as **violet noise**, purple noise has a power spectrum proportional to f?, meaning
it increases by 20 dB per decade:
PSD  f?

It is essentially the derivative of white noise (e.g., generated by high-pass filtering). Purple
noise appears in the acceleration errors of GPS systems and other high-frequency signal analyses
because its power density increases with frequency [6]. See Figure|[1.13]

Relationship Between White and Colored Noise

Just as white light is the source of all visible colors, white noise is the base from which colored
noise is derived. By applying filters to white noise, specific frequency components can be enhanced
or attenuated, resulting in colored noise like pink, brown, or purple noise[24].

Multiplicative Noise

Multiplicative noise refers to a random signal that multiplies the desired signal, rather than being
added. This means the noise amplitude is directly proportional to the signal’s instantaneous in-
tensity. It is commonly modeled as **multiplicative white Gaussian noise (MWGN)** | where the
noise has a constant spectral power density (as in AWGN) but is multiplied by the signal instead
of added. This type of noise can distort signal amplitude non-linearly, making it challenging to
remove using standard linear filters.
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Magnitude (dB)

0 2000 4000 6000 8000 10000
frequency [Hz]

Figure 1.13: Purple noise power density spectrum

Shot Noise

Also called **quantum noise**, it is additive noise resulting from random fluctuations in the
number of discrete particles (electrons or photons) in the signal. It becomes significant at low
signal power levels and follows a Poisson distribution:

sine wave with additive Shot nosie poission distribution
2.0
0.30
1.5
0.25
1o
2 0.20
£
(] —
T 05 x
2 a 0.15
iy
§
0.0 0.10
-0.5 0.05
-1.0 0.00
0 100 200 300 400 500 1 2 3 4 5 6 7 8
time in (s) X

Figure 1.14: Sine wave with additive shot noise and corresponding distribution

e—)\ T
P(z) = ; (1.25)

where A is the mean and variance of the noise. Figure shows a sine wave affected by shot
noise and its corresponding distribution.
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Transient Noise

Transient noise refers to short-duration bursts or "clicks" caused by sudden interferences or signal
corruption during storage or transmission. These typically include: - A sharp initial impulse (due
to interference) - Followed by decaying oscillations (due to channel resonance)

This type of noise is commonly observed in digital communication systems and can lead to
bit errors.

Phase Noise

Phase noise consists of random fluctuations in the phase of a signal.
It is primarily caused by:

e Thermal and shot noise,
e Pink and flicker noise,
e Hardware imperfections (e.g., oscillator instabilities and crystal resonator defects).

Phase noise is especially critical in systems relying on coherent detection or phase-locked loops,
as it affects synchronization and demodulation performance.

1.6 Multipath Channel

Satellite services are characterized by their diversity and differences in capabilities and constraints.
While Fixed Satellite Service (FSS) and Broadcast Satellite Service (BSS) links enable fixed sta-
tions to be connected via high-gain directional antennas that reduce the effects of local obstacles,
enabling a stable and robust connection, this is not the case for Mobile Satellite Service (MSS)
links, which rely on mobile stations.

In mobile satellite links, the receiver’s movement requires a broadband electromagnetic trans-
mission to ensure communication within a specific local area. Unfortunately, this broadband
transmission introduces mechanisms such as "reflection", "diffraction", and "scattering", which
can negatively impact the quality of communications links. These mechanisms produce multiple
signals propagating along different paths toward the receiver, known as a "multipath channel."
Interference between these paths at the receiver can be constructive or destructive, altering the
signal’s amplitude and phase.

Mechanism Producing Multipath
Reflection

Reflection occurs when a propagating radio wave encounters an object whose dimensions are sig-
nificantly larger than the transmission wavelength. Typical sources of reflection include buildings,
walls, and ground surfaces such as roads, bodies of water, and vegetation. If the reflecting surface
is a perfect conductor, no energy is transmitted into the material, and the intensity of the reflected
wave equals that of the incident wave[12]. In contrast, if the surface is a dielectric, a portion of the
energy is transmitted into the material, thereby reducing the intensity of the reflected wave. In
such cases, the receiver captures both the reflected wave and the direct Line-of-Sight (LOS) wave,
if present. Figure [[.15] illustrates a reflection scenario involving the Earth’s surface, resulting in
multipath signal reception by the satellite.
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Figure 1.15: Multiple path satellite link

Diffraction

Diffraction occurs when the direct radio path between the transmitter and receiver is obstructed
by a surface with sharp edges. In such cases, the wave does not vanish but instead generates
secondary waves that propagate into the shadowed region behind the obstacle. This phenomenon
gives the appearance that the wave "bends" around the obstacle. Typical sources of diffraction
include the edges of tall buildings, towers, and mountain ridges[15].

Scattering

Scattering occurs when the medium through which a wave propagates contains numerous objects
whose dimensions are small relative to the wavelength. These objects cause the wave to be
redirected in multiple directions. Typical sources of scattering include rough surfaces, small
discrete objects, foliage, street signs, and lampposts. The degree to which scattering impacts
signal transmission is strongly influenced by the surface roughness and the density of scatterers
within the medium.

Multipath Fading

Multipath fading when a transmitted radio signal reaches the receiver through multiple prop-
agation paths, resulting from phenomena such as reflection, diffraction, and scattering in the
transmission environment. These multiple paths often differ in length and phase, causing the
superimposed signal at the receiver to fluctuate in amplitude and phase over time. This phe-
nomenon, known as multipath fading, can significantly affect the quality and reliability of wireless
communication links [4].

In the multipath channel model, the effects of different propagation paths on the transmitted
signal s(t) — particularly in terms of amplitude and phase distortion — can be represented as a
convolution with the channel’s impulse response h(t). Thus, the received signal y(t) is given by:
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Multi-path channel

s() ———» h(t) e (1)

Figure 1.16: Multi-path model

y(t) = h(t) * s(t) (1.26)

Each path, including the direct Line-of-Sight (LOS) and reflected paths,represent in h(t) as a
delayed and attenuated version of the signal. The impulse response can be expressed as:

h(t) :nz_:OéZ”(S(t—Ti) (127)
1=0

Where: - q; is the complex amplitude (including phase shift) of the i*® path, - 7; is the prop-
agation delay for the i*® path, - n is the total number of multipath components.

In wireless communication, the baseband signal z(¢) is modulated onto a carrier frequency,
yielding the passband transmitted signal:

s(t) = Re {z(t) - "'} (1.28)

Applying the channel effect, the received signal y(t) becomes:

y(t) = z_: ;- 8(t — 1)« Re {x(t) - '} (1.29)
y(t) = Re ”i ;- x(t — ;) - VT (1.30)

n—1
y(t) = Re Z o - x(t — 1) - eIV (1.31)
i=0

The process of demodulating the received carrier wave involves multiplying it by a locally
generated carrier wave of the same frequency. This operation yields two components: one centered
at twice the carrier frequency (high-frequency term), and another centered at baseband (low-
frequency term). By applying a low-pass filter, the high-frequency component is removed, leaving
only the baseband signal that contains the transmitted information.

After demodulation and filtering, the received signal can be expressed as:
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y(t) = i o - x(t — 1) - eI (1.32)

Narrowband Fading

In general, fading is classified as either narrowband (or flatband) or broadband (or frequency-
selective). This classification is based on the relationship between the bandwidth of the trans-
mitted signal and the coherence bandwidth of the channel. Narrowband (flatband) fading occurs
when the signal bandwidth is smaller than the channel coherence bandwidth. In this case, the
delay times of the rays arriving from nearby scatterers are small, due to the small path length
differences between the rays. This means that the channel coherence bandwidth is large compared
to the signal bandwidth, which is also the case for narrowband (flatband) fading.[18].

ot — 1) =~ x(t) (1.33)

Thus, the received signal becomes:

y(t) = z(t) - z—: oy - e I (1.34)

The multipath channel can then be represented by a single complex multiplicative fading
coefficient h[19] 20]:

n—1
y(t)=h-x(t)  where h= Z o - e I (1.35)

1=0
The fading coefficient A is a complex number that represents both the amplitude attenuation
and the phase shift caused by the channel. The magnitude | & | indicates the level of constructive
or destructive interference between the incoming signals and it’s depends on the phase shift
caused by the channel. This phase is caused by a difference in path length (even a small one)
relative to the carrier wavelength, and is typically a random variable evenly distributed between
—m, 7. The magnitude h (the intensity of the fading) is determined by the random phases of
all converging multipath rays at the receiver. A small motion (such as A/4 can flip the phase,

converting constructive interference to destructive interference, and causing deep fading.

Due to variations in the radio propagation environment, the fading coefficient |h| changes over
time. This variation is commonly modeled using the **Rayleigh distribution**, especially when

there is no dominant line-of-sight (LOS) path. The probability density function (PDF) of the
Rayleigh distribution is given by [12] [15]:

7] |?
P(lh|;0) = 2P| =5 (1.36)

Here, o is the scale parameter, which determines the spread of the distribution. In Figure[I.17],
the case with o = 3 shows that the maximum probability occurs when |h| € [0, 1], indicating that
low values of the fading coefficient are more probable. This highlights the destructive nature of
narrowband fading in many scenarios.
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Figure 1.17: Rayleigh probability distribution

Figure shows how the fading coefficient |h| varies over time, further illustrating the
dynamic nature of the fading process.
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Figure 1.18: Fading coefficient variation over time

Wideband Fading

Wideband fading occurs when the bandwidth of the transmitted signal is greater than the band-
width of the coherent channel. This can be considered a situation where the dispersed signals
are far from the direct path between the satellite transmitter and the mobile receiver, resulting
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in multiple copies of the transmitted signal arriving at the receiver with significantly different
delays, which meaning a large phase shift, causing an inter-symbol interference (ISI). [19} 20].

