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Abstract 

 
Due to the tremendous development in the wireless communication field 

and the wide requirements of current generations, such as high data rates, 

extremely low power consumption, and high performance, it is necessary to 

think about techniques and methods that present the improvement to meet 

the growing requirements. The introduction of the Generalized Frequency 

Division Multiplexing (GFDM) technique was one of the proposed methods; 

it is one of the candidate schemes for the current generations and beyond. Its 

multicarrier modulation scheme and structure are independent blocks, and 

each block contains K sub-carriers and M sub-symbols; K is filtered with a 

prototype Pulse Shaping Filter (PSF) that shifts by time and frequency 

domain. GFDM was presented as an improved method over other 

Multiplexing technique, as it provided an improvement in the field of Out Of 

Band (OOB) and Peak To Average Power Ratio (PAPR). Still, at the same 

time, it provided a lower performance in BER with respect to SNR. In this 

dissertation, several scenarios were presented based Matlab to improve the 

performance of the GFDM system, as two structures were presented, K16 

M15 and K20 M16, where the first structure had better performance 

compared to the second structure, where it was improved by adding a coding 

system based on Polar Coding (PC) and interleaving based using three types, 

random, matrix and helical. In comparison, the second structure gave a worse 

performance to give way for improvement methods based on artificial 

intelligence.  

A method is presented to improve the performance of GFDM by using 

the Genetic Algorithm (GA) to improve the performance of the PSF in 

GFDM. The channel estimation is accomplished by means of LS method, 

and the Artificial Neural Network (ANN) based on feed-forward back 

propagation is used to enhance the estimation process. Scenarios Polar Code 



II 
 

Interleaver GFDM (PI-GFDM), Least Square Polar Code-GFDM (LP-

GFDM), Least Square Polar Code Interleaver-GFDM (LPI-GFDM), Genetic 

Algorithm-GFDM (G-GFDM), Genetic Algorithm Artificial Neural 

Network-GFDM (GN-GFDM), Genetic Algorithm Artificial Neural 

Network Polar Code-GFDM (GNP-GFDM) and Genetic Algorithm 

Artificial Neural Network Polar Code Interleaver GFDM (GNPI-GFDM) 

were presented. A comparison was made between the types of proposed 

scenarios in terms of the amount of improvement. The proposed GNPI-

GFDM presents an enhancement over the traditional GFDM of more than 

3.5dB at BER=10-4 over Rayleigh fading channel. The PI-GFDM presents 

an enhancement over the traditional GFDM about 5 dB at BER=10-5 over the 

AWGN channel. 
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Chapter One 

Introduction 

1.1 General View 

Generalized Frequency Division Multiplexing (GFDM) is a technique 

used in modern communication systems such as wireless systems. It is a 

generalization of the traditional Frequency Division Multiplexing 

technique, which is used to share a communication channel among users 

by dividing the frequency spectrum into separate sub-carriers. It can 

achieve high spectral efficiency, transmitting more data in a given 

frequency band than other multiplexing techniques. Its structure is based 

on the block of multicarrier containing several sub-carriers, sub-symbols, 

and prototype Pulse Shaping Filter (PSF). The GFDM block is created by 

time and frequency shifting of prototype PSF with the multiplication of 

finite time windows. The GFDM presents preference motivation based on 

efficient multicarrier filter bank utilization [1].  

1.2 Generalized Frequency Division Multiplexing 

GFDM has several advantages over other schemes based on 

multicarrier techniques, it has a minimum Out-Of-Band (OOB), which 

allows it to transmit a higher power signal without causing interference to 

other systems. It also has an efficient Peak-To-Average Power Ratio 

(PAPR), which makes it more power-efficient. Additionally, GFDM has a 

flexible sub-carrier spacing, allowing it to adapt to the channel conditions 

and improve the system's spectral efficiency. GFDM is a relatively new 

technology that is still being researched and developed. It might be utilized 

in several communication systems, including, satellite systems, Wireless 

Local Area Network (WLAN) and different generations of communication 
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systems. However, it has some challenges, such as the high computational 

complexity, which can make efficient by advanced techniques [2]. 

Moreover, the degradation can be enhanced by various methods, such as 

Artificial intelligence, which will present some of them in this dissertation.  

1.3 Channel Estimation 

Wireless communication systems face various challenges, such as 

interference, noise, fading, and limited bandwidth. These challenges can 

be mitigated using multiple techniques, such as channel estimation, error 

correction codes, and multiplexing techniques [3].  

Channel estimation is estimating the characteristics of the 

communication channel in a wireless communication system to the 

compensation in the receiver. In the mobile strategy, stations move and the 

received signal strength and phase change rapidly. Moreover, the signal 

transmitted over the channel is reflected by buildings and other obstacles 

in the ground, which leads to different paths to the receiver, which leads to 

different time delays, phases, amplitudes, and additional noise. It will cause 

severe fading. The estimated perform based known signal for the 

transmitter and receiver signal called pilot insert in each data frame with 

various forms depending on practical cases. It is an essential aspect of 

wireless communication, as the channel's characteristics can affect the 

system's performance, such as the Signal-To-Noise Ratio (SNR) and the 

error-correction capabilities. A transmission signal's channel 

characteristics show how the environment in which it is being sent affects 

it. This includes signal-weakening factors including fading, interference, 

and noise when transformed between the transmitter and receiver [4]. The 

channel performance estimation process performs based on the traditional 

method such as Least Squares (LS) and Normalized Least Mean Squares 
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(NLMS) or by innovative approaches such as Artificial Neural Network 

(ANN). 

Channel estimation-based LS is one method for estimating the channel 

response. It is a low-complexity method because it does not require prior 

knowledge of environmental statistics. It involves an estimate based on a 

divided pilot of the received over the transmitter to find the channel 

response estimate. NLMS channel estimation differs from LS channel 

estimation, designed based on the adaptive filter, reducing errors iteratively 

[5]. 

1.4 Artificial Neural Networks 

The human biological neural network simulation is called ANN. It is a 

computational network used to perform a wide range of tasks and controls 

based on the working of nerve cells of the central nervous system, which 

contains neurons that is simple and highly interconnected units. The 

neurons are the processing unit of the network that work in parallel and 

distributed form and belong with weighted links to adjacent neurons, and 

this weight is the memory unit of ANN. The weight can be changed 

according to the application by the training process [6].  

The famous type of ANN is the feed-forward back-propagating network 

presented in public by David Parker in 1985 and Le Cun in 1986, and it 

gives an efficient structure of the network. Their presentation was as 

modeling and simulation and did not take up real space due to the high 

complexity and weakness of processors at that time. After the tremendous 

development in the field of processors and computers and their capabilities 

in processing vast and complex data, ANN has taken an excellent position 

in advanced applications. It is currently a widespread and developed field 

[7].  
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1.5 Genetic Algorithm 

A Genetic Algorithm (GA) is a heuristic optimization search algorithm 

inspired by natural selection and evolution principles. It involves 

generating a population of possible solutions to a problem, evaluating their 

fitness, and selecting the best solutions for the next generation. This 

procedure is iterative until a solution or a predetermined number of 

iterations has been reached. GA is often used to solve complex 

optimization problems that are difficult to solve using traditional 

algorithms. GA is an evolutionary operation combining the random search 

containing the crossover and mutation and goal-oriented searches-based 

fitness functions. Its investigations are simultaneously in parallel form 

because it includes several chromosomes. The basic principle of the work 

is to find the definition of all the variables and find the optimal value. GA 

is an efficient method to solve the problem optimally based on natural 

selection. It continuously modified the population solutions values. The 

procedure of GA is based on randomly choosing individuals of the existing 

population to act as parents and bear the next generation's offspring. Over 

consecutive generations, the population develops across the best solution. 

GA is appropriate for specific optimization problems that standard 

optimization cannot solve when the issue is random, discontinuous, and 

indistinguishable [8].  

1.6 Interleaver 

An interleaver is a method that rearranges the order of a set of data 

elements systematically. It is used in digital communication systems to 

improve the system's performance by reducing the impact of errors on the 

transmitted data. There are many numbers of types depending on the 

arrangement of data. Interleavers are commonly used with the coding 
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algorithm, such as Polar Code (PC) or other, to improve further the 

transmitted data's reliability [9]. 

1.7 Coding System 

The coding system corrects the error caused by interference, noise, or 

poor signal strength; the digital system encodes the transmitter device's 

information and decodes the receiver's signal, reducing the error and 

recovering the transmitted data. Various recent channel codes presented in 

the communication system are to be reliably sent in the 5th Generation, PC 

was chosen in the channel coding of the control signal [10]. PC is the 

constructive code representing the possibility of repair on memoryless 

channels, which Arıkan delivered in 2009[11]. It used the channel capacity 

technique in signal processing scenarios. PC is an error-correcting code 

designed to be highly efficient regarding its error-correction capabilities 

and computational complexity. They are based on channel polarization, 

separating the channel into several "good" and "bad" channels based on 

their reliability. The good channels transmit the data, while the bad 

channels are used for error correction. Polar codes are widely used in 

modern communication systems, including cellular and satellite 

communication systems [12]. 

1.8  Literature Survey  

GFDM was first demonstrated by Gerhard Fettweis and his research 

team in 2009 with the Vodafone Chair in Mobile Communication Systems 

at the Dresden University of Technology, which presents some attractive 

features such as high degrees of spectrum fragmentation based on the 

efficient use of the cyclic prefix and the efficiency in the PAPR and OOB 

[13]. This research team continued to develop communication systems, 

especially those related to GFDM, in which Datta et al. 2011 presented the 

simple estimation method called Serial Inter-Carrier interference 
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cancellation (SIC). This method is applied under the effect of Additive 

White Gaussian Noise (AWGN) channel and gives an enhanced Bit Error 

Rate (BER) performance equal to 0.0009 at 16 dB and 0.00649 at 20dB 

[14]. 

