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Abstract -  Generalized Frequency Division Multiplexing (GFDM) is a cutting-edge multiplexing technique that promises high-

speed, low-latency, and reliable 5G communications. Nevertheless, GFDM signals often suffer from excessive Out-of-Band 

Emissions (OBE), causing interference to other users. This research proposes a novel approach combining pulse shaping and 
wavelet transformation to mitigate these issues. Specifically, Squared Cosine Pulse Shape Filtering (SCos-PSF) is employed to 

filter out unwanted interference from the GFDM signal. To optimize the roll-off factor in SCos-PSF, an Improved Hippopotamus 

Optimization (ImHO) algorithm is introduced. This method is implemented in MATLAB, and its performance is evaluated using 

metrics such as Bit Error Rate (BER), Peak to Average Power Ratio (PAPR), and Complementary Cumulative Distribution 

Function (CCDF). The experimental results demonstrate a significant reduction in BER at a Signal-to-Noise Ratio (SNR) of 

1.58*10-6 50 dB, showcasing the effectiveness of the proposed approach. 

Keywords - Generalized Frequency Division Multiplexing, Fifth generation, Bit error rate reduction, Quadrature Enhanced 

Spatial Modulation, Squared cosine pulse shaping, Improved Hippopotamus Optimization algorithm 

1. Introduction  
Recently, Fifth-Generation (5G) and beyond-5G Wireless 

Communication (WC) systems have significantly enhanced 

the user experience by offering higher data rates and more 

efficient multicarrier modulation [1]. While the 4G system 
utilizes Orthogonal Frequency Division Multiplexing 

(OFDM), which provides broader Bandwidth (BW) and 

improved synchronization [2, 3], it suffers from drawbacks 

such as high Peak-to-Average Power Ratio (PAPR), 

bandwidth loss, and Increased Out-of-Band EMISSIONS 

(IOOB) due to orthogonal errors [4, 5]. As future wireless 

systems demand lower power consumption and reduced 

latency [6], OFDM becomes insufficient. 

To address these limitations, Multicarrier Non-orthogonal 

Waveforms (MNW) have emerged, with Filter Bank 

Multicarrier (FBMC) and Generalized Frequency Division 

Multiplexing (GFDM) as two prominent examples [7]. While 
FBMC eliminates the need for a Cyclic Prefix (CP), improving 

Spectral Efficiency (SE) and preventing data fading [8], it 

requires numerous filters due to early signal fading [9]. In 

contrast, GFDM, a block-based multicarrier waveform that 

leverages pulse shaping filters to enhance subcarriers and sub-

symbols [12], offers advantages such as low PAPR, high SE, 

and reduced IOOB due to minimal CP usage. However, its 

lack of orthogonality increases computational complexity [13-

15]. 

Numerous studies have explored the application of 

GFDM in various domains, including MIMO systems [16], 

cognitive radio networks [17], optical communications [18], 

and filter designs [19]. However, integrating GFDM with 

modern services can lead to significant self-interference and 

cross-interference, resulting in high-frequency impairments 
like imbalanced in-phase/quadrature components and 

increased Carrier Frequency Offset (CFO) [20]. Strategies 

such as interference avoidance, CP elimination, and pulse 

smoothing techniques are essential to mitigate these 

challenges. 

In wireless communication, metaheuristic algorithms like 

Hippopotamus Optimization (HO) are valuable for optimizing 

signal processing, resource allocation, and network 

parameters. These tasks often require an effective trade-off 

between stability and flexibility to accommodate high-

dimensional, nonlinear parameters an area where the HO has 
shown promise [10]. 

http://www.internationaljournalssrg.org/
http://www.internationaljournalssrg.org/
http://creativecommons.org/licenses/by-nc-nd/4.0/
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This study introduces a novel pulse-shaping technique, 

combined with an Improved Hippopotamus Optimization 

algorithm, to enhance the performance of the GFDM system. 

By adopting GFDM systems, higher data rates and lower 

latency can be achieved, and multicarrier modulation for a 

wider range of wireless communication applications can be 
supported.  

1.1. Motivation  

The increasing demand for high-speed, low-latency 

communication has led to the development of GFDM-MIMO 

systems. These systems are essential for various applications, 

including wireless networks, IoT, smart grids, and vehicular 

communication, where robust and efficient data transmission 

is crucial. 

