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Particularly in 5G and beyond, Filter Bank Multicarrier (FBMC) modulation 

is becoming more widely acknowledged as a potent substitute for traditional 

Orthogonal Frequency Division Multiplexing (OFDM) in upcoming 

wireless communication systems. FBMC is robust in situations impacted by 

multipath fading, synchronisation errors, and spectral leakage because of its 

improved spectral efficiency, superior time-frequency localisation, and 

removal of cyclic prefix. The Universal Software Radio Peripheral (USRP) 

N210, combined with GNU Radio version 3.,7 is used in this paper to design 

and implement a working FBMC transmitter. The system architecture 

supports 32 and 64 subcarrier allocations that can be changed to 

accommodate different communication scenarios, allowing for real-time 

signal generation and transmission. While SDR hardware was used for 

transmission and reception, software was used to develop the entire signal 

processing chain, including modulation, prototype filtering, and 

transmission. To evaluate performance metrics like constellation accuracy, 

spectrum containment, and signal quality, a number of experiments were 

carried out. These tests validate the viability of the suggested SDR-based 

architecture in real-world settings by confirming the successful generation 

and over-the-air transmission of FBMC signals. Notably, the work tackles 

important real-time implementation issues like subcarrier reconfigurability, 

synchronisation overhead, and hardware limitations. Along with its 

usefulness, this implementation lays the groundwork for future 

improvements by incorporating clever optimization algorithms like Harris 

Hawks Optimization, Particle Swarm Optimization, and Genetic 

Algorithms. Aspects like filter design, subcarrier spacing, and power 

efficiency can all be enhanced by utilising these algorithms. According to 

the results, the suggested system is in a good position to be implemented in 

adaptive and cognitive radio applications, where resilience to changing 

channel conditions and effective spectrum utilization is essential. 
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1. INTRODUCTION  

The need for effective modulation techniques that can manage high data rates while minimising 

interference has been brought to light by the quickly changing requirements of contemporary wireless 

communication systems. One such method that sticks out is Filter Bank Multicarrier (FBMC), which can lessen 

inter-symbol and inter-carrier interference, which are frequent problems in network systems. Specifically, 

inter-symbol interference can seriously impair wireless communication systems' performance, particularly in 

high-speed settings. By altering the conventional Orthogonal Frequency Division Multiplexing (OFDM) 

technique, which is widely used but has drawbacks, especially because of the cyclic prefix used for signal 

robustness, FBMC resolves these problems [1][2]. Although the cyclic prefix increases resilience, FBMC 

overcomes the inefficiencies it introduces. Compared to traditional multicarrier techniques like OFDM, FBMC 

uses synthesis and analysis prototype filters with smaller side lobes and faster spectrum decay, which lowers 

out-of-band energy and increases Spectral Efficiency (SE) [3]. 

Compared to OFDM, FBMC has a number of benefits, including higher spectral efficiency and the 

capacity to combine non-adjacent frequency bands, which greatly expands the bandwidth available for data 

transfer. Higher data rates are a crucial prerequisite for future wireless networks, and this feature is especially 

helpful in achieving them. Additionally, FBMC facilitates asynchronous transmissions, which is essential for 

lowering signalling overhead and raising communication systems' overall effectiveness. It is anticipated that 

FBMC's capacity to satisfy the growing demand for faster data rates by making the best use of available 

bandwidth will be crucial to the development of next-generation wireless systems [4][5]. 

FBMC systems still face difficulties in real-time transmission and hardware implementation, despite their 

encouraging theoretical benefits. The design and performance analysis of FBMC systems have been 

extensively studied, but less attention has been paid to their actual hardware implementation. For example, a 

Filter Bank-based Multi-Carrier Transmission prototype using Software Defined Radio (SDR) was 

investigated in [6], and a prototype of an FBMC transmission link was implemented in [7]. Additionally, in 

[8], a heterogeneous SDR architecture was introduced as a component of a cognitive overlay system that 

included a consumer laptop and a Universal Software Radio Peripheral (USRP) X310. The interaction of the 

important parts like the digital interface, RF front end, and baseband processing is graphically depicted in 

Figure 1 illustrates the detailed block diagram of the FBMC transmitter system. This diagram emphasises how 

these components must be integrated within an SDR framework in order to guarantee efficient signal 

transmission. For FBMC systems to be able to generate and transmit signals in real-time, this integration is 

necessary [9]. 