 Datta et al., in 2012 [15], present a technique to reduce the error-based 

Double-Sided Serial Interference Cancellation (2-Sided SIC). The serial 

interference cancellation technique is enhanced in the BER and OOB. The 

enhancement in BER is 0.0064 at 12dB.  

Li et al. in 2016[16] proposed a new GFDM scheme by applying the 

Orthogonality-GFDM (O-GFDM) condition to eliminate the intrinsic 

interference of the conventional GFDM system. They used two prototype 

filters for odd and even sub-carriers. This proposed system presented 

enhancement over GFDM-based matched filter in performance at the muti-

path given by 0.2 ×10-3 at 16dB.  

Valluri and Mani 2018[17] used a Unique Word GFDM (UW-GFDM) 

to enhance the performance, which the BER reduced by using redundant 

sub-carriers that perform correlation in the frequency domain. The receiver 

used Weiner noise interpolation and sphere decoding. They use LABVIEW 

to simulate the GFDM transceiver with AWGN and multipath channels. 

And they have approved the National Instruments (NI) over other 

traditional receivers by 20×10-6 at 20dB.  

Agrawal and Appaiah 2019[18] used a scattered pilot based then 

derived the Kalman filter as channel estimation for Multiple Input Multiple 

Output-GFDM (MIMO-GFDM) hence handling time-varying channels. 

The estimation-based Kalman filter gives enhancement in BER 

performance by 0.038 at 30 dB.  
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LI et al. in 2019 [19] present efficient GFDM system-based PC, turbo 

code, Multi-Level Coding (MLC), and Bit-Interleaved Coded Modulation 

(BICM). The enhancement is 0.0048 at 5dB. 

 Valluri et al., 2020[20] invested in the block circulant GFDM nature 

to reduce the error and complexity on the receiver side. The sum of 

permutation matrices represents the modulation matrix, which use the 

Discrete Fourier Transform with the theory of circular arrays. To reduce 

the complexity, it computes the inverse sum of permutation matrices. The 

transceiver system was built by LABVIEW as software and the hardware 

by using Universal Software Radio Peripheral 2953R, which presents 

enhancement in BER by 8×10-6 at 30 dB. 

 Kumar et al. in 2021[21] present an enhancement of GFDM system-

based Sub-carrier Index Modulation and Constellation Precoding (SIM-

CP). The enhancement is 0.00099 at 12dB.  

Kumar et al. in 2022 [22] present an efficient method of reducing the 

PAPR and BER-based Chaotic Biogeography Based Optimization-

Selective Level Mapping (CBBO-SLM) at lower computational 

complexity. The enhancement in BER is 0.0049 at 20dB.  

Bouslam et al. in 2023[23] proposed an efficient reduction method for 

PAPR and BER-based intelligent swarm algorithm called JAYA and 

combined it with a Selective Mapping (SLM) scheme. The enhancement is 

14×10-6 at 15 dB and 1 dB at BER =10-6.  

1.9 Problem Statement 

This dissertation deals with the problem of the BER performance of 

GFDM, which is considered the weak point despite its advantage of the 

minimum OOB and efficient PAPR, which presents scenarios for reducing 

the BER-based PC, interleaver, GA, and ANN methods.  
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1.10 Objectives 

This dissertation will cover the following topics: 

1. Present the background of GFDM, PC, interleaver, GA, and ANN. 

2. Simulate the GFDM system-based PC and interleaver. 

3. Develop the GFDM behavior by optimizing PSF based on GA. 

4. Enhancing the channel estimation by ANN. 

5. Investigate the BER performance in each scenario of proposed 

designs.  

1.11 Main Contribution  

1. Present enhancement scenarios in BER performance of GFDM 

system based on PC and interleaver. 

2. Study the internal structure of GFDM and perform the enhancement 

by optimizing the performance by replacing the Standard PSF (St-

PSF) with Optimized-PSF (Op-PSF); this optimizes the step-based 

assign the PSF by GA.  

3. Perform the channel estimation based on LS and NLMS and use the 

data generated by this estimation to train different methods with the 

other numbers of neural in the hidden layer. Hence present 

enhancement of channel estimation-based ANN. 

1.12 Outlines of Dissertation 

This dissertation is organized into five chapters as follows: 

1-   Chapter one: introduces a general view of GFDM, channel estimation, 

ANN, GA, interleaver, and coding system. Then the literature survey of the 

last work is presented with objectives, main contribution  and outlines of 

dissertation. 
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2-   Chapter two: presents the theoretical background of the GFDM, 

wireless channel, channel estimation methods, PC, interleaver methods, 

ANN methods, and GA. 

3-   Chapter three: presents the proposed system's modeling details with 

different scenarios of GFDM, PC, interleaver, ANN, and GA. 

4-   Chapter Four: presents the simulation result of proposed systems with 

different scenarios and compares it with a literature survey of previous 

work. 

5-   Chapter Five: present the distinctive conclusions extracted from the 

proposed scenarios and suggest some work related to the proposed 

scenarios for the future.  
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Chapter Two 

Theoretical Background  

2.1 Introduction  

Due to the tremendous development in wireless communications and its 

rapid growth, the demand for frequency spectrum increased, making it a 

scarce commodity [24]. The multicarrier modulation technique spread in 

modern communication systems to ensure optimal use of the frequency 

spectrum and maximum throughput. This technique presents higher 

spectral efficiency when the high symbol rate wideband is split into a 

number of the narrowband lower rate and simulated simultaneously 

through a wireless channel [25].  

Wireless communication systems can be optimized to improve their 

performance and efficiency. Some ways to optimize a wireless 

communication system include using suitable modulation and multiplexing 

techniques, different modulation and multiplexing techniques have 

different trade-offs regarding bandwidth efficiency, error correction 

capabilities, and complexity. Choosing the correct technique can improve 

the performance of the wireless system [26]. 

This chapter presented the theoretical background of GFDM, Channel 

estimation, Least Square (LS), Normalized Least Mean Squares (NLMS), 

Polar Code (PC), interleaver, Artificial Neural Network (ANN), and 

Genetic Algorithm (GA). 

2.2 Generalized Frequency Division Multiplexing 

Generalized Frequency Division Multiplexing (GFDM) is a flexible 

multicarrier scheme proposed for the next-generation networks. GFDM is 
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a new optimization idea. It is a non-orthogonal frequency division 

multiplexing operating on Inverse Fast Fourier Transforms (IFFT)/Fast 

Fourier Transform (FFT), which perform tasks of reasonable complexity 

[27]. The waveform of GFDM is a Multicarrier, which divides the data 

stream over multiple lower data rate carriers. Each one is modulated 

individually. Present a suitable arrangement of boundaries over the 

requirements of the last generations. It does not require orthogonal 

verification between the sub-carriers and thus reduces the power loss to the 

lowest amount [28]. The structure is based on blocks built by sub-carriers 

(K) and sub-symbols (M) and modulated separately. Prototype Pulse 

Shaping Filter (PSF) designed in time and frequency shifting are applied 

for each K to reduce the Out Of Band (OOB) emission effect. The applied 

filtering on the K caused a loss of orthogonality [29]. 

Figure (2.1) present the blocks of data transmitted by each block divided 

by the spectrum into K in the frequency domain and M in the time domain. 

dk,m represents data send in GFDM blocks with kth sub-carrier and mth sub-

symbol. Each symbol is filtered with a PSF. The behavior of PSF is present 

in Figure (2.2). Each block N=K×M that required to transmit. The spectral 

efficiency of GFDM is more efficient due to the single Cyclic Prefix (CP) 

of each block [30]. 
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Figure (2.1): The structure of GFDM data block [31] 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (2.2): The impulse response of PSF [32]. 
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  The GFDM transmitted signal is presented in Equation (2.1), the filter 

circularly shifted in Equation (2.2), and the equation of PSF is given in 

Equation (2.3). The block diagram of modulation and demodulation of 

GFDM is present in Figure (2.3) and Figure (2.4) [34]. 

𝑥[𝑛] = ∑ ∑ 𝑑𝑚,𝑘𝑔𝑚,[𝑛]𝐾−1
𝑘=0    𝑀−1

𝑚=0                                                          (2.1) 

𝑔𝑚[𝑛] = 𝑔[(𝑛 − 𝑚𝑘)𝑚𝑜𝑑 𝑁] exp (𝑗2𝜋 
𝑘𝑛

𝐾
)                                         (2.2) 

𝑔[𝑛] =
𝑠𝑖𝑛𝑐(𝑛)×cos(𝜋×𝑟×𝑛)

1−(4×𝑟2×𝑛2)
                                                                      (2.3) 

Where 𝑥[𝑛] is the transmitted signal. [𝑛] is the sampling index 𝑛 =

0, … , 𝑁 − 1. 𝑑𝑚,𝑘 is the complex data. 𝑔𝑚,[𝑛] is prototype PSF, 𝑟 is Roll 

off factor of the pulse shaping filter, N is K×M. 𝑘 is constant value from 

1 to K. 𝑚 is constant value from 1 to M. 

The main advantage of GFDM is summarized below [35]: 

1-    Presents lower OOB and PAPR due to the PSF. 

2-    Shows an efficient spectrum using one CP for each block. 

3-   present high flexibility in terms of setting up GFDM blocks. 

Meanwhile, the disadvantages of GFDM are the complexity and the 

performance of Bit Error Rate (BER) [36]. 
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Figure (2.3): GFDM modulation [37]. 