While existing methods for enhancing GFDM-MIMO 

performance face challenges such as bandwidth loss, high 

computational complexity, interference, and high Bit Error 

Rate (BER), this research proposes a novel Squared Cosine 
Pulse Shape Filtering (SCos-PSF) technique to mitigate these 

issues. By evaluating the performance of the proposed GFDM 

system under different scenarios, the research demonstrates 

significant improvements over traditional GFDM systems. 

Ultimately, this research aims to address the limitations 

of existing GFDM-MIMO systems and provide a more 

efficient and reliable communication solution for 5G and 

future wireless technologies. The rest of the sections are 

organized as follows: Section 2 presents the literature survey 

of the recently published paper. Section 3 demonstrates a 

detailed description of the proposed QESM-GFDM system. 
Section 4 evaluates the results and discussion. Section 5 

explains the conclusion of the proposed technique.  

2. Related works  
Using enhanced modulation, Kumar and Prasad [21] 

evaluated GFDM's performance for 5G wireless applications. 

Their LCP-GFDM-IQIM technique improved diversity by 

splitting user data symbols and mapping quadrature/in-phase 
components using the interleaved quadrature technique. 

Experiments achieved 30 bpHz EE at 20 Hz, but the GFDM 

system suffered from increased interference with more users. 

Wang et al. [22] developed CFO evaluation techniques for 

GFDM systems, including integral and fractional CFO 

methods, to identify signal degradation caused by noise and 

interference. A music algorithm was implemented to enhance 

GFDM performance, achieving an MSE of less than 0.002. 

However, the algorithm's effectiveness diminished in 5G and 

beyond applications. Kumar et al. [23] analyzed PAPR in 

GFDM systems for 5G, introducing    DCT and DST pre-
coding and clipping/companding to reduce interference. 

Experimental results showed a 2-4 dB SNR improvement and 

a 0.0001 BER. However, clipping led to information loss and 

increased error rates. Tasadduq et al. [24] proposed CPM to 

enhance GFDM performance, replacing conventional 

mapping and de-mapping. Experimental analysis evaluated 

BER, delay, and power consumption. However, integrating 

CPM into GFDM was complex and costly. Gupta and Gamad 

[25] introduced RRC filtering to improve GFDM 

performance, smoothing symbols within subcarriers. Using 
AWGN and ZF channels, they analyzed SER performance, 

achieving 0.001 SER. However, the system's inflexibility and 

data loss limited its suitability for modern 5G applications. 

Metaheuristic algorithms like Hippopotamus 

Optimization (HO) are valuable in wireless communication 

for optimizing signal processing, resource allocation, and 

network parameters. HO's ability to balance stability and 

flexibility makes it suitable for high-dimensional, nonlinear 

problems [26]. [27] Heidari et al. further improved 

convergence speed and expanded its application to complex, 

multi-dimensional problems. Researchers introduced ImHO, 

which integrates additional sampling and crossover 
techniques. These modifications enhance global search 

capabilities and optimize initial population diversity, which is 

crucial for multi-objective optimization in wireless networks 

[28]. 

2.1. Problem Statement  
Current GFDM systems suffer from interference and high 

latency, limiting their performance. Achieving high data rates 

and low latency is crucial for future 5G applications in MIMO, 

IoT, cognitive radio, and optical communication systems. 

While recent studies introduced novel techniques, challenges 

like high latency, computational complexity, and low 
reliability persist. This research proposes a novel approach 

combining pulse shaping with an improved hippopotamus 

optimization algorithm to improve GFDM performance, 

addressing communication complexities. 

3. Proposed Methodology 
Modern wireless systems demand high capacity, speed, 

reliability, and low latency for 5G and beyond applications. 

Traditional OFDM suffers from spectrum loss, increasing bit 

error rates. GFDM offers improved efficiency and reduced 

interference, but performance declines due to poor pulse 

shaping and increased interference in 5G environments. This 

study proposes SCos-PSF to filter subcarriers without 

interference, combined with an Improved Hippopotamus 

Optimization algorithm (ImHO) to improve modulation 

performance and reduce error rates in the GFDM system. The 

proposed GFDM system's performance is evaluated using 
AWGN channels across various metrics.  