Figure illustrates this phenomenon, showing how multiple signals can reach a mobile
receiver via distinct paths. Each received signal component has an associated amplitude a;, which
depends on the specific path characteristics, and a delay 73, which represents the propagation time
from the transmitter to the receiver through that path.

1.00 -

Amplitude

0.607
i timein(s)

-0.25

-0.50

0751 —— los signal

multi — path signal with delay (t1)
SLoBE multi — path signal with delay(t2)

Figure 1.19: Signals arriving via multiple paths in a wideband fading channel

The **delay spread** mpg is defined as the difference between the arrival time of the earliest
component (typically the Line-of-Sight signal) and the latest arriving component. When the delay
spread Tpg is large compared to the symbol or bit duration of the transmitted signal, this causes
**signal dispersion** in the time domain and introduces **inter-symbol interference (ISI)**.

IST leads to overlapping symbols at the receiver, which results in signal distortion and degraded
performance, especially in high-data-rate communication systems.

Furthermore, the signal components arriving later generally experience **greater attenua-
tion**, as they travel through longer or more obstructed paths. As a result, the power of delayed
signals tends to decrease with increasing delay, further complicating equalization and detection
at the receiver.

*

Wideband fading is therefore a critical consideration in satellite and mobile communication
system design, and it often necessitates the use of equalizers, RAKE receivers, or multicarrier
modulation techniques like OFDM to mitigate its impact.

1.7 Conclusion

As demonstrated throughout this chapter, the effects of noise and channel impairments in com-
munication systems are both diverse and significant. These disturbances originate from various
sources, such as thermal fluctuations, multipath propagation, scattering, and Doppler shifts, each
introducing unique challenges to signal integrity. Furthermore, these effects can vary in inten-
sity, temporal behavior, and spectral characteristics depending on environmental conditions and
system parameters.
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This variability makes the communication channel one of the most complex and unpredictable
components of a wireless system. Understanding the nature and impact of different noise types
— including thermal noise, colored noise (e.g., pink, brown, blue, and purple), and multipath-
induced fading — is essential for accurate channel modeling and effective system design.

In practice, these impairments can lead to signal degradation, reduced data rates, increased
error probabilities, and loss of synchronization, all of which compromise the reliability and effi-
ciency of communication. Therefore, developing robust mitigation techniques, such as adaptive
filtering, diversity schemes, error correction coding, and equalization, is critical to ensuring system
performance under such adverse conditions.

In conclusion, the study of noise and channel effects is foundational to the field of commu-
nications. It highlights the necessity for adaptive, intelligent systems capable of dynamically
adjusting to channel variations in order to maintain reliable and high-quality transmission. This
understanding serves as a critical basis for the design of advanced communication architectures
and protocols addressed in the subsequent chapters.



2 Deep in Theory

2.1 Introduction

As we saw in the previous chapter, noise and fading are major problems in satellite communica-
tions systems. To address them, numerous techniques have been developed, including advanced
digital signal processing techniques.However, given the varying impact of noise on the signal
resulting from different types and intensity, as well as the attenuation and phase shifts caused
by fading, applying signal processing techniques to preserve the original signal become a real
challenge and requires a high level of expertise to develop a system that meets the minimum re-
quirements. In this context we present the "Adaptive pulses systems" as an artificial intelligence
algorithm for learn and developing processing systems able to adverse different levels of channel
influences.

2.2 Adaptive pulses systems

In signal processing, digital filters are an essential component that allows for removing or enhanc-
ing certain parts of a signal, extracting or restoring its properties, and correcting them. However,
developing digital filters based on specific mathematical functions limits their capabilities in cer-
tain situations, as it can be difficult to develop a digital filter system capable of handling multiple
and complex tasks. Therefore, we develop digital filters using the "adaptive pulses systems" al-
gorithm, which enables digital filters to learn main targets from the data, while ensuring that all
capabilities are exploited and taken into account to achieve the desired goal, which is in our case,
processing a communication signal from noise and multipath effects (fading).

2.3 Digital carrier modulation

In wireless communications, digital information must be modulated into a sine wave carrier wave,
using ones of digital modulation technique, for can be transmitted over the external medium. The
modulated carrier wave is then the part in the "transmission chain" that subjects to the external
medium effects from noise and fading, which make the processing or reducing of channel effects
in the wireless communication signal a processing process into the arriving modulated carrier. So
from this point our object represent as developing an "Adaptive pulses systems" model geared
toward processing modulated carrier from channel effects. But first we will see more in this section
about different digital modulation techniques.

23
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M-ary Phase Shift Keying

M-ary phase shift keying is one of the most widely used modulation techniques in satellite com-
munication links [3]. It involves encoding a binary (or m-ary) bit stream by inducing a phase
shift of the sinusoidal carrier wave.

Binary phase shift keying (BPSK)

The Binary phase shifting keying technique encodes two states of information (1 and 0) with
shifting the phase of the carrier by predetermined phase (180 deg) for represent the change in
information state. Consider ¢(t) as the sinusoidal carrier formula.

c(t) = A-sin(2nft+ @) (2.1)

Where A are the amplitude of the carrier, ¢ is the time in second (s), f. the frequency of the
carrier in (Hz), and ¢ are the phase in (rad).

The shifting of phase by (180°) from a primary (0° or 180°) phase will produce two signal of
opposite sign and the same amplitude,

c(t)=A-sin (2nf.t+0) s1(t) = A -sin (27 f.t) (2.2)

c(t)=A-sin(2nft+m)  so(t) = —A-sin (2nf.t) (2.3)

The Binary Phase Shift Keying (BPSK) constellation diagram represents two points corresponding
to the two possible phase shifts (0 and 180 degrees). These points are located along the I-axis
(in-phase axis), with one point on the positive side (representing the first signal phase) and the
other on the negative side (representing the second signal phase). The Q-axis (quadrature axis)
represents the imaginary part of the complex plane, where there is no QQ component in BPSK
modulation. Figure 2.1 illustrates the BPSK modulation constellation diagram.

1.5] 0
1.01

0.51

o
=

0.0 1 1
s,(t) s1(t)

_0.5'

—1.01

-1.51

-1.5 -1.0 -05 00 05 1.0 1.5
Figure 2.1: BPSK constellation diagram

Non-return-to-zero (NRZ) coding is widely preferred for binary phase shift key modulation
because of its ability to modulate digital information directly on the carrier wave by combining
the NRZ signal with a sinusoidal carrier wave.
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Consider p(t) as the NRZ representation of digital information. Where:

p(t) = +1V When the digital state of bit take one (1) (2.4)
p(t) = —1V  When the digital state of bit take zero (0) (2.5)

Figure illustrates a non-return-to-zero (NRZ) encoded signal for an incoming bit stream.

p(t) 1 0 1 0 0 1 1 0

Figure 2.2: NRZ signal for an incoming bit stream

Combining an NRZ signal p(t) with a sine wave carrier ¢(t) directly results in a BPSK-
modulated waveform s(t). A phase shift (180°) enables the digital states (1 and 0) to be repre-
sented by two different signalss;(t) and s3(t). This can be embodied by combining a positive
NRZ signal (representing bit 1) with the carrier wave to produce s (t), while combining a negative
NRZ signal (representing bit 0) with c(t) produces so(t). Figure 2.3 shows a "binary phase shift
key modulator" consisting of an NRZ encoder to encode the digital bits into an NRZ signal and
an analog multiplier that combines the NRZ signal with the carrier signal. Then the binary phase

bit stream
10100110 NRZ |P(® BPSK
d modulated carrier
encodaer ? s()

A sin(wt)

Figure 2.3: Binary phase shift keying modulator

shift keying modulated carrier s(t) equal to.
s(t) =p(t) - A-sin (2nf.t) (2.6)
When p(t) = 1 then the modulate carrier s(t) equal
s(t) = s1(t) = A-sin (27 f.t) (2.7)
When p(t) = —1 then the modulate carrier s(t) equal
s(t) = so(t) = —A - sin (27 f.t) (2.8)

Figure represent the combination process of NRZ signal with pure carrier wave c(t) over time
which result of the BPSK-modulated carrier.
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Figure 2.4: Binary phase shift key modulation over time

Quadrature phase shift keying (QPSK)

Binary phase shift keying modulation, as discussed above, transmits one bit per time period over
a large bandwidth (compared to high-order phase shift modulation techniques), which does not
meet the growing demand for high transmission rates and effective bandwidth utilization. With
given available capacity, it is preferable to use more complex modulation schemes that provide
high transmission rates and utilize the bandwidth efficiently. Quadrature phase shift keying, on
the other hand, is phase shift key modulation scheme encode two bits per time period, twice the
data rate of BPSK over the same bandwidth.

Representing two-bit over time period with two different states, that means 22 symbols that
needs to be represented by a carrier phase shifting, which requires four predetermined phase

m 3 bm Tm

angle for each symbol. Generally take 7, =, °F, = as the carrier shifting phases. Consider c(t)
the carrier sinusoidal formula.

c(t) = Acos (wet + @) (2.9)

With ¢ take the predefined -phase shift signal, which is represent by ¢,

T nwo
With compensation ¢,, in ¢(t) we obtain.
c(t) = Acos (wet + én) (2.11)
= Alcos(w,t) cos (¢,,) — sin (wt) sin (¢,,)] (2.12)
nwow , . /nm W

=A |:COS(th) Cos (7 — Z> — sin (w.t) sin <7 — Z>] (2.13)
s(t) = Alcos(wet) « I, — sin (wet) - Qy) (2.14)

Where s(t) is the modulated carrier with 7,, and @, respectively representing the In-phase and
quadrature components that express the amplitude and phase of the fully modulated carrier in
the complex plan.
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With simplifying the I,, expression we get.

nmw
I, = (—
COS 9

(mr
= oS | —
2

~7)

()
= E [cos <n77r> + sin (

In the same way, the Quadrature component of the modulated signal becomes.