 

 
Figure 1. Block diagram of the FBMC transmitter system architecture [9] 

 

Recent research on wireless communication has focused a lot of attention on integrating Field-

Programmable Gate Arrays (FPGAs) [10][11], Arduino [12][13], and embedded systems with SDR platforms 

[14]-[17]. Arduino provides an affordable solution for basic SDR control tasks like frequency tuning, signal 

conditioning, and system monitoring, despite its limited processing power [18][19]. Additionally, it makes 

low-level interfaces with external radio frequency hardware easier. On the other hand, embedded systems, 

particularly those built on RISC or ARM architectures, offer more computational power for more intricate 

signal processing tasks [20]. FPGAs are perfect for real-time tasks like modulation, demodulation, and filtering 

because they enable high-speed, parallel data processing, which complements these platforms [21]. When 

implementing sophisticated multicarrier systems like FFBMC and OFDM, their combined use is especially 

beneficial. The performance and real-time adaptability of FBMC systems can be improved by using the 

advantages of Arduino, embedded systems, and FPGAs within an SDR framework [22]. For FBMC to be 
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deployed practically in real-world and to overcome current hardware limitations, this integration is essential 

[23]. Additionally, optimisation algorithms like Genetic Algorithms (GA) [24], Particle Swarm Optimization 

(PSO) [25], and Black Hole Optimisation (BHO) [26] are successful in raising the efficiency of FBMC systems 

[27]. Metaheuristic optimization algorithms like BHO, PSO, and GA have been used in real-time SDR 

implementations to adjust modulation schemes and fine-tune key FBMC parameters like filter coefficients, 

subcarrier allocation, and power control. Because such optimization problems are multi-dimensional and non-

linear, these algorithms are well-suited to handle them. For example, in FBMC/OQAM systems, GA-based 

schemes have successfully decreased PAPR and optimised filter design [28]. BHO has been effectively used 

in related electromagnetic and power system optimisations, despite being less prevalent in FBMC literature 

[29]. Improved power efficiency, reduced peak-to-average power ratios, and improved spectral containment 

can all be attained by incorporating these algorithms into SDR-based FBMC transmitters. With the right filter 

parameters, GA-driven PTS schemes have shown a notable reduction in PAPR [30]. Despite being less studied, 

BHO and hybrids like PSO-BHO offer compelling substitutes for intricate system tuning. Advanced features 

in FBMC deployment, such as dynamic waveforms, adaptive resource management, and low-interference 

operation, can be unlocked by using these clever algorithms within the SDR framework [31].  

In this work, a USRP N210 platform is used to design and implement an FBMC transmitter. The system, 

which was created with Python and GNU Radio Companion, produces FBMC-OQAM signals in real time and 

supports dynamic subcarrier configurations (32 and 64 subcarriers). This implementation differs from other 

FBMC designs in that it is deployed on physical SDR hardware, as opposed to many previous studies that were 

only simulation-based. The design allows for real-time signal generation, reconfiguration, and over-the-air 

transmission by utilizing the USRP's FPGA and live DSP flow. Using spectrograms and spectrum 

measurements, empirical validation is given, providing a comprehensive hardware–software co-design. This 

real-world application closes the gap between deployable SDR-based multicarrier systems and theoretical 

research. 