 

 

Figure (2.4): GFDM De-modulation [37]. 
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The orthogonality between sub-carriers of GFDM was lost due to 

the PSF. Hence this leads to increasing the self-interference arising 

from BER. The self-interference between the neighboring sub-carrier 

present in Figure (2.5) [39].  

 

 

 

 

 

Figure (2.5): Self-interference between the neighboring sub-carrier [39]. 

 

2.3 Wireless Channel 

Typical mobile radio systems need the information transferred from a 

stationary base station to a mobile device in motion. The communication 

data is modulated and transmitted across a wireless channel as waveforms. 

As signals travel across the wireless channel to the receiver, objects such 

as automobiles, buildings, trees, mountains, and hills collide. Block the 

line-of-sight propagation route, causing unwanted effects on the 

propagating symbols. Due to the detrimental effects of these obstructions, 

the signals undergo reflection, diffraction, and scattering, causing them to 

arrive at the receiver via multiple reflective paths with varying time delays, 

amplitudes, and phases, a phenomenon known as multipath propagation 

[40]. 

When propagating, waves suffer from reflection, diffraction, and 

scattering. Reflection occurs when radio waves experience reflection 

caused by an obstacle with dimensions larger than the wavelength of the 

transmitted signal [41]. Diffraction occurs when a sharp object's surface 

blocks a wave, resulting in an apparent wave propagating toward the 
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receiver. Meanwhile, signal scattering occurs when objects with 

dimensions smaller than the wavelength of the transmitted signal block the 

signal. This signal scattering will then cause the signal to be reflected in all 

directions. For example, the signal is scattered by rainwater [42].  

The transmitted data generally corrupted by noise through the channel 

propagation, which suffered from fading and multipath, the received signal 

present as Equation (2.4). This fading and multipath made detecting the 

transmitted data challenging, which required pinpoint methods to channel 

estimation [43].  

𝑦(𝑛) = 𝑥(𝑛) ∗ ℎ(𝑛) + 𝑤(𝑛)                                                          (2.4)   

Where: 𝑦(𝑛) is the received signal. 𝑥(𝑛) is the transmitted signal. * is 

the convolution operation. ℎ(𝑛)is the channel effect. 𝑤(𝑛) is the AWGN. 

Rayleigh fading channel is one of the wireless channel simulations 

based on a Gaussian or normal distribution with more tapes, multiple 

indirect paths between transmitter and receiver, and no distinct dominant 

path. It means there is no line of sight. Rician fading channel differs with 

the applied direct line of sight in addition to the number of indirect 

multipath [44]. 

 

2.4 Channel Estimation  

The channel estimation process determines the characteristics of a 

communication channel in a wireless system, which helps the receiver to 

predict the approximation of the channel impulse response and understand 

the effects of the channel on the transmitted data, hence performing 

optimum reconstruction of the transmitted information. The precision of 

the channel estimate is essential to a wireless communication system's 

success since it directly impacts the quality of the recovered signal. The 

communication systems parameters, such as the modulation scheme, 
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channel type, and available resources, determine the channel estimate 

technique. There are various estimation types, one of which is the pilot-

based channel estimation schemes [45]. 

The pilot-based channel estimate is a technique for assessing the 

parameters of a communication channel in a wireless communication 

system by introducing pilot symbols into the sent signal. The receiver then 

applies this information to estimate the channel response. In pilot-based 

channel estimation, the transmitter regularly broadcasts a known sequence 

of symbols throughout the data transmission. These symbols, known to the 

receiver, aim to offer a reference for the receiver to estimate the channel 

response. The receiver can estimate the channel response by comparing the 

known pilots to the received pilots. Pilot-based channel estimation is a 

straightforward and efficient technique, although it has limits. For 

example, it needs many pilot symbols in the transmission, limiting its 

capacity [46]. 

Additionally, the channel response varies across pilot symbols. In 

addition, a high-resolution channel assessment is necessary for the receiver 

to adjust correctly for channel-induced distortion. Pilot-based channel 

estimation is a simple and effective approach for channel estimate in 

wireless communication systems. However, it has significant drawbacks, 

mainly when dealing with high-resolution estimation is necessary [47]. The 

general block diagram related to channel estimation is presented in Figure 

(2.6). 
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Figure (2.6): General channel estimation block diagram [48]. 

 

2.4.1  Least Square (LS)  

The estimation-based LS is one of the channel estimation methods for 

wireless communication, which present how the channel affects the signal 

by the environment. This effect includes interference and noise, which 

always weaken the signal between sending and receiving. The LS 

estimation contains the training pilot signal inserted in the transmitted 

signal and used to estimate the signal in the receiver. LS reduces the sum 

square error between the transmitter and receiver pilot to find the best 

channel response estimate, the theoretical block diagram of LS present in 

Figure (2.7) [49].  

 

 

 

 

 

Figure (2.7): General block diagram of LS identification system [50]. 
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After performing GFDM demodulation, LS steps were applied for each 

K. The received pilot extracted from the received signal (demodulated 

signal). Then the estimated LS is computed as Equation (2.5). Interpolation 

is applied to get the channel estimation HLS as Equation (2.6). Finally, the 

transmitted signal was recovered by dividing the receiving signal over HLS 

as Equation (2.7) [51]. 

𝐿𝑆𝑒𝑠 =
𝑌𝑝

𝑥𝑝
                                                                                         (2.5) 

 𝐻𝐿𝑆 = interpolate (𝐿𝑆𝑒𝑠)                                                               (2.6) 

 𝑌𝑒𝑠 =
Y

𝐻𝐿𝑆
                                                                                         (2.7) 

Where: 𝐿𝑆𝑒𝑠: is the LS estimation. 𝑌𝑝: is the received pilot. 𝑥𝑝 : is the 

transmitted pilot. 𝐻𝐿𝑆:is the channel estimation. 𝑌𝑒𝑠  :is the estimation of 

received signal.  

 

2.4.2 Normalized Least Mean Square (NLMS) 

One of the methods for channel estimation in wireless communication 

systems is the NLMS algorithm. The NLMS algorithm is a type of adaptive 

filter that is used to estimate the response of a wireless channel. The 

algorithm uses the adjustment of the filter coefficients to minimize the error 

between the desired signal and the filtered version of the received signal. 

In the NLMS algorithm, the filter coefficients are updated at each time step 

based on the current error, the current input signal, and a step size 

parameter. It is relatively simple to implement. However, it can be sensitive 

to the choice of step size, and the algorithm can sometimes converge to a 

suboptimal solution. It can join slowly when the channel is highly 

correlated [52]. The general block diagram of NLMS presented in Figure 

(2.8). Equation (2.8) to Equation (2.12) present the procedure of NLMS 
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which 𝑤𝑁𝐿𝑀𝑆 is the output of NLMS, ℎ𝑁𝐿𝑀𝑆   is the NLMS estimation for 

channel. 𝑒𝑁𝐿𝑀𝑆 is the error.  HNLMS is the channel estimation. 𝑌𝑁𝐿𝑀𝑆 is the 

received estimation [51]. 

𝑤𝑁𝐿𝑀𝑆 = ℎ𝑁𝐿𝑀𝑆 ∗ 𝑥𝑝                                                                                 (2.8) 

 𝑒𝑁𝐿𝑀𝑆 = 𝑌𝑝 − 𝑤𝑁𝐿𝑀𝑆                                                                              (2.9)                          

ℎ𝑁𝐿𝑀𝑆 = ℎ𝑁𝐿𝑀𝑆 +
2∗𝑒𝑁𝐿𝑀𝑆∗𝑥𝑝

𝑥𝑝
𝑇∗𝑥𝑝

                                                                                        (2.10) 

𝐻𝑁𝐿𝑀𝑆 = interpolate (ℎ𝑁𝐿𝑀𝑆)                                                               (2.11)  

𝑌𝑁𝐿𝑀𝑆 =
Y

𝐻𝑁𝐿𝑀𝑆
                                                                                       (2.12) 

 

 

 

 

 

 

 

Figure (2.8): General block diagram of NLMS [51]. 

 

2.5  Polar Coding (PC) 

Channel coding is used in mobile communication to protect the 

transmitted data from errors through the transmission, such as interference, 

noise, and drop strength of the signal, which encodes the data at the 

transmitter and decodes it at the receiver. Communication systems are 

continuously in development hence required to improve their performance 

and apply new services and applications [53]. PCs are one of the modern 
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types of coding systems. It is one kind of forward error correction; 

however, they have been used in 5G communication systems as channel 

coding of the control channel. PC performs well compared to Low-Density 

Parity-Check Code (LDPC) and turbo codes which give the lowest 

complexity [54].  

PC generates virtual channels, which assign as proper channels and 

useless channels. The PC's encoding process is performed by kernel matrix 

or generator matrix (F) shown in Equation (2.13) and performs Kronecker 

product as in Equation (2.14). The Kronecker product contains the + 

character, which refers to the XOR operation. 𝑢 refer to input bit data that 

length of P. The kernel matrix can expand to large number of bits as 

Equation (2.15). ⊗ is Kronecker product operation. The polar encoder of 

2-bit present in Figure (2.9). The encoder can expand to a greater number 

of inputs as Figure (2.10). Which the stage compute based on 𝑞 = log2 𝑃. 

The input data to encoder is V bit and the output is P, P-V is the frozen bit 

often adjusts a value of 0 [55]. 

𝐹2 = [
1 0
1 1

]                                                                                  (2.13)  

[𝑢1  𝑢2]𝐹2 = 𝑢(2) = [𝑢1 + 𝑢2   𝑢2]                                                    (2.14)   

𝐺2𝑛 = [
1 0
1 1

]
⊗q

                                                                           (2.15) 
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Figure (2.9): 2-bit PC encoder [56] 

 

Figure (2.10): Extended PC encoder [57] 
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the demodulator cannot get absolute confidence about the encoded block 

because of the unstable behavior of the noise in the communication 

channel. At the demodulator, give the confidence about of bit in the 

encoded by applying Logarithmic Likelihood Ratio (LLR) as in Equation 

(2.16). Then applied min-sum approximating as in Equation (2.17). 