. nmw T
@n = sin (7 - z)
. (n7r> (ﬂ'
=SImm\|— ) cos|—
2 4

7))

2

)+ ()5 ()

nim

2

)

) e (5) s ()

= % [sin (%) — COS (

27

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)

By substituting different values of n into I,, and @),,, we can obtain the constellation diagram
components that expresses the amplitude and phase of the four signals, represent each two-bit
symbol, as well as the digital state of the two bits. Table show I, and @),, with corresponding

phase and symbol.

n I, Qn ¢, | Digital State
11 0.7071 | 0.7071 | ©/4 11
2 [-0.7071 | 0.7071 | 3w /4 01
3 1-0.7071 | -0.7071 | 57 /4 00
41 0.7071 | -0.7071 | 7w /4 10

Table 2.1: QPSK [I,, and @),,| components with corresponding phase and symbol
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Figure 2.5: QPSK constellation diagram

As we can see, in a quadrature phase shift key modulation, the digital symbols are distributed
over the four signals with following the [,, and @),, component sign.
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- When [,, > 0 the Most Significant Bit (MSB) take the digital state "1’
- When I, < 0 the Most Significant Bit take the digital state '0’.

- When @,, > 0 the Least Significant Bit (LSB) take the digital state '1’.
- When @,, < 0 the Least Significant Bit take the digital state '0’.

The sinusoidal carrier ¢(t) for each time period varying in phase for represent incoming digital
symbols which produce modulated carrier s(t). Figure represent the digital modulation of
different symbols with sinusoidal carrier.

Figure 2.6: QPSK modulated carrier over time

Octal Phase Shift Keying (8PSK)

Octal phase shift keying (8PSK) is a phase shift key modulation scheme that encodes three bits
of information into a carrier wave using eight different phase angles of the carrier signal. Consider
¢(t) the sinusoidal carrier formula where.

c(t) = Acos (wet + @) (2.21)
With ¢ take eight predefined phase signal representing by ¢,,.

T onmoow
$n=m—-1)7 =77 (2.22)
With compensation ¢,, in ¢(t) we obtain.
c(t) = Acos (wet + ép) (2.23)
= Alcos(w,t) cos (¢p,) — sin (w,t) sin (¢,,)] (2.24)
=A [cos(wct) cos (% — %) — sin (w,t) sin (% — %)] (2.25)
s(t) = Alcos(wet) - I, — sin (wt) - Q] (2.26)

Where s(t) are the modulated carrier with 7,, and @,, as the In-phase and the Quadrature com-
ponents of the carrier signal in the complex plane.
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With simplifying the In expression we get.

nmw
I, = cos (—

nim
= COS | —

4

4

0=en (2 -2)
= sin (%) cos (%) — COS (

1)

Jes(5) s
5

= 75 Loos () +sn (5

In the same way, the Quadrature component of the modulated signal is equal to.

nim

o () e (%

nm

4>Sin<4

TL7T> . <’/T
1 S1n 1

)

™
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(2.27)

(2.28)

(2.29)

(2.30)

(2.31)

(2.32)

By replacing n with the ordered integers from one to eight, we obtain the components of the
complex plane I, and @), and his corresponding phases.

n I, Qn ¢n | Symbols
1 1 0 0 000
2 1 0.7071 | 0.7071 | /4 001
3/ 0 1 7/2 | Ol1
4 1-0.7071 | 0.7071 | 3w /4 010
5) -1 0 m 110
6 |-0.7071 | -0.7071 | 57 /4 111
7 0 -1 3m/2 101
8 | 0.7071 | -0.7071 | 7w /4 100

Table 2.2: Components of 8PSK constellation diagram with corresponding phases and symbols
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Figure 2.7: 8PSK constellation diagram
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The distribution of symbols across the eight transition stages typically follows the Gray code
method. This method helps reduce the bit error rate (BER) at reception, as the distance between
adjacent symbols is short (about one bit), meaning that a classification error between two adjacent
symbols results in a single bit error. Figure 2.7 shows an 8PSK constellation diagram with
equivalent symbols, where we can see that the difference between two adjacent symbols is one bit.

Octal phase shift keying is a higher-order modulation scheme that achieves high data transfer
rate and greater bandwidth efficiency. However, it is more affected by noise and interference,
compared to QPSK or BPSK under the same channel conditions.
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Figure 2.8: (a) QPSK constellation diagram (b) 8PSK constellation diagram

Figure represents a comparison between (a) QPSK constellation diagram and (b) 8PSK
constellation diagram over AWGN channel with 15 dB carrier-to-noise ratio[I1]. Where in (a)
different symbols are separate and distinguishable from each other, what is not happen in (b) the
different symbols are very close and become more difficult to distinguish.

16-Quadrature Amplitude Modulation

16-Quadrature Amplitude Modulation (16-QAM) is a high-order digital modulation technique
that transmits four-bit symbols per time period, allowing for high data rates and efficient band-
width utilization. 16-QAM combines both amplitude and phase shifts in the carrier wave simul-
taneously to represent sixteen possible symbols [9].

All M-ary quadrature amplitude modulation (M-QAM) schemes use two orthogonal signals
to carry information. Two carrier waves, typically sine and cosine waves, of the same frequency
but 90 degrees out of phase (orthogonal), are multiplied by a specific component I(t) and Q(t) to
convey a discrete symbol state. These two waves are then linearly summed to form the modulated
carrier wave s(t) [9].

s(t) =cos (2mf. - t) - I(t) —sin (2w f. - t) - Q(t) (2.33)

The block diagram shown in Figure 2.9 illustrates the process of modulating a digital input
signal into a 16-QAM modulated carrier. The serial-in, parallel-out shift register (SIPO) shifts
4 bits per time cycle, allowing the input data to be grouped into a 4-bit binary word (symbol).
Each symbol must then be represented by its corresponding constellation components (I and Q).
Therefore, for each component, a digital-to-analog converter (DAC) takes two bits and converts
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them into a period time unit pulse with an amplitude corresponding to the component value in
the constellation diagram. Table and Table show 2-bit symbols with their corresponding
constellation components.

bl | b0 | [ b3 | b2 | @
0] 0]-3 010713
0] 1|-1 0] 11
1111 111 ]-1
117013 110 1]-3
Table 2.3: Two-bit symbols with corre- Table 2.4: Two-bit symbols with corre-
sponding In-phase values sponding Quadrature values
2- 1o 4-level
converter ’ Mixer
2 e
DAC > " X
4-bit shift
register ,_.,:’..___‘:: -
) LO (+ }—» 16 QAM
X Linear
Serial — : sum
data input | 90‘_?._h|ft |
‘- ,_-"'--,
DAC ;_: ¥ X}
2- to 4-level Q Mixer
converter

Figure 2.9: 16-QAM block diagram modulator

Generating a modulated carrier requires the use of a local oscillator to generate a cosine wave
and a sine wave (phase-shifted by 90 degrees). The linear product of the cosine wave with the
In-phase component and the sine wave with the Quadrature component produces an In-phase
carrier signal and a Quadrature carrier signal. The linear summation of the two signals
produces a 16-QAM modulated carrier.

This process satisfies the mathematical model of the 16-QAM modulated carrier (Equa-
tion , which expresses it as the sum of two orthogonal signals.

Q
1 0000 L0001 |, 10011 10010
10100 L0101 |, 10111 10110
j [
-8 -1 1 3
11100 J1101 | 11111 11110
11000 J1001 | 11011 11010

Figure 2.10: 16-QAM constellation diagram
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16-Amplitude Phase Shift Keying

16-Amplitude Phase Shift Keying (16-APSK) is a digital modulation technique that combines
amplitude and phase shifts to transmit 4-bit symbols. It uses a constellation diagram with 16
distinct points, arranged in a way that utilizes both amplitude and phase variations of the carrier
signal to represent different data symbols. This allows for higher spectral efficiency compared
to simpler modulation schemes like BPSK or QPSK, while also offering better resilience to noise
compared to QAM.

In 16-APSK, the constellation points are arranged in equally spaced positions on concentric
circles with increasing radii, known as 84+8-APSK, as shown in Figure 2.11] There are four pa-
rameters that define the 8+8-APSK constellation: the radii R; (inner circle) and Ry (outer circle),
and the angles 6; and 6,. Due to the circular symmetry of the constellation, it is often defined
by only two parameters: the ratio [Ry/R;] and the phase offset [#; — 05]. These parameters may
be chosen to maximize the distance between two circles.
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Figure 2.11: 16-APSK constellation diagram

For satellite links, the In-phase and Quadrature components of 16-APSK modulation are
predefined by the Second-Generation Satellite Digital Video Broadcasting (DVB-S2)
standard for global use [I0]. Table represents the defined complex components of the 16-
APSK constellation diagram.

In the DVB-S2 standard, the symbol distribution across the constellation points in 16-APSK
follows the Gray code, meaning that the maximum Hamming distance between two adjacent
symbols is equal to one bit. This technique, as mentioned earlier, helps reduce errors caused by
uncertainties in symbol identification at reception.
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Symbols | In-phase component | Quadrature component
0000 0.4718 0.2606 1
0001 0.2606 0.47181
0010 -0.4718 0.2606 1
0011 -0.2606 0.47181
0100 0.4718 -0.2606 1
0101 0.2606 -0.47181
0110 -0.4718 -0.2606 1
0111 -0.2606 -0.47181
1000 1.2088 0.49841
1001 0.4984 1.20881
1010 -1.2088 0.49841
1011 -0.4984 1.20881
1100 1.2088 -0.4984 1
1101 0.4984 -1.20881
1110 -1.2088 -0.49841
1111 -0.4984 -1.20881
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Table 2.5: Complex constellation points for LDPC code identifier 18/30 [10]
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Figure 2.12: 16-APSK symbol distribution over constellation points
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The Relationship Between Modulation and Carrier-to-Noise Ratio

Including channel bandwidth and transmission power, the carrier-to-noise ratio (%) is an impor-

tant factor in determining the type of digital modulation used in the communication channel.
Robust or simple modulation schemes, such as binary phase-shift keying (BPSK) or frequency-
shift keying (FSK), are preferred with low % (below 5 dB) due to their resistance to noise and
interference. More sophisticated modulation schemes like Quadrature Phase-Shift Keying (QPSK)
and 8 Phase Shift Keying (8PSK) can be used with carrier-to-noise ratios between 5 dB and 8.5
dB. Above 9 dB, high-order modulation schemes such as 16-QAM or 16-APSK become viable.