3.1. System Model  

GFDM blocks map and modulate the data onto 

subcarriers centered at the frequency of exp(-2πkm/M) Figure 

1 shows.  
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Fig. 1 Transceiver block of the GFDM system 

GFDM system's transceiver block diagram. The GFDM 

transmitter receives random binary input data and modulates 

it using I/Q mapping. To meet the Nyquist criterion, each 

symbol is sampled with range M that provides the vector NM 

efficiently. Pulse Shape Filtering (PSF) ensures the periodicity 

of NxM and shape subcarriers, improving BER performance. 

GFDM modulates blocks containing sub-carriers and sub-

symbols.  

This study employs SCos-PSF to filter sub-carriers in 

both time and frequency domains, aiding in split and dynamic 

spectrum allocation by minimizing interference and unwanted 
out-of-band emissions. After placing the data symbols X(u,n) 

column-wise, all the symbols are added to form the GFDM 

signal. In the communication system X9u,n) consist of 

intricate data symbols, sub-symbols k and subcarriers u. The 

concatenation of the columns forms the matrix d, and it is 

depicted below: 
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     (1) 

The UxK matrix is considered as a data block where, 

u=0….U-1are the subcarriers and k=0….K-1 are the time slot 

elements. The transmission signal can be mathematically 

formulated as follows,  

𝑦(𝑚) = ∑ ∑ 𝑋(𝑢, 𝑛)[𝑓𝑇(𝑚 − 𝑢𝑀)𝑚𝑜𝑑𝑀 𝑁] exp (−
2𝜋𝑢𝑚

𝑀
)

𝑁−1

𝑛=0

, 0 ≤ 𝑚 ≤ 𝑀𝑁 − 1

𝑈−1

𝑢=0

 

 (2) 

Here u, it represents subcarriers, m represents GFDM 

samples, represents the total GFDM samples, N represents the 

total sub-symbols, and T represents the time period. The 

generated GFDM signal is corrupted by a Frequency-Selective 

(FS) Rayleigh channel. The obtained time samples z(m), 

followed by data equalization, are processed at the receiver. 

The final received signal m=nM can be mathematically 

expressed as follows: 

      NMmmSf
M

um
mznuX 
















 |

2
exp,ˆ 

 (3)                             

Here, X̂(u,m) they are generated by reversing the 

frequency shift and applying down sampling and matched 

filter fS(m),  representing the circular convolution. At last, 

the receiver computes the invert operation to recover the 

GFDM signal effectively.  

3.2. Pulse Shape Filtering Using SCos-PSF  

In this study, the GFDM modulator utilizes the squared 

cosine PSF (SCos-PSF) technique to filter the GFDM signal 

using the roll-off factor β. The mathematical formulation of 

the Cos-PSF is depicted below:  
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Here, ASCos(t) represents the cosine arguments and it is 

mathematically formulated as,  
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The cosine arguments are then modified using a novel 

Meyer-based orthogonal auxiliary function η, and it can be 

mathematically formulated as,  
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  (6)                                     

Finally, the squared cosine PSF can be represented as,  

   tftF CosCos    (7) 

The filtered signal is fed into the Rayleigh channel and 
finally reaches the receiver end. The distorted data are restored 

using the proper channel equalization technique and fed into 

the GFDM demodulator unit, and the obtained signal can be 

mathematically formulated as follows,  
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Here, v[m] indicates the time domain data. Here, the 

optimal best roll-off factor β, is chosen using the novel 
Improved Hippopotamus Optimization (ImHO) algorithm for 

enhancing the performance of the PSF. The roll-off factor 

plays a significant role in pulse shaping. The higher roll-off 

factor reduces ISI but consumes more bandwidth, causing 

spectral inefficiencies. In contrast, the lower roll-off factor 

provides a narrower bandwidth but introduces higher 

interference. Thus, to overcome the issue, in the proposed 

pulse shaping, the optimal roll-off factor is chosen using 

ImHO by considering fitness factors like BER and SNR.  