𝐿𝐿𝑅 = 𝑙𝑛 [
𝑝𝑟(𝑏𝑖𝑡=0)

𝑝𝑟(𝑏𝑖𝑡=1)
]                                                                          (2.16)   

𝑓(𝑟1, 𝑟2) = 𝑠𝑔𝑛(𝑟1)𝑠𝑔𝑛(𝑟2)min (|𝑟1|, |𝑟2|)                                                 (2.17)                               

 The pr(bit=0) and pr(bit=1) in refer to the probability of 0 and 1 bit 

which the positive value of LLR indicates the possibility of 0 is high, and 

the negative value guide the likelihood of 1 being high. 𝑠𝑔𝑛  is sign 

function that returns the positive number to +1 and negative number to -1. 

min  is the minimum sum between two receivers 𝑟1and 𝑟2. 

2.6  Interleaver 

The procedure of interleaving plays a crucial role in a modern 

communication system. Its present de-correlation through the neighboring 

bits in coding and decoding steps. Its method of arranging the data stream 

to become in nonadjacent locations without adding or losing anything. 

Different types depend on the behavior of change locations of a bit stream. 

The interleaved system is easy to build at the transmitter and receiver side 

and sometimes requires bit storage [58]. It converts burst errors to random 

errors and helps the error correction process by enhancing the coding 

algorithm, such as PC. On the transmitter side, it is used after the encoding 

of the PC, while the receiver is used before the PC decoding [59]. 

2.6.1 Random Interleaver 

The Random type of interleaver performs the scrambling of data by 

different patterns. This permutation is present without a known pattern. 
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Despite its high efficiency, it requires a lot of memory space at the 

transmitter and receiver, which the data organized as a random set of the 

memory address. Figure (2.11) present random interleaver [60]. 

 

 

 

 

 

Figure (2.11): Random interleaver [61] 

 

2.6.2 Helical Interleaver  

Helical interleaver is one type of interleave that fil the block in 

deterministic order and reads it diagonal-wise (helical fashion) as in Figure 

(2.12) [62]. 

 

 

 

 

 

 

 

Figure (2.12): Helical interleaver [63] 
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2.6.3 Matrix Interleaver 

Matrix interleaver is performed by writing the specific dimensions 

column by column until the matrix is complete, then for transmitting, read 

row by row as shown in Figure (2.13) [64]. 

 

 

 

 

Figure (2.13): Matrix interleaver [62] 

2.7 Artificial Neural Network (ANN) 

ANN is a method for processing information created to generalize a 

mathematical representation of people's brains. Inspired by the biological 

nervous system study. Understanding the biological nervous is restricted 

to medical details. The neuron is the brain's fundamental unit. Through 

input routes called dendrites, it is a complex metabolic and electrical signal 

processing unit that ingests and combines data from many other neurons. 

Figure (2.14) illustrates a neuron from the human brain [65]. 

 

 

 

 

 

Figure (2.14): A biological neuron [65].  
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 ANN is a grid of linked neurons. In other words, the neural network 

resembles the human brain in its operation. It aims to generate an output 

decision or pattern in response to the input [66]. The ANN process-based 

collecting data and prepared for training and testing to give its decision 

based on the error function. The general flow-chart of ANN is shown in 

Figure (2.15). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (2.15): General flowchart of ANN [67]. 
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The fundamental structure of single neurons is seen in Figure (2.17), 

and Equation (2.18) and Equation (2.19) present the mathematical model 

[68]. 

𝑦 = 𝑓(𝑛𝑒𝑡)                                                                                                    (2.18) 

𝑛𝑒𝑡 = 𝑤1𝑥1 + 𝑤2𝑥2 + 𝑤3𝑥3 + ⋯ + 𝑤𝑛𝑥𝑛                                             (2.19)     

where: 𝑦: The output of the neuron. 𝑓(): The activation functions. 𝑥: The 

input signals. 𝑤: The weight. 𝑛: The number of inputs to neurons, 𝑛𝑒𝑡 is 

the input to activation function. 

 

 

 

 

 

Figure (2.16): Single neuron [69]. 

The essential characteristic of ANN is the learning process, which is the 

ability to adjust the network parameters (synaptic weights) to generate the 

intended response. Learning is continuous until the output response 

converges with the expected output response. The training process finishes 

when the actual output response matches the desired output responses [70]. 

Back-propagation is a prominent form of supervised feed-forward 

multilayer networks [71]. Back-propagation is, fundamentally, compute 

the error based gradient descent approach. Several variants of the 

fundamental algorithm, including as Newton and conjugate gradient 

techniques, are used to optimize the network's performance. The training 

activity is terminated when the Mean Square Error (MSE) reaches its 
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minimal value [72]. For optimal training outcomes, the parameters must 

assign professionally, such as the training method, number of neurons, 

hidden layer and the activation function. In the back-propagation method, 

compute the MSE by the compute the actual output as Equation (2.20), 

then compute the gradient (g) as in Equation (2.21) Figure (2.17) depicts 

the procedure of supervised training [73-74]. 

MSE =
1

2
 ∑(d − y)2     

k

                                                                             (2.20) 

g =
∂(MSE)

∂w
                                                                                                  (2.21) 

where: MSE : The Mean Square Error. d: The output desired. g : The 

gradient of the MSE with respect to the weight. ∂() is derivation 

operation. 

 

 

 

 

 

 

Figure (2.17): Block diagram of supervised training [75]. 

2.7.1.1 Levenberg–Marquardt (LM) Algorithm 

Its efficient algorithm arrived at the optimum solution for solving the 

problem based on the Hessian matrix. LM combines the stability of the 
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steepest descent and the speed of the Gauss–Newton.  The mathematical 

model of LM is present in Equation (2.22) [76]. 

𝑤𝑡+1 = 𝑤𝑡 − [ 𝐽𝑇 𝐽 + 𝜁 𝐼 ]−1𝐽𝑇𝑒                                                              (2.22) 

where: 𝑤𝑡+1 : The new weight vector.  𝐽 : The Jacobian matrix. 𝜁  : 

Combination coefficient. e: A vector of network errors. 

2.7.1.2 Scaled Conjugate Gradient (SCG) Algorithm 

SCG is a development of the method for steepest descent. In conjugate 

gradient, execute conjugate direction to provide quicker convergence, 

faster than at steepest descend, while preserving the low error rate 

established in the preceding phases. With each repetition, the step size is 

modified. As seen in Equation (2.23), the start directly with the negative of 

the gradient. Equation (2.24) present the weight updating. The direction of 

the steps is determined by Equation (2.25) and Equation (2.26) [77]. 

𝑝0 = −𝑔0                                                                                             (2.23) 

𝑤𝑘+1 = 𝑤𝑘 + α𝑘 𝑔𝑘                                                                               (2.24) 

β𝐾 =
(|g𝐾+1|2−g𝐾+1

𝑇)

g𝐾
𝑇 g𝐾

                                                                            (2.25) 

P𝐾+1 = −g𝐾+1 + β𝐾𝑆𝐾                                                                        (2.26) 

Where: 𝑆 is searching direction vector and g is gradient direction vector, w 

is the weight. α is the step size. 

2.7.1.3 Bayesian Regularization (BR) Algorithm  

In the classic algorithm, calculate the sum square error between actual 

and predicted data as Equation (2.27), then extended and enhanced by 

inserting regularization techniques which to measure the standard 
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deviation of the weights as Equation (2.28); hence the cost function 

becomes Equation (2.29) [78]. 

E𝐷 = ∑ 𝑒𝑘
2𝑛

𝐾=1                                                                                     (2.27) 

E𝑤 = ∑ 𝑤𝑖
2𝑛

𝑖=1                                                                                     (2.28) 

F(𝑤) = πE𝑤 + β E𝐷                                                                           (2.29) 

 Where: E𝐷 is the sum of errors, E𝑤  is the sum of squared weights. π and 

β are the parameters of cost function.  F(𝑤) is the cost function. 

2.8 Genetic Algorithm (GA) 

 Optimization is the primary purpose of using GA and any other 

evolutionary algorithm in all fields. Since optimization is the goal, it is also 

used in broad areas such as control, simulation, modelling and other. The 

conventional optimization methods start with a single factor of search 

performed iteratively to arrive at the optimal solution based on static 

heuristics. GAs represents the most representative, well-known, 

characterized, and widespread evolutionary computation; this was done by 

using the essential principles of biological evolution without the need to 

overcomplicate the biological mechanisms at the cell level. GA can be 

applied without restrictions related to the type of problem or method of 

optimization and requires a long time for execution which present a high 

number of iteration and hence has been categorized as an offline 

optimization algorithm [79]. 

GAs incorporates all the essential natural evolution items, making them 

exceptionally effective. It keeps simple and is hence easy to use for many 

problems. Generally, GA is used to search for an optimal solution or near-

optimal under challenging issues. Their use is beneficial in nonsmoothed 
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optimization environments, while other algorithms present weak 

performance [80]. 

2.8.1  Basic GA Principles 

GA used a group of candidates (population) to seek several paths or 

spaces together. GA operate based on the population of individuals; each 

can have a solution encoded as binary with fixed length string, similar to 

an actual chromosome.  After generating the first population randomly, the 

algorithm develops the process through iterative and sequential selection, 

crossover, and mutation. New generations appear after the termination of 

each iteration. The population can merge previous knowledge with 

solutions. This process should not limit population variety; otherwise, 

convergence is accelerating. Selection is applied over the current 

population to generate an intermediate population, then crossover and 

mutation to develop the next generation's possible solutions [81]. 