Figure 2.13] shows a comparison of the spectral efficiency of the DVB-S2 and DVB-S2X satel-

lites relative to the carrier-to-noise ratio [§], illustrating how modulation order increases with the

carrier to noise ratio [£].
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Figure 2.13: DVB-S2 and DVB-S2X spectral efficiency in the (£) range typical for broadcasting
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2.4 Signal Sampling Theory

Converting an incoming modulated carrier from an analog signal into a discrete digital signal
is a crucial process to enable processing with digital systems such as adaptive impulse systems.
Therefore, it is necessary to clarify the method of digitizing signals.

Pulse Code Modulation (PCM) is the most common method used to digitize an analog signal,
involving three main processes:

- Sampling,
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- Quantization,

- Source encoding.

Signal Sampling

Sampling consists of taking samples of the analog signal at regularly spaced intervals. Theoreti-
cally, sampling an analog signal involves multiplying it with an impulse train (sampling function)
spaced by the sampling period 7.

Analog signal

c(t)
E Time
6re (t) sampling function (impulse train)
£ Time
Analog signal x sampling function
s5(n)
£ N :

Figure 2.14: Sampling an analog signal

The time interval between two consecutive samples (sampling period) is a crucial factor that
determines how accurately a continuous signal is represented by discrete samples. Choosing the
appropriate sampling period—or its reciprocal, the sampling frequency F,—depends on factors
like the signal’s characteristics and the system’s requirements. This is where the Nyquist-Shannon
sampling theorem applies:

s(t) = c(t) x o7.(t) (2.34)

+o0
s(t)=c(t)x > o(t—n-T) (2.35)
n=—00
Transforming s(t) to the frequency domain converts the multiplicative product in the time
domain into a convolutional product in the frequency domain:

TF[s(t)] = TF |e(t) x f 5(t —n-T)) (2.36)
S =a Y O =67 —n- 1) (237

n=—oo
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Figure 2.15: Representation of the sampling function in time and frequency domains

The convolutional product of the signal frequency spectrum C(f) and o(f — n - fs) generates
a frequency spectrum train for different values of n, spaced by f:

+oo
1
S(f)=z > Clf—n-f) (2:38)
c(f)
f
_fmax 0 fmax
c(f) * 6rs(1)
/I\ /I\ /|\
\\ \ / \\
/ \ \ f
_fs _fmax 0 fmax fs

Figure 2.16: Signal frequency spectrum convolved with the sampling function in the frequency
domain

Overlap occurs when the frequency spectrum of a signal C(f) and its shifted version C'(f — fs)
interfere in the same frequency band. To avoid this, the Nyquist Theorem requires the sampling
frequency to be at least twice the maximum frequency of the signal spectrum:

[h]fs 2 2. fmax (239)
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c(f) * 6x(f)

2 Fmax.

—fs 0 fs

Figure 2.17: Signal frequency spectrum with a sampling frequency twice the maximum frequency

Signal Quantization

After the sampling process, quantization measures the amplitude intensity at each discrete point
in time. Since it is impossible to represent all possible amplitude values, the amplitude range is
divided into a finite number of discrete levels. The number of levels is typically 2", where nb is
the number of bits used for digital representation. Each sample’s amplitude is assigned to the
nearest available discrete level, which is then encoded as a binary number.

Signal Encoding

After sampling and quantization, the last process which is encoding converts the discrete ampli-
tude values into a digital format (binary code) for storage, processing, or transmission.

amplitude

0

110 N

101 S O
100. S

o e 0 N O O O time”

oo | N

001 | N

000

Figure 2.18: Signal samples encoding
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2.5 APS signal processing model

The APS model for signal processing, represent in training a digital filters through a special
machine learning algorithm, how to treat and maintain arriving modulated carrier waves that
affected by noise and fading.

Digital filter impulse response

The impulse response often called unit impulse is the core of digital filter describe it’s behavior
in time domain, and embodying his effect at an input signal through convolution product. The
impulse response of an filter usually denoted as h(n).

h(n) = [ho hy Ry hgeeonn. ha] (2.40)

Where hg hy hs... are the value of the impulse response at discrete time points.
The output signal of the convolutional product between h(n) and input signal x(n) express by
y(n), represents the effect of the filter at x(n).

y(n) = h(n) * z(n) (2.41)
y(n)= >_ h(n — m)-xz(n) (2.42)

The pulses term in Adaptive pulses systems refer to the impulse response which include that a filter
embodying in the model through its impulse response and apply his effect through convolutional
product.

Machine learning model

Machine learning (ML) models, can be categorized into various types, each with its own strengths
and applications. However, most of this models follow the same training process focusing on four
key components. Figure [2.19| represent key components for create a machine learning model.

Activation Function

P(X,Y)

Loss Function
L[P(X, Y)]

Optimization
algorithm

Figure 2.19: Simplified flow of a machine learning model training process
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Single system model

Let’s start by training a model of one filter with following the machine learning flow components.

h(n) |——

Figure 2.20: One filter block diagram

Data

The training process begins with data, which must be compatible with our model. For supervised
machine learning models, which aim to achieve targets, the data is represented by two matrices.
The input signal X—in our model, a signals for a modulated carrier wave affected by noise and
fading—and the desired output signals Y —represents the original signals.

T11 T12 T13 T14 T15  ceeeeeenes T1J Y11 Y12 Y13 Y4 Y15 eeeeees

T21 T22 X23 T24 T25 eeeennenn T2g Y21 Y22 Y23 Y24 Y25 -eeeeeen

X _ T31 T32 X33 T34 T35 eeeeeenns Z3J Y _ Y31 Y32 Y33 Y34 Y3z eeeeees
I x J) — I x J) —

Tl XTJ2 XJ3 TJ4 TI5  ceeeenenns Zj Y Yr2 Yiz3 Yra Yrs o o--eeeee-

Each row ¢ in X represents an input signal and must be accompanied in the same row with a
desired output signal in Y. Both rows must be of the same length. This means that our model
needs for any number of input samples J, give the same number J of output samples.

Xi:[ﬂiil Tig Ti3 Tig o o . . -iﬁu] Y;:[yil Yiz Yi3z Yia - - . . yu]

We're going to train a digital filter, which is actually an impulse response, so we represent our
filter as a one dimensional matrix (1 x N).

Wa x vy = [win wiz wig . . . . wiy] (2.43)

The convolution product of W with the input signals X allows us to apply the filter effect to all
our inputs. Let the output matrix A be the result of the convolution of W with X.

A x Nyr—)y =Wa vy * X1« (2.44)
k
A, kY=Y W(L, k—m+1) - X(i, m) (2.45)
m=1
Where 1< k< N+J—-1 and 1<i</[.
ail] aiz2 a1z alg QA15  eeeeeeenns al J+N-1
a1 Aa22 a3 A24 A25  ceevennnnn az J4+N-1
a3y asy a3z Aasqg A35  .eeeeeenn. as Jj+N-1

A(r x NyJ-1) =

gl Qg2 aAr3 Ar4 QA5 ceeeennnn. ary J+N-1
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We notice in A that the number of columns is N + J — 1 which is definitely greater than J
which poses a problem, as the number of columns in the convolutional output matrix A must be
identical to the number of columns in the target matrix Y.

Another problem arises, which is that we need all filter impulse must interact in every sample
on the output signal, which is not happen. For example, take a digi tal filter with four different
impulses response W and an input signal X with same length.

W(l x 4) — [wn W2 Wiz w14] X(1 x 4) — [$11 T12 T13 $14] (2-46)

The convolutional product between W and X leads to the matrix A, » 7 containing the following
samples.

A(1, 1) = W11 * T11

An, 2y = w12 T + Wi - Tio

A, 3y =wiz -1 + wip T2 + Wi - Ti3

Aq, oy =wia -1 + wiz-Tiz + Wiz T3 + Wi Ty
A, 5y =wis T2 + Wiz T3 + Wiz Tiy

A, 6) = Wis-T13 + Wiz~ Tig

A(L 7) = W14~ T14

Note that for all samples of output signal A, only A, 4 have interaction with all filter im-
pulse, where other sample like A¢;, 1) have interaction only with w;; which represent a problem
of non-balance at the training level.

Zero-phase filter

The phase shifting of the output signal is the key solution to this problems, begins with the need
to train a zero-phase filter. A zero-phase filter is a special case of a linear-phase filter where the
constant phase shift is zero, means that, the output signal aligns perfectly in time with the input
signal. A zero-phase filter can be implemented by applying a successive forward and backward
discrete time convolution to the input signal. To show this analytically, take the same example
(2.46).

W(1 x 4) = [wll W12 W13 w14] X(1 x 4) = [$11 T12 T13 $14]

Forward convolution

Forward convolution refers to the standard discrete-time convolution between W and X, which
introduces a forward phase shift. It is very useful to present the convolution product as Matrix
multiplication. Considering V' the result of Matrix multiplication, between W7 and X.