 

2. LITERATURE SURVEY 

The implementation of FBMC Transmitters using SDR platforms has been the subject of numerous 

studies in the literature. These studies have focused on utilizing the capabilities of USRP hardware. These 

studies examine a number of FBMC transmission topics, such as synchronisation, real-time processing, system 

performance assessment, and the application of SDR frameworks such as GNU Radio. An overview of various 

methodologies, experimental configurations, and outcomes that have advanced the application of FBMC in 

real-world communication systems is given in the literature review that follows, which highlights some of the 

major contributions in this area. 

A Software Defined Radio (SDR) prototype for FBMC transmission utilizing two USRP N210 boards is 

presented by the authors Dziri et al. (2015) in [32]. The suggested system, which is implemented using 

MATLAB routines, supports both FBMC and Orthogonal Frequency Division Multiplexing (OFDM) 

waveforms. Their work mainly addresses synchronisation issues and the trade-off between accuracy and 

latency in real-time systems by decoding Offset Quadrature Amplitude Modulation (OQAM)-FBMC frames 

in real-time. The study demonstrates how SDR platforms can help with the main FBMC issues, particularly in 

real-time communication systems where performance depends on synchronisation and latency control. Their 

research also clarified whether FBMC can be implemented in a software-based setting, which makes it a 

valuable prototype for communications in the future. 

Comparably, Horváth and Bakki (2016) in [33] use USRP hardware to create an SDR-based FBMC 

transmission prototype that consists of a standard FBMC transmitter and receiver with timestamped 

synchronisation and a shared system clock. They use Bit Error Rate (BER), Peak-to-Average Power Ratio 

(PAPR), and Power Spectrum Density (PSD) to assess the system's performance. Their research offers a 

thorough examination of the FBMC system's performance under actual circumstances, demonstrating its 

potential to beat more conventional modulation schemes like OFDM, especially in high-noise settings. The 

benefits of FBMC in lowering signal distortion and enhancing transmission reliability are further highlighted 

by their analysis of PAPR and BER. 

Flowing that, an implementation of an FBMC transmitter and receiver on an SDR platform using USRP 

hardware is presented by the authors Kieffer et al. (2017) in [34]. In their work, they analyse the performance 

of FBMC in real-world scenarios while developing an SDR-based FBMC system for real-time transmission 

and reception. FBMC and traditional OFDM are thoroughly compared in the study concerning spectral 

efficiency, Peak-to-Average Power Ratio (PAPR), and implementation complexity. This study is a crucial 

resource for upcoming research in FBMC-based communication systems and shows how SDR platforms can 

be used to implement sophisticated multicarrier transmission techniques. 
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By using USRPs to analyse different Virtual Radio (VR) configurations, including OFDM-OFDM, 

OFDM-FBMC, and FBMC-FBMC, the authors (2020) in [35][36] explore air-interface virtualisation. Their 

research clarifies the performance and feasibility of integrating FBMC into virtualised radio interfaces, 

showing that due to its lower spectral efficiency and PAPR, FBMC is a suitable choice for virtualisation in 5G 

and beyond networks.  Tests of various VR configurations demonstrate the flexibility of FBMC in different 

virtualised environments, offering significant advantages over conventional OFDM in multi-user and multi-

carrier scenarios. Furthermore, new studies on Orbital Angular Momentum (OAM) investigate how 

cooperative relaying systems might improve communication range and spectral efficiency. The study addresses 

the drawbacks of wave divergence in high-order OAM by demonstrating enhanced system throughput through 

the combination of OAM and relays. Parallel transmission orders made possible by this cooperative relaying 

system can greatly increase communication throughput and range. The potential of both approaches in 5G and 

beyond networks could be expanded by integrating OAM and FBMC in virtualised radio environments to 

further optimise performance. 

Finally, research on ultra-wideband communications in (2019) [37] talks about building a UWB 

transceiver system using multiple Ettus X310 USRPs with an 8 GHz bandwidth. This study offers measured 

results that guide the design of UWB systems and highlights issues like low Signal-to-Noise Ratio (SNR) in 

Non-Line-of-Sight (NLOS) channels. The difficulties encountered in real-world UWB system implementations 

are covered in the paper, including the need for sophisticated signal processing to increase SNR and signal 

deterioration brought on by NLOS propagation. The findings offered aid in the creation of more resilient UWB 

systems for use in sensor networks, radar, and high-speed data transfer. 