2.8.2 Genetic Algorithm Block Diagram 

GA is a powerful optimization technology that draws inspiration from 

the biological process of natural selection. Population initialization, 

crossover, mutations, and selection are the stages in GA. The block 

diagram of GA is present in Figure (2.18) [82]. 

Initialize Population: Creation of an initial set of people, commonly 

referred to as chromosomes, as the first stage in GA. It represents the 

potential solution to the current issue by the people. The user determines 

the population size and the starting values of the individuals, so it is 

important to choose a robust population initialization approach [83]. 

Crossovers: A crossover agent combines the genetic material of two 

individuals to create new individuals. New individuals represent new 
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potential solutions to the problem. The crossover factor is applied to a 

random selection of individuals from the population to generate new 

children [84]. 

Mutation: A mutation agent introduces small random changes to 

individuals to increase diversity in the population. The mutation factor is 

applied to a random selection of individuals from a population [84]. 

Selection: The selection factor chooses the individuals with the best 

performance. A selection factor is applied to the population to select the 

best individuals, which will be used to generate new offspring in the next 

iteration. This step is crucial in directing the search towards the optimal 

solution [84]. 

The process is repeated for a fixed number of generations or until the 

stopping criterion is met. The best individual in the final group is 

considered to be the optimal solution to the problem. It should be noted 

that different forms of GA may use different strategies for the above steps 

or even include additional steps such as elitism or other selection methods. 

The choice of strategy and GA criteria is critical to achieving optimal 

results [84]. 
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Figure (2.18): Block diagram of GA [85]. 
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Chapter Three 

The Proposed GFDM Scenarios 

3.1 Introduction  

This chapter presents the proposed system's modeling details with 

different GFDM, PC, interleaver, ANN, and GA scenarios. The wireless 

communication system generally contains several steps. Each one belongs 

to the overall system and performs its function. The general block diagram 

of the transmitter and receiver system is shown in Figure (3.1).  

• The first step is to generate data that would be sent over the 

channel and then received. This data is used to compute the 

performance by calculating the BER between the transmitted 

data and the received.  

• The second step is the coding system used to detect and correct 

the error through the channel based on added redundancy bit, 

without the need to data re-transmit, which is considered a type 

of forward error correction.  

• The third step is the interleaver, which almost belongs to the 

coding system to convert burst error to random error, enhancing 

the coding system's ability to detect and correct the error.  

• The fourth step is the mapper, which gets a modulated signal.  

• The fifth step is adding a pilot. It is considered bits of identifier 

for sending and receiving that can be used for channel estimation. 

It is used to know the channel effect on the transmitted signal and 

perform the estimation and equalization process.  

• The sixth is the GFDM modulation step.  
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• The seventh step is adding CP, which cancels the effect of inter-

symbol interference, and the multipath generates it through the 

channel. 
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• The eighth step is the channel that transmits the signal through it. It 

is crucial due to its effect on the system's performance and various 

scenarios used to estimate its effect and equalize it to get the 

transmitted signal. 

 At the receiver, the signal entered the same transmitted step in reverse 

order with an additional step called the estimation and equalizer. In this 

step, estimate the channel effect over the transmitted signal, then equalize 

it to remove its effect.  

In this dissertation the GFDM enhancement methods presented as in 

Table (3.1) which began with traditional methods then proposed scenario.   

Table (3.1): Summary of the proposed work offer. 

Type Section 

 

Traditional scenario 

3.2 GFDM with AWGN 

3.3 GFDM Under Rayleigh Fading Channel   

3.4 GFDM with PC and AWGN 

 

 

 

Proposed scenario 

3.5 PI-GFDM 

3.6 LP-GFDM  

3.7 LPI-GFDM  

3.8 G-GFDM 

3.9 GN-GFDM 

3.10 GNP-GFDM 

3.11 GNPI-GFDM 
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3.2  Traditional GFDM with AWGN 

In this traditional step, the GFDM system was built with an AWGN 

channel. The block diagram of this traditional step is shown in Figure (3.2), 

and the system is simulated based on parameters present in Table (3.2). 

This traditional step will give the effect of Roll Off Factor (r) on the Pulse 

Shaping Filter (PSF) behavior and performance. Several mapping orders 

will test and perform the BER performance. The transmitter and receiver 

GFDM's block diagrams are presented in Figures (3.3) and (3.4). The first 

step is to generate a random symbol with length K×M to generate 

Pseudorandom integers. QAM modulates the generated data with 16 

modulation orders and then prepares for GFDM modulation. After that, 

add the AWGN channel. The receiver is in the same steps as the transmitter 

but in reverse order. 

The general GFDM algorithm for the transmitter and receiver are 

presented below.  

On the transmitter side: 

Step one: Reshape the modulated symbol data to size K×M matrix. 

Step two: Perform IFFT then Up sampling to N. 

Step three: Create the shaping filter G N*1 and obtain the shift version 

step four: Compute the GFDM modulation as in Equation (2.1). 

On the receiver side: 

Step one: Taking the FFT to the received signal  

Step two: Multiply with the shifting PSF. 

Step three: perform the down sampling then accumulate the samples of all 

sub-carriers. 
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Figure (3.2): General block diagram of traditional GFDM with AWGN 

 

Table (3.2): System parameters of traditional GFDM with AWGN 

 

 

 

Symbols  value Description   

K 20,16 Number of sub-carriers 

M 16,15 Number of sub-symbols 

r 0.1 Roll off factor of the pulse shaping filter 

mu 4 Modulation order of the QAM symbol = 

16QAM 

SNR 1:3:31 Signal-To-Noise Ratio range 

itr 1000 Iteration (number of send blocks) 

Channel Random AWGN 

Data source Mapper GFDM 

Data sink De mapper 
GFDM 

AWGN 

channel 

 

Transmitter 

Receiver 
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Figure (3.3): The block diagram of the transmitter GFDM. 

 

 

 

 

 

 

Figure (3.4): The block diagram of the receiver GFDM. 

 

3.3   Traditional GFDM Under Rayleigh Fading Channel   

This traditional step built the GFDM system with the number of paths 

and estimated the channel effect by LS and NLMS methods. The channel 

estimation is performed based on inserting a pilot signal at the transmitter 

side and used in the receiver to estimate the channel effect and then perform 

the equalization. The block diagram of this scenario is shown in Figure 

(3.5), and the parameters are present in Table (3.3). 
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G[n] 
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Table (3.3): System parameters of traditional GFDM with Rayleigh 

fading channel. 

Description value Symbols 

Number of sub-carriers 20,16 K 

Number of sub-symbols 16,15 M 

Percentage of cyclic prefix 0.1 CP 

Roll off factor of the pulse shaping filter 0.1 r 

 20% pilot 

Modulation order of the QAM symbol = 16QAM 4 Mu 

SNR range 1:3:31 SNR 

Rayleigh fading random Channel 

Number of paths (tapes) 1,2,3,4 NP 

 

Figure (3.5): Block diagram of Traditional GFDM with multi path 

channel estimation   

Data source Mapper 

 

Added 

Pilot 

GFDM 

 

Added 

CP 

De- 

Mapper 

Estimation 

& Equalizer 
GFDM  Remove 

CP 
Data sink 

Rayleigh 

channel 

  

Transmitter 

Receiver 



     Chapter Three: The Proposed GFDM Scenarios                                                                              

 

41 
 

3.4  Traditional GFDM with PC and AWGN 

In this traditional step added, the PC as a coding system to the 

GFDM system-based AWGN channel. The block diagram of this 

traditional system is presented in Figure (3.6). The parameters of this 

system are shown in Table (3.4). 

 

 

 

 

 

 

 

 

 

Figure (3.6): General block diagram of GFDM with PC and AWGN. 

Table (3.4): System parameters of GFDM with PC and AWGN. 

 

 

 

Description value Symbols 

Number of sub-carriers 20,16 K 

Number of sub-symbols 16,15 M 

Roll off factor of the PSF 0.1 r 

Modulation order of the QAM symbol = 16QAM 4 Mu 

PC rate 1

2
≈ PR 

SNR range 1:3:31 SNR 

AWGN random Channel 

Data source PC 

encoder 

Mapper GFDM 

 

PC 

decoder 

De- Mapper GFDM Data sink 

AWGN 

Transmitter 

Receiver 
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3.5  PI-GFDM Scenario 

 This section presents scenario-based Polar Code Interleaver-GFDM 

(PI-GFDM) that combines the PC with the interleaver in one system to 

enhance the GFDM performance. The PC performs the coding system 

while the interleaver converts burst error to random error, supporting 

the PC's performance. The block diagram of PI-GFDM is shown in 

Figure (3.7). The parameters of this scenario are shown in Table (3.5). 

Table (3.5): System parameters of PI-GFDM scenario. 

 

 

 

 

 

 

 

 

 

 

 

Description value Symbols 

Number of sub-carriers 20,16 K 

Number of sub-symbols 16,15 M 

Roll off factor of the pulse shaping filter 0.1 r 

Modulation order of the QAM symbol = 16QAM 4 Mu 

PC rate 1

2
≈ PR 

SNR range 1:3:31 SNR 

AWGN random Channel 

Data source PC 

encoder 
Interleaver Mapper 

 

GFDM 

 

PC 

decoder 

De- 

interleaver 

De- 

Mapper 

GFDM  

 

Data 

sink 

AWGN 

Transmitter 

Receiver 

Figure (3.7): General block PI-GFDM scenario. 
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3.6  LP-GFDM Scenario 

This scenario presents a method that uses PC as a coding system for 

GFDM with LS. Least Square Polar Code GFDM (LP-GFDM) is 

considered one of the new improvements introduced through several 

scenarios. Different PC Rate (PR) values are used and choose the best 

performance. PR the ratio of added redundancy bits to detect and correct 

the error. The proposed block diagram of this new scenario is shown in 

Figure (3.8). Table (3.6) presents the simulation parameters of this 

scenario. 