Viux g =W'X (2.47)

W11+ T11 W11 12 W11 - T13 Wil © Li4
W2 - 11 Wiz - Ti2 W12 T13 Wi2 - T14
Wiz - T11 | W13 * Ti2 W13 - T13 W13 ° Ti4
W14 - T11 W14 - T2 | Wi4 " T13 Wi4 " T14

‘/(4 X 4) — (248)

Then the sum of each diagonal elements allow to obtain the convolutional product samples be-
tween W and X, or in other word The matrix A.
Considering The matrix A elements as.

Aq x 7y =lann a1z a3 ay a5 ay a7 (2.49)
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Back convolution

The aim of the back convolution process is to shift the signal backwards to the same degree as
the forward shift, and this can be achieved by flip the filter and then applying a discrete time
convolution between A and Flip (W).

Flip(W) = [wis wiz w2 wi] (2.50)

Replacing the ordinary discrete time convolution with matrix multiplication allows for better
study of the results. Considering B the result of matrix product of Flip(W') and A.

B x 7 = Flip(W)" A (2.51)

Wi4 - A11 W14 * Q12
w13 - a11 W13 - A12
Wiz - G171

W14 - 4713
w3 - a17
Wi2 - 16 Wi2 - A17
W11 - A15 Wiy - A1 W11 - A17

B(4 x 7)) =

By representing final outputs of the forward-backward convolution between W and X, with the
sum of the colored diagonal elements of the matrix B we can say that our problems are solved.

First, we are absolutely sure that the output signal is exactly in time with the input signal
a zero-phase shift filter.

- Second, all filter samples interact fully with each output signal sample.

Third, note that the colored diagonals have the same length of elements and that the number
of output samples Z equals the number of input samples X. Where Z samples are.

Za, 1) =Wy an + Wiz a2 + Wiz a3 + Wiy diy
) = Wi1 - Q12 + Wiz Q13 + Wiz - A4 + Wig - A15
Z@, 3) = w1113 + Wiz G4 + Wiz a5 + W4 A
) = W11 Q14 + Wiz Q15 + Wiz - A + Wig - A1y

One filter training

Now to train our filter W we need the (Data) X and Y. The forward backward convolution allow
to apply the filter effect at the input data X which give the matrix Z. The training of the model
lies in improving its effect on the input data X so that the output result Z matches the desired
output Y as closely as possible.

Taking the forward Backward convolution between W and X.

Z( x gy =W x vy *x X1 < ) (2.52)
Z11 212 213 214 215 eeeeeenens 21J
221 222 223 224 Z25  eeeeeennnn 29
7 _ 231 232 233 234 235 eeeeeneens 237
I xJ) —
Zal Za2 RI3 RI4 R[5 ceveveenns ZIJ

Now we need to know how much our filter oriented to its target, or in other words how close Z
istoY.
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Loss Function

The efficiency of a filter can be represented by a likelihood function, which is a measure of the
probability of seeing the target under different samples values of the filter.

The correlation coefficient

To estimate the likelihood we need to represent the correlation between each pair of signals in,
Z and Y, as the probability of Z equal Y, P(Z; = Y;). These can be reached by the correlation
coeflicient between Z; and Y;.

Considering P the result array of the correlation coefficient between Z and Y.

P (i 1)2126 o U u (2.53)
(I x H\¢ i O'ZZ' O'}/;' :

J J
— 1 1 =
Z; = i E Zij  0Z;= E (215 — Zi)? (2.54)

J J
— 1 1 —
Yi = 72 Yy oYi= |5 > (g = Vi) (2.55)

Where
-1<i<I
- Z; and Y] are both the average of the signal values in row i.
- 0Z; and oY; are both the standard deviation of signal at row 1.

Note that to exploit the correlation coefficient and train an effective model, the filter length, (N),
must be proportional to the input signals X.

The representation of correlation coefficient as function of filter impulses depends on several
factors, the most important of which is the number of impulses (length of filter). Where small
length filter considered as finite impulse response (FIR) type has a weak response with the corre-
lation coefficient and can not generate a function with it. Infinite impulse response filters (IIR)
in the other hand represent a high length filters and give a better response with the correlation
coefficient. means That the correlation coefficient are better for train filter with large samples
(IIR) filters.

There is no way to visualizing the graph of correlation coefficient with a high length filter, but
after some tests we can propose Figure 2.21] which represent the correlation coefficient response
of output signal with desired output in function of the filter coefficient.

Note that in W axis the components W0 W1 W2 are not a filter samples. each component
represent a different filter.

The Likelihood function

The likelihood function represents by the multiplication of probability of equality P(Z = Y)
which mean the multiplication of P array elements.

The correlation coefficient take a range of value from —1 to 1 where the negative values express
the opposition between two entry. Where we cannot consider the negative correlation coefficient
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Figure 2.21: Proposed Correlation coefficient curve

as probability for the likelihood function, so we take the square of P array elements as probability
of Z equal Y.

[=]] pG, 1)? (2.56)

I J -\ 12
1 Zij — 4 Yij — Y,
[ = - I T (8
153 (527) ()
Practically we use the maximum likelihood estimation (MLE) which simplify calculations

and provides a more numerically stable way to assess how well a model fits observe the data. The
MLE represent by the natural logarithm, of the likelihood function.

(2.57)

1

; 42
1 Zij — Z vij — Y
tr=m (] [j; < — > . ( = )

=0

By simplifying this equation.

i=1 j=1
I J - A
zij — Zi yij — Y
LL:2.21n<Z (]0—2) . (]g—y)> — 2-TIn(J) (2.58)
i=1 j=1 ! !

In the end obtaining the loss function (log loss) by the negative of the maximum Likelihood
estimation (MLE).

L:—Ziln(i (#) : (%)) + 2-In(J) (2.59)

The ability of the correlation coefficient to identify two signals as "perfectly correlated" even
if they different in amplitude (amplification between them) is very useful in training with large
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Log — Loss
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Figure 2.22: Proposed loss curve in function of filter samples

amounts of data, and helps reduce the second lobes in the learning curve. Figure[2.22)represent the
proposed loss curve in function of different filters. The Log-loss, are in function of filter samples,
which mean that the increase or decrease in its value are directly related to the filter samples.
A decrease in the loss function value mean an improve in the filter ability to recognizing data,
where Having a minimum loss value (preferably zero) means that the filter has full improvement
(Adaption) to the target with it’s full capacity.

Optimization algorithm

Minimizing the loss function and improve the filter capacity it’s our main goal. An optimization
algorithm is a mathematical procedure used (in our case) to minimize the loss function value as
possible by the continues Adapting of model parameters (filter samples).

Gradient descent

The gradient descent is an optimization algorithm widely used in machine learning to solve opti-
mization problems. This algorithm can be defined in four steps .

- Initialization, this step are just in beginning of training and never repeated again. It involves
randomly assigning a starting value to different filter samples.

- Gradient calculation, which involves calculating the gradient of the loss function according
to each sample. The gradient refers to the variation of the loss function according to a specific
sample.

- Update filter, according to the gradient values each sample update his value for descent the
loss function to the minimum possible value

- Repeat, in loop repeat the last two steps for a continues updating of filter.

Mathematically this steps can be represented by the next equations.
The gradient of loss function considering as.
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I ZJ (2ij=Zi)-0Zi — (zij=Zi)0Z]  (y;;=Yi)
j=1

oL o Z (0Zi)? oYi
Owny, ] Zj:l ((ZZ;@‘Zi) . (yzg}—/z/z'))

(2.60)

Where n take the range of 1 <n < N, and the gradient of oZ; equals to.

J 7AY
125025 — Z) - (25 — Z; 0z
oZ! = 12l — 2) - (= — Z) o= 4

(A J R
\/% S (i — Zi)?

The update of samples can be represent by the next equation.

3w1n

OL

8w1n

Wi (1, n)=Wi{l, n) — « (2.61)

The gradient will indicate the increase or decrease of loss function according to specific sample.
- If the loss is decreasing, the samples will experience an increase in value..
- If the loss is increasing, the samples will experience a decrease in value.

The term "filter training" represents the continuous convergence of filter samples to optimal
values.

FIR filter model

As we discussed above, the correlation coefficient is not the best solution for training small length
filters (finite impulse response filters), to compensate for this we suggest using the Lorentzian
Mean Square Error (L-MSE).

Lorentzian Mean Square Error

The Lorentzian square error (L-MSE) has a better response than the correlation coefficient with
small length filters, where the learning process can be expressed in the following steps.

- Calculate Z the forward-backward convolution between X and W

- Calculate the mean square error between the Z and Y signals. Consider the matrix M that
represents the mean square error between Z and Y.

J J
S =26 D ma =53 —)? (262

J=1 J=1

<=

M« (i, 1) =

- Calculate the probability of Z equal Y, P(Z =Y) through the Lorentzian function.

) 1
P([ X 1)(2, 1) -3

— 2.
R (2.63)
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- Estimation of the likelihood function, from the calculated Lorentz probability.

1 1

=] p6, v 1=]] mz;ﬂ (2.64)

i=1 i=1 il

- Use the maximum likelihood estimation (MLE) for simplifying calculations and provide
data seeing ability.

I
1 1

i=1 il

- Obtain The loss function by taking the negative of the MLE.

I I
1

i=1 il i=1

- Calculate the gradient of loss function with different filter samples for the gradient descent
algorithm.

J
oL 4. i: .ijl Zz/'j - (Y — Zz‘j)3 o 0zij
J 1,
i=1 Zj:l (yij - Zij)4 T Jwyy,

Where 1 <n < N and N are the length of filter.

(2.67)

8w1n

- Use the calculated gradient in the gradient descent algorithm equation to update the filter
and repeat the process to continue training.

oL
awln

Wia(l, n)=Wi(l, n)—a«- (2.68)

The Concatenate Zero Algorithm

As we saw earlier, using the correlation coefficient or Lorentzian mean square error to train filters
requires calculating the z elements gradient according to different filter samples. To achieve this,
we use the concatenate-zero algorithm, which can generate GGz, a tensor containing the gradient
of z elements (2’) according to all filter samples. This algorithm can be expressed in the following
steps.