A summary of significant earlier research on the use of SDR platforms for FBMC transmitter 

implementation is provided in Table 1. Every entry outlines the instruments employed, particular research 

topics like synchronisation, spectral efficiency, and system adaptability, as well as the primary results obtained. 

Together, these studies show that FBMC is feasible for real-time applications and highlight its benefits over 

traditional schemes such as OFDM, especially in environments that are noisy or virtualised. 

 
Table 1. Overview of SDR-based FBMC transmitter implementations 

Reference Platform & Tools Focus Areas Key Outcomes 

[32]
 USRP N210, 

MATLAB 

FBMC/OFDM waveform 

transmission, synchronization 

challenges, OQAM decoding 

Demonstrated real-time FBMC implementation using 

MATLAB routines on USRP. Addressed 

synchronization–latency trade-offs crucial for future 

systems. 

 [33] 

USRP, shared system 

clock, SDR 

framework 

BER, PAPR, PSD-based 

performance evaluation of FBMC 

systems 

Showed FBMC’s advantages over OFDM in noisy 

environments. Noted improvements in PAPR and 

BER metrics under real-world testing conditions. 

[34]
 USRP-based SDR 

setup 

Comparison of FBMC and OFDM 

in terms of spectral efficiency and 

implementation cost 

Provided side-by-side analysis of FBMC and OFDM, 

highlighting FBMC's spectral efficiency and 

complexity trade-offs in real-time scenarios. 

[35][36]
 

USRPs, air-interface 

virtualization 

scenarios 

FBMC integration in Virtual Radios 

(OFDM–FBMC, FBMC–FBMC), 

OAM relay strategies 

Demonstrated FBMC’s flexibility in virtualized 

architectures. Proposed OAM-based cooperative 

relaying to extend range and improve spectral 

performance. 

[37]
 Ettus X310 USRPs, 8 

GHz bandwidth 

Ultra-Wideband (UWB) 

implementation; SNR analysis in 

NLOS environments 

Provided practical insight into UWB challenges in 

real-world deployments, highlighting signal 

degradation and the need for advanced processing 

methods. 

 

3. PROPOSED METHODOLOGY 

This work's proposed methodology is centred on an FBMC transmitter's hardware implementation. The 

method makes use of the GNU Radio 3.7 design tool and an SDR platform, more especially the USRP. N210. 

Testing FBMC signal generation and transmission with a variable number of subcarriers is the goal of the 

implementation. The FBMC transmitter in the experimental configuration is made to be flexible, enabling the 

system's subcarrier count to be changed. Because of this flexibility, it is possible to investigate how subcarrier 

variations affect system performance. The experiments' test results are examined to verify that FBMC signals 

were successfully generated and transmitted. Notably, the study emphasises how FBMC outperforms OFDM 

in terms of spectral performance, mainly because it can avoid the use of cyclic prefixes (CP) and use pulse-

shaping filters to lessen the effects of multipath channels. Additionally, the USRP N210 is used as a flexible 

instrument to test and deploy the FBMC system over a broad frequency range. Various parameter settings are 

used to evaluate the system's performance, with special attention paid to the number of subcarriers. The 
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findings indicate that a higher subcarrier count results in less signal fluctuation and a higher SNR, indicating 

the system's ability to sustain signal quality in a variety of scenarios. 