3.2.1. Mathematical Modeling of the ImHO Algorithm 

The proposed ImHO algorithm for the optimal best roll-

off factor identification is designed by adding iterative 
mapping in the conventional hippopotamus optimization 

algorithm to enhance the convergence rate in acquiring the 

best global solution. The search agents are in the search area 

arbitrarily and are signified as: 

  ErPmGHkGdD rrrrmm ,....2,1;,...2,1,: ,    (9) 

Here, the total search agent is defined as P k signifies the 

arbitrary factor between 0 and 1 and r specifies the dimension. 

Hr and Gr are the bounds of the solution and Dm is the solution 

arrived by the mth search agent, and the solution arrived by the 

mth search agent with rth decision variable is defined as dm,r. 

The search agents are localized in matrix format and are 

represented as: 
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3.2.2. Exploration 

The solution updated by the search agent in the 

exploration phase by considering the group behavior of the 

hippo is expressed as: 

  Erand
P

mdNRyddD rmrm
X

rm
X
m ,...2,1

2
,...2,11: ,1,, 

 (11) 

Here, the dominant search agent is denoted as R, and the 

male members in the group are denoted as X. y1 signifies the 

arbitrary parameter with the bounds [0,1], and N1 is the 

parameter with an assigned value 1 or 2. The iterative mapping 

is added in this phase for elevating the convergence rate, 

which is expressed as: 
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Here, the position updating by the ImHO algorithm based 

on the iterative map is signified as Dl+1, and the same in the 
past iteration is notated as Dl. The control factor is signified as 

I that is bounded in [0,1], and the solution obtained by the 

hippo search agent is formulated as: 
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Here, the iterative mapping makes the algorithm search 

over more areas and assists in solving the local solution 

trapping. Besides, the control parameter enhances the 

convergence rate by avoiding the solution away from the 

required solution. After updating the male search agents, the 

female and other imperfect search agents update the solution 
based on:  
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Here, arbitrary parameters are denoted as e1 and W2, the 

average of the solution is notated as EBm, condition check is 

done based on M and arbitrary parameters are denoted as k6 

and k7. The fitness is formulated based on the following: 
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Here,  Fit  signifies the fitness factor. 

3.2.3. Exploration-2 

The position updating by the hippo search agents in the 

exploration phase-2 is devised based on the aggressive 

behavior of the hippo. In this, the hippo makes a louder voice 

towards the predator when the predator is closer; the 

movement towards the predator is limited. The solution 

accomplished by the Exploration phase-2 is formulated as: 

    (16) 

Here, U signifies the predator,  𝐽 denotes the levy flight 

and DZ
m notates the solution of the search agent while 

detecting the extruder. 𝑘9⃗⃗⃗⃗⃗ signifies the arbitrary parameter 

bounds in[1xE], b bounds in [-1,1], and z bounds among 4 and 

2. The aggregating movement of the hippo search agent is 
denoted asλ and 𝑆 is the arbitrary parameter with bounds [2,3]. 

The fitness is formulated based on the following: 
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3.2.4. Exploitation 

In the exploitation phase, the hippo search agents are 

moved to the protected area, and the updating is devised as: 
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Here, the protected area is signified as DV
m the required 

area z for hiding is denoted as g1 and the required area for 

hiding is identified based on: 
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Here, k12 
and k13 signifies the arbitrary parameter and 

random variable 𝑘11⃗⃗⃗⃗⃗⃗⃗ then, the fitness is formulated based on: 
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3.2.5. Termination 

The accomplishment of the optimal best roll-off factor or 

the completion of iteration terminates the processing of the 

ImHO algorithm. The pseudo-code is presented in Algorithm 

1. 

Algorithm 1: Pseudo-code for ImHO algorithm 

Pseudo-Code for ImHO Algorithm 

1 
The parameters like population and iterations are 

defined 

2 Output: Optimal best roll-off factor  

3 For l:1:L 

4 Feasibility evaluation based on BER and SNR 

5 Stage 1: Exploration-1 

6 For m=1:P/2 

7 

Solution updating based on 

 

8 

Fitness evaluation based on  

 
9 End for 

10 Stage 2: Exploration-2 

11 For  

12 

Solution updating based on   
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Fitness evaluation based on  
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14 End for 

15 Stage 3: Exploitation 

16 For  

17 
Solution updating based on  
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18 

Fitness evaluation based on  
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19 End for 

20 Return the best solution. 

21 End 

 

Here, the pulse shaping is employed to obtain enhanced 

performance using the optimal best roll-off factor. Finally, 

different performances like BER, CCDF, and PAPR are 

performed to verify whether the obtained signal is the same as 

the signal sent by the transmitter.  