- The algorithm first take the filter W and the input data X and create two matrix F and C'
where F' equal.

Faxny = flip (W) (2.69)

- In a loop, the k-iterator takes the range of integers from zero to the length of the filter
minus one.
0<kE<N-1

- For each iteration, the algorithm starts by concatenating k zeros in matrix C' with matrix

F', then performs the convolutional product with X. The result is then stored in a matrix
called G'f.

Cu x Ntk = (k) Concatenate (F) (2.70)

Where (f) equal N +k+ J — 1.
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- The algorithm next concatenate a number of zeros equal (N — k — 1) with W in matrix
C then exercises the convolutional product with X. the result will be then saved in array
called Gb.

Cu x an—k—-2) = (N — k — 1) Concatenate (W) (2.72)

Gb([ x b) = C x X (2.73)
Where (b) equal 2N + J — K — 2.

- Calculating next (d) the difference between b and f.

d=b—f (2.74)

- If (d) are greater or equal ‘0’ then concatenate G f with an array D contain a number of
zeros equal (d). .
Gfu x vy = (Gf) Concatenate (D x )

- Else concatenate Gb with an array D contain a number of zeros equal the absolute value of

(d).
Gb; « 5y = (Gb) Concatenate (D(; x q))

- Save the summation of Gf and Gb in the tensor Gz where

GZ([ x J X N)(Z, . k?) :Gf + Gb (275)

Note that for an iteration with a value of k£ correspond the gradient according to the sample
W(1, k+1)in the filter.

2.6  APS Multi-Systems Model

The primary goal of learning any Al model is to acquire the ability to handle various challenging
situations. This learning requires massive data containing diverse scenarios and a flexible model
capable of learning from them. In the field of signals, signals can take on different states, and no
single system can handle them all.

A deep learning model

A multi-systems model is a deep learning model consisting of more than one system that follows
a specific configurations. The multiple systems learn simultaneously to develop flexibility and
cooperation in dealing with different situations.

Model configuration

A multi systems model can take on different configurations. Any multi systems model, based on
the number of layers, determines, how deep the processing that will be performed on the input.
Each layer can take a specific number of systems and length of samples , where adjacent layers
with different length need to an "element-wise operation" to continuing the forward flow of
input. Figure illustrates a three-layer multi systems model, where first and second layers
contain the same number of systems, but their lengths may vary. It’s worth noting that layers two
and three contain different numbers of systems, which requiring the element-wise operation,
to follow the input flow.



48 CHAPTER 2. DEEP IN THEORY

h11(n) h21(n)

x(n) —— C+ﬁ h3i(n) —— y(n)
4

hi2(n) h22(n)

Figure 2.23: A multi systems block diagram

Model training

The training phase includes all systems simultaneously, i.e., integrated development between
systems, where each unit complements the other. This learning method is very powerful in
creating models that learn from a big amount of data and interact with diverse and different
situations.

To train a multi-system model, we follow the flow component of machine learning Figure 2.19,
which involves starting with the data. Training a flexible multi-systems requires first a useful
data covering a variety of scenarios. Organizing the data into a three-dimensional tensor is
the foundation of the model’s operation, allowing it to work with multiple inputs and achieve
input flow across layers of varying length. To illustrate this in practice, consider the learning
process of the model, called the H-model, shown in Figure 2.24.

hi1(n)

X(n)

<+>— h2i(n) —— y(n)

h12(n)

Figure 2.24: The blocks diagram of the H-model

The configuration of the H-model consist of two layers, where first layer contain two systems
and the second layer which also the final layer have one system. The length of systems in the
H-model are the same for three systems. The data as before splits into two part the input data
X and desired target Y, where in this time X and Y are three dimensional tensors.

T11 T12 XL13 T14 T15  eevevennns T1J
T21 X922 X223 T24 T25 ceverennn. ToJg
31 XT32 X33 T34 T35 ceveeennns T3

X(Ixel):

Tl Tj2 X3 T4 XI5 ceveennnn. Trj
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The learning algorithm focuses on two main operations, which facilitate the calculation of the
loss function and the optimization of model systems.

The forward propagation

The forward propagation is the first process include the flow of input tensor through all systems.
In first layer each system will perform a forward-backward convolution on its input, producing an
output tensor of the same shape as the input. This output will be the input for the next layer,
and so on, with following the model path to the final layer that produces the final output.

For model H with two systems in the first layer, the input tensor X flows through systems
(h11 and hi2) resulting in an output tensor called (Z1). Where Z1 has a shape of (I x J x 2).

Zl(:, . 1):h11 xx X Zl(:, . ,2>:h12 xx X (276)
A wise average in Z1 third axis is then required for able the flow through the last layer.

Z1(:, :, )+ Z1(, =, 2)

Zl([ x J x 1) = 9 (277)
The final layer will apply the filter ho; at Z1 and give the final output Z which equal.
h X h X
Zirxgx1=han xx Z1 Z = hn **(11 = ; 2 ) (2.78)

As we discussed above The calculation of Z allow the estimation of model likelihood function
or more precisely the Maximum Likelihood estimation (MLE), by calculation the probability of
P(Z=Y).

This probability can be achieved by two different way which make two multi systems types, multi
infinite systems (MIS) or multi finite systems (MFS).

Multi Infinite Systems (MIS)

The multi infinite systems designed for IIR filters take the correlation coefficient between Z and
Y as the probability of equality P(Z = Y'), and obtain the loss function from the negative of the
maximum likelihood estimation see Eq 2.42 which represent also the loss function of MIS model.

L:_Q.Ej:m XJ: ”ZU—_Z : u + 2-TIn(J)
i=1 1 0Z; oY

j=

Since the third axis of Z and Y is equal to one, both of Z and Y considered as 2-dimension
matrix. The variation of loss function is according now to all model systems and for minimizing
the loss function it’s necessary to calculate the gradient of loss according to each sample in the
model.
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ZJ (zij=Zi)-0Z; — (%j—Zi)0Z;  (yij—Y))
7=1 (0’Z2)2 oY1

(2.79)

lezl(zij ~7Z) - (25— 7)) , 0%y
Cd I3 (2 — Z3)? ' Olu(n))

Where [ are the number of layer, k£ are the number of system in the layer and n refer to the
according sample.

Multi Finite Systems (MFS)

On the other hand, multiple finite systems are designed for FIR filters, where the Lorentzian
mean square error is taken to calculate the probability P(Z = Y) and obtain the loss function of
the model through the negative of maximum likelihood estimation.

=> In( M(i, 1)* + 1) (2.80)

Where M are the mean square error of Y and Z, and ¢ take the range between 1 <17 < [.

J
== (g — ;) (2.81)

Jj=1

M(I X 1)

%IH

Where the gradient of loss function according to each filter samples equal.

oL V2 (Wi — 2)? 0zij
— _4 j j Z; = —Z] 282
Sal)) Z STy — )" T

The path propagation

As we have seen, calculating Z’ becomes necessary to optimize both models. In the single APS
model, the algorithm concatenate zero by taking the input signals x and the filter W and returning
Z'. In the multi systems model, the algorithm concatenate zero by taking the filter h and the
corresponding partial tensor to calculate Z’.

The partial tensor corresponding to a filter include the flow of input through specifically the
filter path. For example the path of filter hy; include just the input and the filter hy;. Figure[2.25
represent the path of filter Aq;.

The inputs flow through this path without interacting with the filter Ay, which means that
the only convolutional product is between the input data X and the filter ho;. this represented
mathematically by

T(] x J x 1) = X k% h21 (283)

Where T is the corresponding partial tensor of filter h;;. The algorithm concatenate zero is then
take the filter hq1; and the tensor 7" and calculate the gradient of the Z according to h11 samples.

which give Z" which equal to.
o4

Zirxixn= By (n) (2.84)
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= hi11(n)

X(n) —=— C+>—, hSiN—> vy(n)

h12(n)

Figure 2.25: Blocks diagram of the (H) model with filter hq; path define

Where N are the number of samples in the filter.
The mathematic concept of the path propagation concept can expressed as next.

hip ** X + hyg xx X
Z = hoy *x* < 11 - 12 )
0z _ 0 o % % hit ** X + hig xx X
ah’ll(n) B 8h11(n) 21 2
oz 1 ) 1 9
—3h11(n) =3 —8h11(n)(h21 xx hyp xx X) + . m(hm** hiy *% X)

Where the gradient of the second part in the equation equal at hi; equal zero.

0Z 1 Oy
ahn(n) 2 ahn(n)

* % (hyp * % X) (2.85)

By repeating the same operation with other filter we find.

A4 L Ohio

== x*k (hyp *x X 2.86
E)hlg(n) 2 ahlg(n) ( 1 ) ( )
0z 1 Oho
—— ¥k (hyp ** X + hpp*xx X 2.87
8h21(n) 2 8h21 (n) ( " 2 ) ( )

The optimizing algorithm

After obtaining the gradient of X according to the different samples in each filter, the optimization
of the systems become easy. We can use the gradient descent as optimization algorithm for the
improving samples in each filter this represent by.

oL
8hl k (n) (t)
Continuous convergence of the algorithm allows for the true potential of deep learning, where sys-

tems can develop mechanisms to deal with complex situations that may be considered unsolvable
by ordinary methods.

hlk(n)(tﬂ) == hlk(n)(t) — (2.88)
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2.7 Conclusion

This chapter has established the fundamental mathematical framework for the Adaptive Pulse
System, presenting the convolutional filter operations, forward-backward convolution method-
ology, and optimization algorithms that form the core of the model. The developed theoretical
foundation demonstrates both practical applicability in signal processing and potential for further
refinement through continued research into optimization techniques and alternative formulations.
By rigorously deriving the impulse response characterization, loss functions, and training algo-
rithms, this work provides a robust mathematical basis for the implementation and experimental
validation discussed in subsequent chapters, while maintaining clear pathways for future enhance-
ments to the system’s performance and efficiency.