 

4. FBMC SYSTEM ARCHITECTURE 

The general block diagram of the FBMC communication system, which encompasses the transmitter and 

receiver processes, is shown in Figure 2. The data bits are first converted into symbols at the transmitter side 

using an appropriate modulation scheme, like QAM, as shown in Figure 2(a). To guarantee error correction 

during transmission, these symbols are subsequently encoded. To get ready for multi-carrier transmission, the 

encoded symbols go through QAM processing [38]-[41]. To enable effective transmission across several 

carriers, the symbols are then changed from serial to parallel format (S/P). Frequency spreading is then used to 

increase the signal's resilience to interference by dispersing it over a larger frequency range. The signal is then 

converted into the time domain for transmission using the Extended Inverse Fast Fourier Transform (IFFT). 

The received signal is first converted from parallel to serial form (S/P) on the receiver side, as illustrated in 

Figure 2(b). Frequency de-spreading is used to undo the initial spreading process after the Extended IFFT is 

used once more to move the signal into the frequency domain. The modulated symbols are then extracted from 

the data using OQAM post-processing. The original data bits are recovered by de-mapping these symbols, and 

the transmitted data is then recovered by decoding them. Reliable data transmission and recovery over the 

communication channel are efficiently ensured by this system [42]. 

At the transmitter side, first, the input data bits enter the symbol mapping where the modulation symbol 

map generates M-QAM modulated electrical signals, and the signals are demodulated by the modulation 

symbol de-mapper based on the form of modulation used. The modulation type of the symbol mapper matches 

the modulation type of the mapper [42], after channel coding and symbol mapping, OQAM is used to modulate 

symbols in serial high-speed files. The aim of OQAM preprocessing is to maintain subcarrier orthogonality. 

To become transmission symbols, in both the real and imaginary sections, OQAM preprocessing processes 

complex symbols and at the time period interlaces half a symbol cycle. Subcarriers are created by dividing the 

real and imaginary parts of the interleaved delay in this way. Any subcarriers and neighbouring subcarriers 

have an orthogonal distribution at sampling time. The transmission symbols are then subjected to an IFFT 

operation, after which the prototype filter banks with various offsets are screened. Finally, the time-domain 

synthesized signals are superimposed and sent out [43]. At the receiver side, a collection of prototype filters is 

also used, which are symmetrical and have the same output as the prototype filter banks at the transmitter. The 

original signal is first filtered using prototype filter banks with various offsets. FFT and OQAM are then used 

to restore the original signal. OQAM post-processing involves taking the real part of the signal modulated to 

the subcarrier and reconstructing the real signal into a complex signal using a mutual conversion of the real 

and complex numbers [44]. 

 

 
(a) Transmitter Side 

 

(b) Receiver Side 

Figure 2. Block diagram of FBMC communication system 
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4.1. GNU Radio 

GNU Radio is an open-source software toolkit for building software-defined radios (SDRs), in which all 

signal processing functions are managed by software rather than specialised hardware. This adaptability 

enables hardware to be reconfigured to carry out distinct tasks as required, thereby meeting the demands of a 

wide range of applications. Consequently, the same hardware can be adapted to suit various purposes in various 

settings. GNU Radio enables the development of reconfigurable, multiservice, multi-standard, multi-band, and 

flexible radio systems. Its adaptability makes it useful in domains like scientific research, defence, and 

telecommunications, where systems must quickly adjust to new standards and technologies. This capability 

will be particularly useful in fields that require rapid response to new environmental conditions and evolving 

communication protocols. To carry out operations like modulation, demodulation, filtering, and 

encoding/decoding, the toolkit provides an extensive library of signal processing blocks that can be combined. 

Efficiency is ensured by implementing critical performance tasks in C++ to utilize the processor's floating-

point extensions. On the other hand, Python is usually used to write higher-level system control and 

management because it offers a more user-friendly interface for speedy development. Designing real-time, 

high-throughput radio systems is made simple by the combination of C++ and Python, which enables both 

optimal performance and user-friendly development [45][46]. 