4. Results and Discussion  
The proposed method was realized on the MATLAB 

platform. Key performance indicators, including Bit Error 

Rate (BER), Peak-to-average Power Ratio (PAPR), and 

Complementary Cumulative Distribution Function (CCDF), 

were evaluated and benchmarked against existing methods. 

Omitting the receiver's Cyclic Prefix (CP) during simulation 

enhanced system performance. Table 1 summarizes the 

simulation parameters for the proposed system. 

Table 1. Simulation parameters of the proposed system 

Parameters Values 

GFDM Samples 100 

GFDM Modulation Order 64 

Number of Allocated Subcarriers 64 

Transmitter Cyclic Prefix (CP) 8 

Carrier Frequency 25GHz 

Roll-Off Factor 0.5 

Overlapping Subcarriers 2 

Modulation Scheme QAM 

Total Concatenated GFDM Blocks 5 

Filter Span in Symbols 10 

Normalized SNR 40dB 

Communication Channel Rayleigh Channel 

Length of GFDM Packets 10240 

Number of Samples per Sub-Symbols 6 

 

4.1. Comparative Analysis of the Proposed Method over 

Existing Studies   

In this section, the performance achieved by the proposed 

method is analyzed using a graphical illustration of different 

metrics like BER, CCDF, PAPR, computation time, and 

convergence analysis. A detailed analysis of the graphical 

illustration is depicted below. 

4.1.1. Comparative Analysis of BER Performance 

The BER is the error measure within the given time 
interval and the ratio of error bits to the total inputted bits over 

the Improved Hippopotamus Optimization (ImHO)-GFDM 

system model.  

samplesinputtedTotal

sampleserrorofAmount
BER    (21) 

 

 
 

 

 

 

 

 

 

 

 
 

          Fig. 2 BER analysis under roll-off factors 

Figure 2 represents the BER analysis for various 

iterations of the ImHO algorithm. Here, the optimal best roll-

off factor selection by the ImHO algorithm assists in 

enhancing the performance. The RO factors from the proposed 

squared cosine PSF are considered to minimize the noise 

without destroying useful information. From the graphical 

illustration, the BER reduces for higher iteration of the ImHO 

optimization algorithm.  

The BER is analyzed for the proposed ImHO-GFDM 

system by varying the SNR. For iteration 25 and SNR of -5dB, 

the proposed system attains the BER of 0.88, which is 0.84 for 
100 iterations. Thus, the higher number of iterations provides 

a better roll-off factor selection and assists in minimizing the 

BER. 

Figures 3(a) and 3(b) depict the BER analysis across 

different channels and modulation schemes. The graphical 

data reveals that the Rayleigh channel effectively transmits 

signals to the receiver with minimal discrepancies. In contrast, 

the AWGN channel exhibits a higher error rate and potential 

data losses, making it less suitable for modern multicarrier 

communication systems. The proposed ImHO-GFDM system 

uses the Rayleigh channel for sending, transmitting, and 
receiving signals, demonstrating very low data losses and 

making it highly recommended for 5G applications.  
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Fig. 3(a) BER analysis under varying channels 

 

 

 

 

 

 

 

Fig. 3(b) BER analysis under varying modulations 

4.1.2. Comparative Analysis over CCDF and PAPR 

Performance 

The PAPR is defined as the ratio of the maximum power 

of the sample in the GFDM transmitting symbols to the 

average power of these GFDM symbols, and it can be 

mathematically formulated as follows. 
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Here, z[m] signifies the transmitting signal, MLrepresents 

the oversampling factor, max|.| indicates the maximum value 

and E(.) represents the statistical mean. The PAPR can be 

estimated accurately using the Complementary Cumulative 

Distribution Function (CCDF). Assuming the PAPR threshold 

as, PAPR0>0, the probability PAPRdB is greater than the 

threshold obtained by the CCDF and it can be mathematically 

formulated as,  

   00 PAPRPAPRPPAPRCCDF dB    (23)    

Here, P represents the probability. For simulation, the RO 

factor of 0.1 and the subcarrier of 64 and 6 sub-symbols are 

considered.                     