3 Systems Construction

3.1 Introduction

Training an APS model is a challenging task that requires significant computational effort and
a deep understanding of learning algorithms. Due to the diversity of input data, which poses
challenges of varying complexity, a single model configuration cannot handle them all. Therefore,
designing models with different configurations becomes necessary, as the appropriate configura-
tion gives the model greater data-handling capacity. In this chapter, we will discuss Adaptive
systems, a powerful programming tool that enables APS models to be built with a variety of
configurations and sizes.

3.2 Programming language

In Adaptive systems programming, we use Python, a high-level programming language used in
diverse fields such as signal processing, machine learning, data analysis, and automation. Python
supports object-oriented programming (OOP), which allows for a highly useful code organization
for multi-part programming algorithms. Python contains numerous libraries that include modules
and packages that provide pre-written code, making programming easier and more efficient.

Numpy library

Numpy are fundamental python library, provides support for large, multi-dimensional arrays and
matrices with several functions to operate with them. An important advantage of Numpy that
integrates well with other Python libraries.

Scipy library

Scipy is a scientific library in Python that provides numerous mathematical algorithms for
integration, interpolation, optimization problems, signal processing, and image processing. Scipy
is based on the numpy library, which provides high compatibility between matrices and mathe-
matical operations. In our code, we will define working with Scipy in "Signal," a submodule of
Scipy that provides signal processing tools, including filter design, spectral analysis, convolution,
B-spline interpolation, and more.

3.3 Adaptive systems

Adaptive systems are programmed as a class on the concept of object-oriented programming,
which consists of attributes and methods (functions) that complement each other to achieve the

93
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goal of the class.

Code programming

The first main lines of our code involve importing the numpy and scipy libraries.

import numpy as np

from scipy import signal

In the link below we can find the complete code for the Adaptive Systems class, which allows to
create and train any possible APS configuration. .

https://colab.research.google.com/drive/1mJDcK9-ix2NfFqHt1Tymi8dJ4Sncz3kQ

Model construction

Seven lines of codes are required for construct and train any (APS) possible model.

path = np.array([])

n_sample = np.array([])

configuration = np.array([])

Model = Adaptive_systems(configuration, n_sample, path)
Model. construct ()

Model.fit(x, y, tdrb, learning_rate, systems)
Model . score()

The first Three lines are necessary for the specification of model form. Where three arrays can
define any possible (APS) configuration.

- The line number one define the path array that allows specifying the connection between
layers, where the "path" array take for two adjacent layer connect in cascade the value ’1’,
where take the value ’0’ for an "element-wise operation" between two layers.

- The line number two define the n-sample array that allow specifying the length of systems
in each layer.

- The third line define the configuration array that allow to determine the number of systems
in each layer.

The last four lines are then necessary for construct and train the predefined model.

- Lines number four and five allow the construction of an APS model, called a "Model"
which has the form defined by the arrays ("path", "n-sample", "configuration").

- Line number six through the method fit allows the model to train on the input data ’x’ to
give the desired target ’y’.

- The parameter "tdrb" allow to determine the number of iteration on training loop, is
usually define with the name epochs.
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- The Learning rate parameter allow to determine the learning rate in the gradient decent
algorithm.

- The systems parameter allows specifying the type of systems trained, where specifying
multi infinite systems implies entering 'mis’, or entering >mfs’ for multi finite systems.

- The last line of code which includes the score method allows you to visualize the training
result and the resulting loss.

Take the example of building and training a model we call Model (A) that has the configuration
shown in Figure 3.1.

hi1(n) > h21(n)

x(n) — <+>— h3i(n) |—— y(n)

> hi12(n) > h22(n)

Figure 3.1: Model (A) blocks diagram

path = np.array([0, 1, 0])

n_sample = np.array([nl, n2, n3])

configuration = np.array([2, 2, 1])

model = Adaptive_systems(configuration, n_sample, path)
model.construct ()

model.fit(x, y, tdrb = 100, learning_rate = 2e-4, systems = 'mis')

model .score()

Where nl, n2 and n3 are respectively the length of systems (number of samples) in layer one,
layer two and layer three.

3.4 Binary phase shift keying noise reduction model

With back to our project on a noise reduction model geared towards digital modulation types.

Data

To train any model, we first need data. Our data consists of a set of clear binary phase shift
modulation signals (the target) and a noisy version of the target (the input). The following points
describe the characteristics of the data.

- - Signal frequency: We assume our signal has a frequency of 500 Hz and was sampled at
5000 Hz, ten times the signal frequency.

- We assume the signal length is 200 samples, and the bit flip period is ten times the signal
period, meaning one phase shift in the modulated signal.
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- Binary phase shift modulation includes two possible phase shifts, and with one bit flip in
the signal, we have four possible signals.

- For each signal, we create fifty versions with white noise added to them, with a carrier-to-
noise ratio of (-5 — 5) dB.

- Finally, for the four signals, each contains fifty distorted versions with increased carrier-to-
noise ratios, which means we have data for 200 distorted and clear signals. In our project,
we generate data using Python functions, which allow the signal to be modified with various
types of digital modulation.

In our project we create the data by a programmed python functions, which able the modu-
lation of signal with different digital modulation types.

def complex_signal(z):
#complex_signal empty array for stack complex symbols on <t
complex_signals = np.full([0, 2], O, dtype = np.complex64)
for it in range(z.size):
for ir in range(z.size):
Signal = np.array([z[it], z[ir]]) .reshape(1, -1)

complex_signals = np.concatenate((complex_signals, Signal), axis = 0)
return complex_signals

def add_nosie(SR, ER, size, Signal):
# SR The start $\frac{C}{N}$ ratio, ER the end $\frac{C}HN}$ ratio
Power = Signal.var() # calculate the power of signal
noise_stack = np.full([0, Signal.shapel[1]], 0) #empty array for stack noise on it
for snr in range(SR, ER):
sttd = np.sqrt(Power * (10**(-snr/10))) # calculate the standard deviation of random signal

noise = np.random.normal(0, sttd, [size, Signal.shape[1]]) # use the numpy gaussian distrubtion function

noise_stack = np.concatenate((noise_stack, noise), axis = 0) # concatenate the noise levels
return noise_stack + Signal # add the signal to different noise level
def digital_Modulation(z, Tb, frequency, fs):
# z the complex representation of signal ,Tb the bit period, fs the sampling frequency
time = np.arange(0, Tb*z.size, 1/fs).reshape([z.size, -1//z.size])

carrier = abs(z) * np.sin(2 * np.pi * frequency * time + np.angle(z))

return carrier.reshape(l, -1)

The work of this function is.

- First we have the complex signal function that maps all possible states of two values from
a complex constellation of digital modulations.

- The add noise function create in order noise signals with a (%)from the start ratio to the
end ratio.

- Digital modulation create a modulated signal with following complex symbols in amplitude
and phase.

We begin with Binary Phase Shift Keying (BPSK), a fundamental digital modulation scheme.
The corresponding data is generated to train an Adaptive Pulses Systems (APS) model for BPSK
signal processing.
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complex_signal(z)

tb = 10/500 # the time period of bit
frequency = 500 # signal frequncy

np.array([1+0j, -1+0j]) #binary phase shift keying symbols

fs = frequency * 10 # sampling frequency take five times

# create empty array for the noised signals
x = np.full([0, 200], O, dtype =
# create empty array for the clear signals
y = np.full([0, 200], O, dtype =

for it in range(Z.shape[0]):
carrier = digital_Modulation(Z[it,
x = np.concatenate((x, noised_signal), axis

carrier = np.ones([noised_signal.shape[0], 1]).dot(carrier)
y = np.concatenate((y, carrier), axis = 0)

np.float64) # we make 200 columns for 200 signal sample

np.float64)

0)

:1, Tb = tb, frequency = frequency, fs = fs)
noised_signal = add_nosie(-5, 5, size = 5, Signal = carrier)

fig. [3.2] represent two noised signal taken from z and his similar at row in .
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we create two hundred signal. The preprocessing of data consist of.

Figure 3.2: Two taken signals from x and y

- Splits the data into train set and test sets.

- Normalization of data.

- Transform it to a tensor with three dimension for the model.

time in (s)
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# sklearn a library allow the splits of data

from sklearn.model_selection import train_test_split

x_train, x_test, y_train, y_test = train_test_split(x, y, test_size = 66/x.shapel[0],
shuffle = True)

# normalization of data

x_test = ((x_test)/1) .reshape([x_test.shapel[0], x_test.shapell], 1])
x_train = ((x_train/1)) .reshape([x_train.shapel[0], x_train.shape[1], 1])
y_test = ((y_test )/1).reshape([y_test.shape[0], y_test.shapel[1l], 1])
y_train = ((y_train)/1) .reshape([y_train.shapel[0], y_train.shape[1], 1])

One system construction

Using the following code, we create and train a single system model, called Model (B), to process
the binary phase shift key modulation signals. The model (B) system has length of 100 sample
train as a ‘'multi infinite systems (mis)’.

path = np.array([0])

n_sampel = np.array([100])

configuration = np.array([1])

model = Adaptive_systems(configuration, n_sample, path)

model . construct ()

#IK

model.fit(x_train, y_train, tdrb = 100, learning_rate = 2e-4, systems = 'mis')
loss = model.score()

system = model.System()

predicted_signal = model.predict(x_test)

After the training we can easy visualizing the loss curve Figure represent the descent of loss
during learning.