GNU Radio's ability to process signals in real-time and manage high-speed data streams with minimal 

latency is one of its primary features. Applications that need prompt responses, like scientific data collection 

and communication systems, depend on this. Additional versatility for both practical deployments and 

experimental setups is provided by the toolkit's modularity, which also makes it simple to integrate with 

different hardware devices. Eventually, it is perfect for creating communication systems across various 

standards and bands because of its reconfigurability and support for multimode operations. Additionally, it 

makes it possible to create unique signal processing blocks in Python or C++. It can serve as a monitoring 

platform for equipment such as data acquisition systems (DAQ) with the right control blocks, displaying 

gathered data using sink blocks to create time-domain or frequency-domain plots. The main screen of the GNU 

Radio 3.7 application is shown in Figure 3, demonstrating its user-friendly graphical interface for SDR system 

design and testing [47][48]. 

 

 
Figure 3. The main screen of GNU Radio 3.7 application 

 

4.2. Universal Software Radio Peripheral (USRP)  

On two antennas, the USRP can receive and broadcast data in real-time. Because all sampling clocks and 

local oscillators are entirely coherent, Multiple Inputs-Multiple Outputs (MIMO) systems can be built. High-

rate processing takes performed in the FPGA of the USRP, while lower-rate processing takes place on the host 

computer. In the FPGA, the two onboard Digital Downconverters (DDCs) combine, filter, and decimate 

incoming signals (from 64 MS/s). Before translating baseband signals to the desired output frequency, two 

digital upconverters (DUCs) interpolate them to 128 MS/s. The DDCs and DUCs, together with the large 

sample rates, make analog filtering a lot easier. Flexible, fully integrated RF front-ends are provided by 

daughterboards installed on the USRP. Different frequencies can be employed for a wide range of applications 

thanks to the huge variety of daughterboards available. For RF I/O, the USRP can support up to two RF 

https://en.wikipedia.org/wiki/Universal_Software_Radio_Peripheral
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transceiver daughterboards (or two transmit and two receive) [49]. The USRP N210 was used to create the 

FBMC signal experimentally, as shown in Figure 4. This high-performance platform is well-suited for real-

time signal processing in SDR applications. Table 2 provides important information about the USRP N210's 

operational statuses during the experiment and also provides a detailed description of the LED indicators' 

functions. These LEDs serve as diagnostic tools that enable users to monitor performance and identify potential 

issues during signal processing.  

A high-speed digital oscilloscope is used to track the behaviour of the generated FBMC signal in both the 

frequency and time domains, allowing for observation and analysis. Figure 5 displays the Tektronix DPO 7354, 

a high-performance Digital Phosphor Oscilloscope (DPO) that can capture complex and fast waveforms with 

high fidelity. It provides real-time information on signal properties, including timing accuracy, modulation 

patterns, and amplitude variations. Accurate analysis of high-frequency signals is made possible by the DPO 

7354's advanced triggering capabilities and up to 3.5 GHz bandwidth. It is especially well-suited for assessing 

multicarrier transmission schemes like FBMC. It is a crucial component of this experimental setup because of 

its deep memory and numerous input channels, which enable simultaneous multi-signal tracking. 

 
Table 2. LEDs Functions on USRP N210. 

LED Function 

“A” Transmitting 

“B” MIMO cable link 

“C” receiving 

“D” firmware loaded 

“E” reference lock 

 

 
Figure 4. USRP N210 used for the experimental generation 

 

 
Figure 5. Photograph of Tektronix 6106 spectrum analyser 

 

5. EXPERIMENTAL FRAMEWORK DESCRIPTION 

The central control and processing unit is a laptop running GNU Radio software, which is used to generate 

the FBMC-modulated signal. To enable the digitally modulated signal to be transmitted, a network hub 

connects the laptop to the USRP N210 software-defined radio. With this setup, the transmitted signal can be 

seen and tracked in real time on the laptop screen. Concurrently, a Tektronix spectrum analyser is directly 
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connected to the USRP's RF output, allowing for accurate frequency-domain observation of the FBMC signal. 

Figure 6 shows the full experimental setup, showing how the laptop, USRP N210, and spectrum analyser 

interact.  