Table (3.6): LP-GFDM scenario system parameters. 

Description Value Symbols 

Number of sub-carriers 20 K 

Number of sub-symbols 16 M 

Percentage of cyclic prefix 0.1 CP 

Roll off factor of the pulse shaping filter 0.1 r 

 20% pilot 

Modulation order of the QAM symbol = 16QAM 4 mu 

SNR range 1:3:31 SNR 

Rayleigh fading channel random Channel 

Number of paths (tapes) 2 NP 

PC Rate various PR 
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3.7 LPI-GFDM Scenario 

This scenario presents a improvement based adds PC as a coding system 

with interleaves that test three types: random, matrix, and helical. Least 

Square Polar Code Interleaver GFDM (LPI-GFDM) is a new scenario that 

compounds the ability to detect and correct the error of the PC and the 

ability to convert the burst error to a random error; hence reduce the BER 

of the system. The block diagram of this scenario is shown in Figure (3.9). 

Table (3.7) presents the simulation parameters of this scenario.  

 

Table (3.7):  LPI-GFDM scenario parameters. 

   

 

 

 

 

 

Description value Symbols 

Number of sub-carriers 20 K 

Number of sub-symbols 16 M 

Percentage of cyclic prefix 0.1 CP 

Roll off factor of the pulse shaping filter 0.1 r 

 20% pilot 

Modulation order of the QAM symbol = 16QAM 4 mu 

SNR range 1:3:31 SNR 

Rayleigh fading random Channel 

Number of paths (tapes) 2 NP 

PC Rate 1/3 PR 
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3.8 G-GFDM Scenario 

This scenario presents a new method of enhancing the performance of 

the GFDM system, its work-based Genetic Algorithm-GFDM (G-GFDM). 

Its target is the PSF, which is an important part, and considering this 

scenario is a new idea for enhancing the GFDM. GA performed the 

optimizing procedure to assign the PSF parameter and used the error 

between the transmitter and receiver as the cost function. The GA is a 

search for the best coefficient of PSF based on the initial value performed 

by a range of searches bounded by limiters values. The block diagram for 

Optimize-PSF (Op-PSF) is shown in Figure (3.10), which uses the GA 

used to optimize the PSF to present Op-PSF. Then, this optimized filter is 

used in the G-GFDM scenario. The block diagram of this scenario is shown 

in Figure (3.11). The parameters of this scenario are presented in Table 

(3.8). 

 

Table (3.8): G-GFDM Scenario parameters.  

Description Value Symbols 

Number of sub-carriers 20 K 

Number of sub-symbols 16 M 

Percentage of cyclic prefix 0.1 CP 

 20% pilot 

SNR range 1:3:31 SNR 

Rayleigh fading Random Channel 
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Figure (3.10): Block diagram of GA-PSF. 
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3.9 GN-GFDM Scenario 

This section presents a new scenario-based Genetic Algorithm 

Artificial Neural Network GFDM (GN-GFDM). It compares it with the 

Genetic Algorithm Least square GFDM (GL-GFDM), training the ANN as 

channel estimation with the Op-PSF for the GFDM system under the 

Rayleigh fading channel. The GA used to get Op-PSF as in Figure (3.10). 

The estimation-based ANN is performed by, at first, generating dataset-

based LS, then using it to train the ANN network with different values of 

neurons in the hidden layer. The SNR values are assigned at infinity, and 

when running the system, extract the transmitted pilot, received pilot, and 

the channel estimation-based LS. These extraction data are used as a 

dataset to test ANN with different values of neurons and then perform the 

interpolate function to complete the estimation and equalization process. 

The block diagram of ANN channel estimation is shown in Figure (3.12).  

The block diagram of GN-GFDM is shown in Figure (3.13). The 

simulation parameters of this scenario are presented in Table (3.9). 

 

Table (3.9): GN-GFDM scenario system parameters. 

Description value Symbols 

Number of sub-carriers 20 K 

Number of sub-symbols 16 M 

Percentage of cyclic prefix 0.1 CP 

Roll off factor of the PSF 0.1 r 

 20% pilot 

Modulation order of the QAM symbol = 16QAM 4 mu 

SNR range 1:3:31 SNR 

Rayleigh fading channel random Channel 

Number of paths (tapes) 1 NP 

Iteration (number of send blocks) 1000 itr 

Number of neurons in hidden layer  10-35 Ne 
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Figure (3.12): Block diagram of ANN channel estimation. 
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3.10 GNP-GFDM Scenario  

This scenario combines the enhancement-based Genetic Algorithm 

Artificial Neural Network Polar Code-GFDM (GNP-GFDM) under the 

Rayleigh fading channel. It compares with the Genetic Algorithm Least 

Square Polar Code GFDM (GLP-GFDM). This scenario combines three 

new enhancement methods: the first one is optimizing the PSF by GA, the 

block diagram shown in Figure (3.10), estimation-based ANN performed 

by the second step, which is the block diagram shown in Figure (3.12), and 

applies enhancement-based GA and ANN over the GFDM system-based 

PC as a coding system. Figure (3.14) presents the block diagram of the 

GNP-GFDM scenario. Table (3.10) presents the system parameters of this 

scenario. 

 

Table (3.10): GNP-GFDM scenario system parameters. 

Description Value Symbols 

Number of sub-carriers 20 K 

Number of sub-symbols 16 M 

Percentage of cyclic prefix 0.1 CP 

Roll off factor of the pulse shaping filter 0.1 r 

 20% pilot 

Modulation order of the QAM symbol = 16QAM 4 mu 

SNR range 1:3:31 SNR 

AWGN Random Channel 

Number of paths (tapes) 1 NP 

Iteration (number of send blocks) 1000 itr 

Number of neurons in hidden layer  10-35 Ne 
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3.11  GNPI-GFDM Scenario  

This section presents a new scenario-based Genetic Algorithm 

Artificial Neural Network Polar Code interleaver -GFDM (GNPI-GFDM) 

for developing the GFDM by combining new methods in one system and 

comparing with the Genetic Algorithm Least Square Polar Code 

interleaver -GFDM (GLPI-GFDM).  This scenario generates Op-PSF by 

GA and uses ANN as channel estimation.  PC and interleaver were added 

for the proposed system to complete the enhancement. This scenario 

combines all the last scenarios. The block diagram of Op-PSF is depicted 

in Figure (3.10), which is derived from the GA. The ANN block diagram 

is presented in Figure (3.12). The proposed GNPI-GFDM is shown in 

Figure (3.15). Table (2.11) presents the system parameters of this scenario. 

 

Table (3.11): GNPI-GFDM scenario system parameters. 

Description value Symbols 

Number of sub-carriers 20 K 

Number of sub-symbols 16 M 

Percentage of cyclic prefix 0.1 CP 

Roll off factor of the pulse shaping filter 0.1 r 

 20% pilot 

Modulation order of the QAM symbol = 16QAM 4 mu 

SNR range 1:3:31 SNR 

AWGN random Channel 

Number of paths 1 NP 

Number of neurons in hidden layer  10-35 Ne 
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Chapter Four 

Simulation Result 

4.1 Introduction  

This chapter presents the simulation result of proposed systems with 

different scenarios based on GFDM, PC, interleaver, ANN, and GA.  as 

present in Table (3.1), the structure of this chapter first presents the 

traditional system based on GFDM, channel estimation-based Least Square 

(LS) and Normalized Least Mean Square (NLMS) and coding system. The 

seconds present the proposed GFDM system with PC, interleaver, GA, and 

ANN scenarios. The proposed scenarios present the enhancement of each 

part based on BER vs. Eb/N0. The enhancement computes based on the 

difference in BER between the traditional and the proposed cases at the 

assigned Eb/N0. The simulated result performs based on computer 

processor properties: 11th Generation, Core i7-11800H and 16GB RAM, 

using MATLAB 2021b. Some system structures such as the value of K and 

M were restricted based on these computer properties. The GFDM system 

is built based on two structures. The first one is K=20, M=16 and the 

second is K=16, M=15. These two structures are different in performance 

depending on the PSF behavior, which the second is best. The worst 

performance is based on the PSF behavior and used to apply proposed 

enhancement techniques. 

4.2 Traditional GFDM with AWGN channel Results 

The GFDM system with two structures (K=20, M=16 and K=16, M=15) 

was built in the AWGN channel. Figure (4.1) shows the impulse response 

of the PSF with a different value of Roll off factor (r). Figure (4.2) presents 

the performance under different value of r, which increased when its value 
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reduced the performance. At 22 dB and K=16, M=15, the BER is 3×10-6, 

0.0022, and 0.0026, when r equals 0.1,0.2 and 0.3, respectively. The 0.1 is 

assigned in all scenarios. 

 

 

 

 

 

 

 

 

 

Figure (4.1): The behavior of PSF with various amount of the r. 

 

 

 

 

 

 

 

Figure (4.2) Performance with various amount of the r 
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Figure (4.3) shows the performance of GFDM with mapping order from 

2 to 16. As with routine behavior, the performance decreases when 

increasing the mapping order. Figure (4.4) present the performance 

comparison between the GFDM and uncoded case. This comparison 

presents progress in the performance of uncoded over GFDM. At 13 dB, 

The BER of uncoded, GFDM K16 M15 and GFDM K20 M16 are 2.6×10-

5, 0.00084 and 0.0081, respectively. 