140

loss of the training

) 20 ) 0 80 100
Iterations

Figure 3.3: Loss evaluation during the learning
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The next major step after training is model testing, which can be easily done using the
"predict" method. The predicted (noise-free) data signals are shown in Figures 3.4 and 3.5,

which represent the result of removing noise from the test data.
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Figure 3.4: A comparison between the noised and the processed signals for the B-model

Note that for the first input noise signal in Figure 3.4, the carrier-to-noise ratio was -5 dB,
meaning that the noise power was actually greater than the signal power. This is a very poor
signal condition, where it is difficult or impossible to extract data reliably. The out processed
signal in other hand, has a carrier to noise ratio of 8 dB, means the signal power is now about
6.3 times greater than the noise power. This is a significant improvement and usually sufficient

for reliable performance.
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Figure 3.5: A comparison between the noised and the processed signals for the B-model
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The table 3.1 combines the results obtained in Figures 3.4 and 3.5, the carrier to noise ratio
of input signals and processed signals and the obtained gain.

Signal | Input signal (C/N) | processed signal (C/N) | gain
1 -5dB 8 dB 13 dB
2 0 dB 13 dB 13 dB
3 2dB 12 dB 10 dB
4 -4dB 8 dB 12 dB

Table 3.1: A comparison in (¢/n) between the input signals and processed signals

The results achieved by Model (B) are impressive, as it can distinguish between different
cases. For example, in the first visualization, the model clearly distinguishes between the first
signal without any phase shift and the second case with a phase shift. The model Gain is the
difference between the input carrier to noise ratio and the output carrier to noise ratio. The
average gain achieved by the model B from all the signals prepared for testing is [11 dB] which
is an impressive result.

Multi systems construction

To increase profitability and achieve better results, it is necessary to train a multi-layer model,
enabling the deep learning process. To achieve this, we will train a three-layer (G) model, with
two systems in the first and second layers each having 100 samples, while one system in the third
layer consists of a single sample.

hi11(n) h21(n)

x(n) — <+>— h3i(n) —— y(n)

hi2(n) > h22(n)

Figure 3.6: Model (G) blocks diagram

To create and train the G-model, the following lines of code are necessary.

path = np.array([0, 1, 0])

n_sample = np.array([100, 100, 1])

configuration = np.array([2, 2, 1])

model = Adaptive_systems(configuration, n_sample, path)

model. construct ()

#IN

model.fit(x_train, y_train, tdrb = 400, learning rate = 2e-4, systems = 'mis')

loss = model.score()

© o N o

10

system = model.System()

predicted_signal = model.predict(x_test)
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The learning of multi systems simultaneously require more time then one system for achieving
best score. Figure represent the loss descent on the training of the G-model.

—— min loss = 12.757920232455255

loss of the training

0 50 100 150 200 250 300 350 400
Iterations

Figure 3.7: Model (G) loss evaluation during the learning

After the training phase, we can first visualize the impulse response of the model systems
using the "Systems" method. Figure 3.8 shows the impulse response systems for the first and
second layers, while the third layer system contains a single sample, which is considered a unit
impulse.
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Figure 3.8: Impulse response of systems layer one and two in model (G)

It is necessary to test the model. This can be done by applying Model (G) to the test data
using the "predict" method. Figures 3.9 and 3.10 show the results of processing the noise test
signals using Model (G).
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Figure 3.9: A comparison between the noised and the processed signals for the G-model

Note that Model (G) recognized the phase shift well in the first case and processed the signal
efficiently, with the carrier-to-noise ratio ranging from -4 to 8 dB, achieving a gain of 12 dB. In
the second case, the model recognized no phase shift and processed the signal. Consequently,
the carrier-to-noise ratio ranged from -4 to 18 dB, achieving a gain of 22 dB. This results are
impressive and live up the expectation from a multi systems model.
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Figure 3.10: A comparison between the noised and the processed signals for the G-model

The table 3.2 show the carrier to noise ratio of the Input signal and processed signals and the
obtained gain in each case.
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Signal | Input signal (C/N) | processed signal (C/N) | gain
1 -4 dB 8 dB 12 dB
2 -4 dB 18 dB 22 dB
3 -2dB 18 dB 20 dB
4 0 dB 8 dB 8 dB

Table 3.2: A comparison in (¢/n) between the input signals and processed signals

The results achieved by Model G are impressive and reflect the high performance of the system,
achieving a gain of 20 dB, a 100-fold increase in the required carrier signal power relative to noise,
representing a significant enhancement in signal quality.

Models comparison

It is essential to compare the two models to determine which performs better. By taking the
processed signals from both models and calculating the carrier-to-noise ratio for different scenarios,
we obtain Table 3.3, a statistical comparison showing the results achieved by the two models.

Model maximum minimum average average
€ (dB) £ (dB) € (dB) gain
(dB)
G 19.23 6.32 12.92 18.52
B 17.84 5.14 10.93 13.11

Table 3.3: Statical comparison between model G and model B

There is no disagreement that both models were able to identify the presence of phase shift
or not in difficult cases and process the signal accordingly, but the difference between the two
models appeared in the ability to reconstruct and maintain the original shape of the signal, as
Model (G) excelled in the processing process by reaching a gain exceeding 20 dB in some cases,
which was not achieved by Model (B). This level of gain reflects a high-performance system with
a high ability to preserve the original signal shape and reduce noise levels.
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3.5 Conclusion

This chapter introduced the complete implementation framework for Adaptive Pulse Systems
(APS), detailing the Python-based architecture that enables flexible construction of different
model configurations. Using object-oriented programming principles, we developed the Adaptive
Systems core class, integrating: (1) system initialization parameters (configuration, n-sample,
path), (2) forward convolution operations via forwardBackConv2D, (3) gradient computation via
the novel Concatenate Zero algorithm, and (4) two different training modes (MFS for multi finite
systems using Lorentzian MSE and MIS for multi infinte systems using correlation coefficient
optimization). Experimental has demonstrated the effectiveness of the framework, with Model B
(one system) achieving an average noise reduction gain of 13.11 dB for BPSK signals, while the
more complex Model (G) show a better performance (an average gain of 12.92 dB) despite re-
quiring significantly longer training. These results highlight several key insights: the importance
of system architecture design (as evidenced by the role of the path parameter in cascaded com-
munications), the computational trade-offs between model complexity and performance gains,
and the framework’s inherent scalability, demonstrated by successful operation across various
configurations. The implementation specifically addresses real-world signal processing challenges
through features such as automatic path detection for cascaded systems and memory-optimized
gradient propagation. While the current implementation focuses on BPSK noise reduction, the
modular design—particularly the separation of system construction (generate), training (fit), and
evaluation (predict) methods—provides a versatile foundation for extension to other modulation
schemes and signal processing applications. Future work could explore: (1) hybrid architectures
that combine the current approach with deep learning techniques, (2) hardware acceleration for
immediate deployment, and (3) theoretical analysis of convergence properties under different noise
conditions, based on the practical implementation framework defined in this chapter.



4 Conclusion and Perspectives

This thesis has presented a comprehensive study on the design, implementation, and evaluation
of Adaptive Pulse Systems (APS) for noise reduction in digital communication systems, with
a particular focus on Binary Phase Shift Keying (BPSK) modulation. By bridging theoretical
signal processing principles with modern machine learning methodologies, a flexible and modular
framework was developed to enhance signal quality under challenging noise conditions.

At the theoretical level, the work introduced a forward-backward convolution model enabling
zero-phase response, alongside custom loss functions tailored for both Finite and Infinite Impulse
Response systems. Furthermore, the Concatenate Zero Algorithm was proposed to streamline
gradient computation in multi-layer adaptive architectures.

From a practical standpoint, a Python-based object-oriented system was implemented, allow-
ing for scalable experimentation with different APS topologies. The results demonstrated notable
improvements, including an average 11 dB gain in carrier-to-noise ratio for BPSK signals, and
validated the system’s robustness in low-SNR environments. The analysis also highlighted impor-
tant trade-offs between performance and computational cost, providing insights into the design
of efficient filtering systems.

This work has also served as a formative experience, consolidating knowledge in digital signal
processing, optimization, and software engineering. Through hands-on implementation, debug-
ging, and iterative validation, the project fostered a deepened understanding of both theoretical
and applied aspects of adaptive filtering.

Looking ahead, this work opens several promising avenues for further research and practical
applications. These future directions aim to enhance the model’s performance, adaptability, and
real-world deployment potential:

e Integration with deep learning architectures
e Support for multi-modulation formats, such as:

— Quadrature Amplitude Modulation (QAM)
— Orthogonal Frequency Division Multiplexing (OFDM)

e Deployment in non-communication domains, including:

— Biomedical signal processing

— Seismic signal processing
e Real-time implementation and hardware acceleration, using:

— Field-Programmable Gate Arrays (FPGA)
— Compute Unified Device Architecture (CUDA)
— Application-Specific Integrated Circuits (ASIC)

65
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An exciting future direction is adapting the APS framework for drone sound detection. Like
BPSK signals, drone acoustics exhibit harmonic patterns that can be treated as modulated signals.
APS’s 11 dB C/N improvement and phase-preserving convolution structure make it well-suited for
isolating weak drone sounds from environmental noise. The multi-layered Model H could serve as a
multi-band acoustic filter, while the Concatenate Zero Algorithm may assist in spectrogram-based
feature extraction. With suitable adjustments—such as using Mel spectrograms, spectral con-
trast losses, and attention mechanisms—the framework could support real-time, GPU-accelerated
drone detection for security and surveillance applications.

In conclusion, the APS framework developed in this thesis contributes a novel approach to
adaptive signal filtering, demonstrating how rigorous theoretical development can be effectively
translated into practical engineering solutions. This work lays a solid foundation for further
exploration at the intersection of algorithm design and system-level implementation, and reflects
the enduring value of learning through building—a principle that will continue to guide future
academic and professional pursuits.
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