The design of the GNU Radio-based FBMC transmitter is displayed in Figure 7. The transmitter employs 

convolutional coding, can handle frame sizes of up to 1500 bytes, and is set up to support both 32 and 64 

subcarriers. With a carrier frequency centred at 12.5 MHz, it operates at a sampling rate of 12 megasamples 

per second. The FBMC payload generator block generates a text payload at the start of the transmission process. 

The socket PDU block, which manages incoming external data, receives the data first. Subcarrier allocation 

and MAC layer encoding come next. At this point, the data rate is essentially doubled as byte-stream data are 

converted into QAM symbols and fed into the FBMC-OQAM modulator, which divides complex symbols into 

real and imaginary components. An IFFT block is then used to convert the signal from the frequency domain 

to the time domain. The FBMC PPN (polyphase network) block performs subsequent pulse shaping by 

applying a filter to each subcarrier output from the IFFT to improve spectral localisation. Lastly, the FBMC 

P2S and FBMC add blocks manage parallel-to-serial conversion, guaranteeing rate alignment similar to that of 

OFDM systems. Although this software-based architecture is successfully implemented, the USRP N210 

hardware platform imposes a number of useful restrictions. The achievable signal bandwidth and number of 

subcarriers are limited by the device's 1 Gbps Ethernet interface, which limits data throughput to about 25 

MS/s. The limited processing capacity of the onboard FPGA (Xilinx Spartan-3A-DSP) limits the complexity 

of real-time operations like adaptive modulation and polyphase filtering. In order to preserve system stability, 

certain DSP operations like modulation, filtering, and symbol mapping were carried out on the host computer. 

Additionally, dynamic range and transmission rate are constrained by the front-end bandwidth and the ADC 

and DAC sampling rates. To guarantee seamless and real-time operation within the USRP N210's capabilities, 

these limitations had a direct impact on important design choices, such as the selection of subcarrier 

configurations and sample rates.  

Finally, the UHD USRP sink block is crucial to sending the processed signal through hardware after the 

design flow graph. The samples can be transmitted to the physical medium thanks to this block, which receives 

the flow graph's final output and interfaces with the USRP device. An essential part of the entire FBMC 

transmission process, the UHD USRP sink guarantees smooth hardware platform integration, enabling the 

conversion of software-defined signal processing into a transmitted signal in the real world. It should be noted 

that a USRP N210 device was used for the testing and validation of the FBMC transmitter in an indoor 

laboratory setting. The transmission occurred over short-range line-of-sight (LOS) links, with the transmitter 

and receiver typically separated by 3 to 5 meters. The environment had moderate frequency selectivity, little 

delay spread, and mild multipath fading because of the controlled indoor environment. Due to the experiments' 

relatively shielded location, which reduced cross-channel interference from other wireless systems, external 

radio frequency interference was minimal. Although it was possible, the FBMC signal's integrity was not 

significantly impacted by the slight background interference from Wi-Fi and Bluetooth devices using nearby 

ISM bands. In addition to serving as a useful guide for upcoming hardware-based experiments aiming for 

reproducibility, these conditions offer a reasonably clean baseline for confirming waveform generation and 

spectral characteristics. 

 

 
Figure 6. Photograph for the overall implemented framework 
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Figure 7. FBMC design using GNU Radio 

 

6. EXPERIMENTAL RESULTS, VALIDATION, AND PERFORMANCE ANALYSIS 

Experimental testing was carried out in the Ministry of Science and Technology's Laboratory of Space 

and Communication Research in Baghdad following system configuration and the successful loading of the 

FBMC design onto the USRP N210. The USRP N210's operational state as a transmitter is shown in Figure 8. 