 

 

 

 

 

 

Figure (4.3) Performance with various amount of the QAM order 

 

 

 

 

 

 

 

Figure (4.4): The GFDM Performance with 16 QAM. 
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4.3  Traditional GFDM Under Rayleigh Fading Channel Results 

This part applied multipath Rayleigh fading channel and channel 

estimation for the GFDM system, which presents the LS and NLMS 

algorithm as channel estimation. Each presents an identical performance, 

as shown in Figure (4.5). Hence the LS is used in the following scenario. 

The GFDM test under different numbers of paths. Figure (4.6) present the 

performance when the number of paths is 1 to 4. When increasing the 

number of paths, increase the BER. The one path gives a suitable 

performance which is considered in the following scenarios. 

 

 

 

 

 

 

 

 

Figure (4.5): Performance of LS and NLMS with one path. 
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Figure (4.6): GFDM performance-based LS with different paths. 

4.4 Traditional GFDM with PC and AWGN 

This section presented the traditional PC method as a coding system 

with GFDM.   The two structures (K=20 M=16 and K=16 M=15) are used 

with the PC Rate (PR) approach to 
1

2
 . The enhancement of this system is 

present in Figure (4.7). At K=20 and M=16, the PC perform enhancement 

by 2.5 dB at BER equal 10-2. When the structure the K=16 M=15, the PC 

present enhancement by 2 dB at 10-2 and 3.5 dB at 10-3. Also, the 

performance of uncoded case present enhancement over GFDM with PC 

at PR=0.5. 
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Figure (4.7) GFDM with PC. 

4.5 PI-GFDM Scenario Results  

This section presents the Polar Code Interleaver GFDM (PI-GFDM), a 

enhancement scenario of the GFDM-based combined PC with interleaver 

methods. The scattering in bits location provided by the interleaver helped 

the coding system in enhancement and reduced the error. Figure (4.8) and 

Figure (4.9) present the effect of interleaver methods on two structures of 

GFDM. 

 

 

 

 

 

 



     Chapter Four: Simulation Result                                                                                                

 

63 
 

 

 

 

 

 

 

 

 

Figure (4.8): PI GFDM scenario based K16 M15. 

 

 

 

 

 

 

 

 

 

 

Figure (4.9): PI GFDM scenario based K20 M16. 

 

Figure (4.8) presents the structure K16 M15; at 13 dB, the 

enhancement by adding PC is 2dB and 3.5 dB at BER 10-2 and 10-3 

respectively. When adding the interleaves methods, its effect is neglect 

at AWGN due to not found burst error. Figure (4.9) presents the 
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performance at structure K=20, M=16. The PC presents enhancement 

by 4 dB at BER 10-1. when used interleaver the enhancement is very 

little and therefore can be neglected. 

 

4.6  LP-GFDM Scenario Results 

 

The proposed Least Square Polar Code-GFDM (LP-GFDM) 

scenario performs based (K20, M16) and the addition of the PC as a 

coding system to the GFDM with LS as channel estimation. Figure 

(4.10) presents the performance with different PR values. The used PR 

is:  
1

3
,

1

2
,

2

3
,

3

4
 . The enhanced performance gets when the PR approach of  

1

3
. The PC effect with rate 

1

3
 appears after 10.5 dB in enhancing BER. 

With PR =
1

3
 and BER= 0.03 the enhancement is 1.5 dB. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.10) GFDM performance with PC. 
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4.7  LPI-GFDM Scenario Results 

This proposed Least Square Polar Code Interleaver GFDM (LPI-

GFDM) scenario that presents the effect of PC and interleaver on the 

GFDM system (K20, M16), shown in Figure (4.11). They use random, 

matrix, and helical interleaver to present the system's performance. All 

three types of interleaver present enhancement with different values. The 

random and helical interleaver overcome the matrix in all the range of 

Eb/No. the random helical interleaver present enhancement approach to 1.5 

dB at 1×10-3. The enhancement of matrix is very little and therefore can be 

neglected. Random interleaver has been assigned in the following 

scenarios based on the enhancement of random interleaver. 

 

 

 

 

 

 

 

 

 

Figure (4.11): performance-based LPI-GFDM. 
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4.8  G-GFDM Scenario Results  

This section added a scenario-based Genetic Algorithm-GFDM (G-

GFDM) to optimize the GFDM-based internal improvement, which used 

the GA to optimize the PSF by searching about the based PSF coefficient, 

reducing the BER for SNR. The error is the cost function, and the GA 

worked based on optimizing the performance. The search range of GA is 

bounded by the upper and lower PSF presented in Equations (2.3). The 

Optimized PSF (Op-PSF) with St-PSF is shown in Figure (4.12). The 

Standard- PSF (St-PSF) and Op-PSF-based AWGN channel-based GFDM 

(K20, M16) are shown in Figure (4.13), while Figure (4.14) presents the 

behavior-based Rayleigh fading channel. 

 

Figure (4.12): The impulse response of PSF. 
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Figure (4.13) The performance of the G-GFDM scenario at the AWGN 

channel. 

 

Figure (4.14): The performance of the G-GFDM scenario at the Rayleigh 

fading channel. 
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4.9 GN-GFDM Scenario Results  

This scenario is based on the Genetic Algorithm Artificial Neural 

Network GFDM (GN-GFDM) and compared with the Genetic Algorithm 

Least square GFDM (GL-GFDM), which used ANN as channel estimation 

based on LS with GA to improve the PSF. The system at first performs the 

estimation-based LS to generate a dataset. This data contains the 

transmitted and received pilot with channel response. The transmitted and 

received pilot considered input to train the ANN, while the channel 

response is desired for the training. The dataset used to train the ANN by 

three methods: LM, BR, and SCG, with a range of neurons in the hidden 

layer. Figure (4.15  a) presents the ANN structure with input, output, and 

hidden layer. Figure (4.15 b) shows the progress of SCG training 

performance over the epochs and presents the stopping point at best 

performance training.  

 

 

 

 

 

 

 

 

 

 

Figure (4.15): (a) ANN structure. (b)Best training results. 

 

(a) (b) 
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Based on the dataset that generated based LS estimation. The dataset 

was trained with different values of neurons in the hidden layer. Neural 

network fitting applications are used to train to assign the best performance 

with the number of neurons and type of training. LM, BR, and SCG are 

used as training methods. Figure (4.16) shows the performance comparison 

between GN-GFDM at 13 neurons with G-GFDM and traditional GFDM. 

This figure presents enhancement of LM method by 0.5dB at BER equal 

10-2. The LM and BR give similar performance. The SCG present inability 

in overcome the standard LS. 

 

 

 

 

 

 

 

 

Figure (4.16) GN-GFDM performance at 13 neurons. 

Figure (4.17) shows the performance with 14 neurons which the SCG 

method present enhancement by 1dB at 10-2 while the LM present 0.5dB 

at 10-2. Figure (4.18-20) show the performance with 15-17 neurons which 

the SCG method present enhancement by 1dB at 10-2 while the LM present 

less than GLP. The enhancement in Figure (4.17) is low and neglect hence 

the SCG method with 16 neurons is the best performance under GN-

GFDM scenario.  
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Figure (4.17) GN-GFDM performance at 14 neurons. 

 

 

 

 

 

 

 

 

 

Figure (4.18) GN-GFDM performance at 15 neurons. 
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Figure (4.19) GN-GFDM performance at 16 neurons. 

 

 

 

 

 

 

 

 

Figure (4.20) GN-GFDM performance at 17 neurons. 
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Figure (4.21) GN-GFDM performance at 18 neurons. 

4.10  GNP-GFDM Scenario Results  

This scenario is presented based on the added PC as a coding system to 

the GN-GFDM to get the Genetic Algorithm Artificial Neural Network 

Polar Code-GFDM (GNP-GFDM) scenario and also compare with the 

Genetic Algorithm Least Square Polar Code-GFDM (GLP-GFDM). The 

ANN is used as channel estimation. Neural network fitting applications 

with various numbers of neurons perform the estimation-based LS dataset 

and compare it with traditional GFDM-LS. The PC added and presented 

enhancement after 14 dB and degradation before 14dB, as present in the 

following results. Figures (4.22-24) presents the GNP-GFDM scenario 

with 12-14 neurons in a hidden layer.  
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Figure (4.22) GNP-GFDM performance at 12 neurons. 

 

 

 

 

 

 

 

 

 

Figure (4.23) GNP-GFDM performance at 13 neurons 
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Figure (4.24) GNP-GFDM performance at 14 neurons 

In Figure (4.22), the enhancement of BR  0.25dB at BER = 10-3, while 

the LM and SCG don’t present any enhancement. In Figure (4.23), the 

enhancement of LM and BR are 0.5dB at BER= 10-3, while the SCG don’t 

present any enhancement. In Figure (4.24), the enhancement of BR is 2.5 

and 3.5 at BER 10-3 and 10-4, while the SCG and LM don’t present any 

enhancement. Hence the BR with 14 neurons present the best performance 

in GNP-GFDM scenario.  

4.11 GNPI-GFDM Scenario Results  

This scenario added interleaver to the GNP-GFDM system to get the 

Genetic Algorithm Artificial Neural Network Polar Code interleaver -

GFDM (GNPI-GFDM) and compare it with the Genetic Algorithm Least 

Square Polar Code interleaver -GFDM (GLPI-GFDM), which presented its 

enhancement in BER with Eb/No. Random, matrix, and helical interleaves 

convert burst error to random error. Figure (4.25) presents the performance 
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of GFDM under LS channel estimation with stG-PSF, opG-GFDM, GLP, 

GNP and GNPI. Each case presents its own improvement. 

 

 

 

 

 

 

 

 

 

 

Figure (4.25): GNPI-GFDM performance. 

The GNPI based random interleaver present enhancement by 2 dB and 

3.5dB in BER equal 10-3 and 10-4. While the helical present lower 

performance approach to 0.5dB. 