 

 

 

 

 

 

Fig. 4 CCDF versus PAPR analysis under varying modulations 

Figure 4 shows the connection between CCDF and PAPR 
for different modulation schemes. The figure reveals that 64 

QAM is particularly effective in modulating the GFDM 

signal, offering efficient performance. In contrast, 8 QAM and 

16 QAM exhibit lower efficiency, leading to a degradation of 

the signal's useful information. A suitable modulation scheme 

is essential for enhancing the communication performance of 

large-scale systems. The proposed approach utilizes 64 QAM 

to modulate the GFDM signal, ensuring the integrity of the 

transmitted signal. 

 

 

 

 

 

 

 

 

Fig. 5 Computation time 

The computation complexity-based analysis is portrayed 

in Figure 5. The proposed ImHO -GFDM evaluated the time 
complexity of 110Sec, which is minimal compared to the 

existing methods. The convergence analysis of the proposed 

ImHO algorithm compared to the conventional HO algorithm 

is presented in Figure 6. 
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Fig. 6 Convergence analysis 

Here, the analysis portrays the faster convergence of the 

proposed ImHO algorithm in pulse shaping due to the iterative 

chaotic mapping. 

4.2. Comparative Discussion 

A comparison of ImHO-GFDM with existing methods, 

such as CFO [22], RRC [25], and LPC-IQIM [21], 

underscores its advantages. ImHO-GFDM achieves lower 

BER than these methods by incorporating several innovative 

techniques to address the limitations of previous solutions. 

Unlike Kumar and Prasad's linear constellation precoded 

GFDM [21], which suffers from interference issues as the 
number of users grows, ImHO-GFDM combines spatial 

modulation and pulse shaping to improve diversity and 

effectively reduce interference.  

Furthermore, unlike Wang et al.'s CFO [22] evaluation 

technique and music algorithm, which experience 

performance degradation in advanced 5G applications, ImHO-

GFDM provides reliable carrier frequency offset estimation 

and noise resistance through its integrated pulse shaping and 

modulation strategies. Moreover, unlike Gupta and Gamad's 

root-raised cosine filtering method [25], which lacks 

flexibility and leads to increased data losses in modern 5G 
systems, ImHO-GFDM offers greater adaptability and 

efficiency through its holistic design, resulting in superior 

BER performance and making it well-suited for emerging 

wireless communication standards. 

4.2.1. Practical Implications 

ImHo-GFDM has significant practical implications for 

wireless communications, offering a comprehensive solution 

to enhance the efficiency, reliability, and performance of next-

generation networks, especially 5G and beyond. Its ability to 

reduce interference, improve diversity, and provide robust 
carrier frequency offset estimation makes it well-suited to 

meet the increasing demand for high-speed data transmission, 

low-latency communication, and reliable connectivity across 

various deployment scenarios. Additionally, its adaptability 

and flexibility ensure its relevance in evolving standards and 

emerging technologies, making it a valuable solution in the 

rapidly changing landscape of modern wireless 

communication systems. 

5. Conclusion 
This study introduces a new ImHo-GFDM approach for 

5G and beyond GFDM systems, utilizing an innovative pulse 

shape filtering scheme to eliminate interference within the 

GFDM signal effectively. The proposed modulation scheme 

significantly reduces PAPR and CCDF while maximizing data 

rates for multicarrier users. It demonstrated strong 

performance in recovering the original transmitted signal at 

the receiver. Computer simulations using MATLAB were 

conducted to evaluate key metrics such as BER, PAPR, 
computation time, convergence analysis and CCDF, showing 

that the method achieved an overall BER at a 
61058.1 

50dB SNR. However, the current study does not analyze the 

resulting waveforms for embedded services or multicarrier 

communication systems, limiting its practical applicability. 

Future work will extend this study by incorporating 

GFDM waveforms within MIMO systems alongside a channel 

estimation process to analyze BER performance better. While 

the method shows promising results regarding BER, PAPR, 

and CCDF, its limitations present opportunities for further 

research. Specifically, the absence of analysis for embedded 

services and multicarrier communication systems is a gap that 

can be addressed in future work. Expanding the research to 
include support for such systems and extending the scope to 

MIMO channels will enhance the method's relevance and 

effectiveness for practical wireless communication 

applications. 
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