4.12 Enhancement Comparison   

This section presents the comparison between the enhancement 

scenarios, as well as a comparison with other researchers. The scenarios 

present cumulative improvement for the proposed scenarios. The 

enhancement presented is based on two structures (K20, M16, and K16 

M15); the first one, tested at AWGN, is considered the best environment 

than the other structure, presents a PI-GFDM scenario, and is compared 
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with traditional GFDM. Figure (4.26) present this enhancement-based PI-

GFDM scenario with K16 M15. The are 2 dB, 3.5 dB and 5dB at BER 

equal to 10-3, 10-4, 10-5. 

 

 

 

 

 

 

 

 

 

 

Figure (4.26): Proposed scenario enhancement based on K16 M15. 

The second structure (K20, M16) is in an environment-based Rayleigh 

fading channel. Its environment is worse than the first structure due to PSF 

behavior. Figure (4.27) present the scenarios enhancement as comparisons 

with traditional GFDM. This enhancement compares with standard GFDM 

with LS estimation based on one path of Rayleigh fading channel. The 

enhancement scenario of G-GFDM, GN-GFDM, GNP-GFDM, and GNPI-

GFDM to standard GFDM in Figure (4.27) and Table (4.1) present the 

numerical comparison. 
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Figure (4.27) Proposed scenarios enhancement based on K20 M16. 

 

Table (4.1): proposes a scenario comparison with standard GFDM-LS 

(K20, M16). 

Scenario BER Enhancement 

comparison with GFDM-

LS at 13 dB 

BER Enhancement 

comparison with 

GFDM-LS at 19 dB 

G-GFDM 0.0191 0.0153 

GN-GFDM 0.0214 0.0167 

GNP-GFDM 0.0331 0.0201 

GNPI-GFDM 0.0332 0.0201 
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The comparison between the proposed scenario and other related work 

is presented in Table (4.2). It presents the comparison with PI-GFDM 

under the AWGN channel. The comparison is based on the BER. The 

structure of PI-GFDM is built with different values of K and M based on 

the related work. In comparison, similar points were adopted structure 

(value of K and M), channel and SNR. The comparison is based on the 

BER value of traditional GFDM with the proposed GFDM of the scenario 

or related work based on the same SNR or Eb/No.   

The related work in [18] and [19] presents its work based on the 

Rayleigh Fading Channel hence the proposed scenario in the same 

environment. The Ref [18] applied his enhancement-based Kalman filter 

under Rayleigh Fading Channel, which the BER of traditional and his 

proposed are 2×10-1 and 2×10-2 at 30 dB. At the same time, traditional 

GFDM and GNPI-GFDM in this dissertation are 0.0160 and 6.459×10-6. 

Also, Ref [19] presents enhancement-based BIC-PC, which traditional and 

his proposed are 10-1 and 10-3 at 19 dB, while in traditional GFDM and 

GNPI-GFDM scenario in this dissertation are 0.02 and 1.395×10-5. 
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Chapter Five 

Conclusion and Suggestion for Future Work 

5.1 Conclusion 

The GFDM is considered a new communication system and has yet to 

be officially adopted in the generations of wireless communications. 

Thus, it is within the stage of development and improvement. Traditional 

GFDM is studied with AWGN and Rayleigh fading channels. This 

dissertation presents scenarios for developing the BER of the GFDM 

system. These scenarios present in two structures: the first one presents 

good performance while the second presents bad performance used to 

make room for artificial intelligence to do the improvement process. The 

difference in performance belongs to the PSF behavior. These scenarios 

give results, as shown in Chapter Four. Based on these results, we 

conclude the following: 

1- The PI-GFDM scenario presents the performance by adding PC to 

the traditional GFDM over AWGN channel. It’s shown that the 

interleaver does not affect the performance since the errors have random 

nature over this channel.    

2-    LP-GFDM scenario presents the enhancement of PC depending 

on the PR, the performance enhanced when decreased the PR. 

3-   LPI-GFDM scenario presents the effect of interleaver to convert 

the burst error to a random error. The interleaver effect appears with the 

coding system, which its work helps the PC detect and correct the error 

effectively. 

4-   G-GFDM scenario presents a method of enhancement of the PSF 

of GFDM by assigning its parameters-based GA. This method presents 

high performance with the AWGN channel, but at Rayleigh fading 
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channels, the enhancement is relatively less due to the randomness values 

of the tapes in the channel. 

5-   GN-GFDM scenario combines the enhancement of G-GFDM with 

using the ANN as channel estimation instead of LS. At the same time, the 

addition of ANN gives more complexity and thus presents a tradeoff 

between performance and complexity. 

6-   GNP-GFDM scenario combines the PC as coding system with the 

GN-GFDM, increasing the enhancement despite the PR value. However, 

the amount of improvement remains interesting in the case of higher 

values of SNR. 

7-   GNPI-GFDM scenario added the interleaver to the GNP-GFDM to 

increase the enhancement. This scenario presents the last step in the 

enhancement of the GFDM system. Hence the GFDM-based PC with 

random interleaver and the ANN gives low BER to Eb/No. 

 

5.2 Suggestion for Future Work 

The following points can be considered general titles in the path of 

developing the proposed system: 

1. Software-Defined Radio (SDR) hardware implementation to the 

developed GFDM transceiver. 

2. Apply the proposed scenarios for Orthogonal-GFDM. 

3. Investigate another estimation algorithm, such as (MMSE). 
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 الخلاصة 
 

نظرًا للتطور الهائل في مجال الاتصالات اللاسلكية والمتطلبات الواسعة للأجيال الحالية، مثل 

والأداء   للغاية،  المنخفض  الطاقة  واستهلاك  العالية،  البيانات  التي    ، العاليمعدلات  للقيود  ونظرا 

ل تقنية . كان إدخافرضتها الأنظمة السابقة، كان من الضروري المضي قدما في عمليات التحسين

التردد   بتقسيم  الإرسال  الطرق  GFDM)   العموميتعدد  إحدى  المخططات    المقترحة؛(  أحد  إنه 

 مجموعات. مخطط تشكيلها متعدد الموجات وهيكلها عبارة عن  المرشحة للأجيال الحالية وما بعدها

 Kيتم ترشيح    (؛ M( ورموز فرعية )Kعلى موجات حاملة فرعية )  مجموعهوتحتوي كل    مستقلة، 

  GFDMتم تقديم    ( يتحول حسب الوقت ومجال الترددPSFبنموذج أولي لمرشح تشكيل النبض )

حيث قدمت تحسيناً في مجال خارج النطاق   ، كطريقة محسنة مقارنة بتقنية تعدد الإرسال الأخرى 

(OOB( ونسبة القدرة القصوى )PAPR  ومع .) ،في  فقد قدم في نفس الوقت أداءً أقل   ذلك  BER  

حيث تم تقديم   GFDMتم تقديم عدة سيناريوهات لتحسين أداء نظام    الاطروحة. في هذه  SNRبنسبة  

تحسينه   K20 M16و    K16 M15هيكلين   تم  أفضل حيث  بأداء  يتمتع  الأول  الهيكل  كان  حيث 

( القطبي  الترميز  على  يعتمد  تشفير  نظام  ثلاثة  PCبإضافة  باستخدام  والتشذير   عشوائية،   أنواع، ( 

لإفساح المجال لطرق التحسين القائمة  اسوءأعطت البنية الثانية أداءً    المقابل، في   صفوفة وحلزونية.م

 على الذكاء الاصطناعي.  

 PSF( لتحسين أداء  GAباستخدام الخوارزمية الجينية )   GFDMتم تقديم طريقة جديدة لتحسين أداء  

، ومن ثم تم استخدام الشبكة العصبية للانتشار  LSتم إجراء تقدير القناة بناءً على طريقة  .  GFDMفي  

 ( الاصطناعية  العصبية  الشبكة  إلى  المستندة  التقديرANNالعكسي  عملية  لتعزيز  تقديم .  (  تم 

 Least Square PC GFDMو  PC Interleaver GFDM (PI-GFDM)سيناريوهات  ال

(LP-GFDM)  وLeast Square PC Interleaver GFDM (LPI-GFDM)    وGA-

GFDM (G-GFDM)    وGA ANN GFDM (GN-GFDM)  ANN PC GFDM 

(GNP-GFDM)    وGA ANN PC Interleaver GFDM (GNPI-GFDM) تم إجراء  .

المقترح    GNPI-GFDMمقارنة بين أنواع السيناريوهات المقترحة من حيث مقدار التحسين. يقدم  

قناة ريلي المتلاشية    في  BER  =10-4عند  ديسيبل    3.5حوالي  التقليدي     DMGFمع التحسيناً  

في     = 10BER-5ديسيبل عند    5يبلغ حوالي  التقليدي     GFDMمع التحسينًا    GFDM-PIويقدم  

 .AWGNقناة 

 

 



 

 

 

 

تقييم أداء تعدد الإرسال بتقسيم التردد 

العمومي القطبي المرمز باستخدام تقنيات  

 الذكاء الاصطناعي 

 
   ةاطروح

 مقدمة إلى كلية الهندسة في جامعة بابل 

راة وهي جزء من متطلبات الحصول على درجة الدكتو  

 فلسفة في هندسة الالكترونيك والاتصالات

 

 من قبل

علي حسين محمدامير   

 
 بإشراف

 الاستاذ الدكتور 
 

حريشي سعد سفاح حسون  

 

   هـ        ٥١٤٤م                                                            ٢٠٢٣

 
 

 

 جمهورية العراق 

والبحث العلمي  وزارة التعليم العالي  

 جامعة بابل

 كلية الهندسة 

الكهربائيةقسم الهندسة   
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