The GNU Radio flow graph's successful execution and transmission are confirmed by the LED indicator "A" 

turning on. The transmitted FBMC signal using 32 subcarriers is shown in Figure 9. The frequency band that 

is occupied ranges from 733 MHz to 744 MHz, for a total bandwidth of 11 MHz. The observed fluctuations 

range from -100 dB to -60 dB, indicating a fluctuation margin of 40 dB, while the signal amplitude stays 

constant at -60 dB. The 64-subcarrier FBMC signal transmission is shown in Figure 10. In this instance, the 
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signal keeps the same 11 MHz bandwidth while spanning a frequency range of 732 MHz to 743 MHz. With 

fluctuations between -90 dB and -60 dB, the amplitude stays constant at -60 dB, resulting in a decreased 

fluctuation margin of 30 dB. 

The mentioned Figure 9 and Figure 10 can be compared to observe that a greater number of subcarriers 

leads to a discernible decrease in amplitude fluctuation, which enhances the signal-to-noise ratio (SNR). This 

suggests that as the number of subcarriers rises, multicarrier transmission will become more stable and 

efficient. The BER performance of the FBMC transmission with 32 and 64 subcarriers is compared as a 

function of 𝐸𝑏/𝑁0, ranging from 0 to 20 dB, in Figure 11. Better transmission reliability under higher signal-

to-noise conditions is indicated by the BER decreasing as 𝐸𝑏/𝑁0  increases, as predicted. Interestingly, over 

the whole range, the 64-subcarriers system performs better than the 32-subcarriers configuration. For example, 

the 64-subcarrier system achieves a BER that is almost an order of magnitude lower than that of the 32-

subcarrier system at 𝐸𝑏/𝑁0  =  10 dB. The increased number of subcarriers makes the signal more resilient to 

channel impairments, resulting in finer frequency resolution and reduced inter-symbol interference (ISI), which 

contributes to this performance gain. The 64-subcarrier curve's steeper slope indicates better resilience to fading 

and noise, which makes it a better option for high-throughput or error-sensitive communication situations. 

These results support the scalability of FBMC for next-generation wireless standards and validate the crucial 

role that subcarrier count plays in determining the error performance of FBMC systems. In order to simulate 

and visualise BER performance trends, MATLAB was used to create the previous plot. The constellation 

diagram of FBMC-transmitted symbols with 16-QAM modulation at a 20 dB SNR is shown in Figure 12. The 

received symbols are plotted in the In-Phase (I) and Quadrature (Q) components of the diagram. Accurate 

symbol detection and little channel distortion are indicated by the closely clustered points surrounding optimal 

constellation locations. This illustration confirms that baseband processing and channel equalisation were 

successfully implemented by showing the modulation fidelity of the FBMC system in noisy environments. 

Additionally, it offers visual proof of the system's resistance to AWGN, confirming the theoretical predictions 

of FBMC's superior resilience and spectral shaping. The MATLAB-generated plot validates the experimental 

results and boosts trust in the system's functionality.  

The impulse response of the low-pass filter prototype used in the FBMC transmitter is shown in Figure 

13. The response exhibits the traits of a superior finite impulse response (FIR) filter created with a Hamming 

window: it is symmetric, well-localised in time, and decays smoothly. This Figure 13 highlights the filter's 

time-domain localisation, which is crucial for reducing ISI, a major problem in multicarrier systems. 

Theoretically, FBMC has the advantage of not requiring a cyclic prefix, which improves spectral efficiency. 

This is supported by the filter's ability to effectively confine energy within a limited number of taps. The 

magnitude frequency response of the same prototype filter is shown in Figure 14. Strong frequency selectivity 

and less spectral leakage are indicated by the plot's flat passband, sharp transition, and noticeably attenuated 

sidelobes. This Figure 14 is crucial for verifying the filter bank design's spectral containment capabilities in 

FBMC systems. FBMC uses carefully thought-out filters to reduce adjacent channel interference, in contrast 

to OFDM, which has high out-of-band emissions because of rectangular pulse shaping. This frequency-domain 

analysis provides visual evidence that the filter satisfies the spectral shaping objectives necessary for 5G and 

cognitive radio applications. The FBMC-transmitted signal's spectrogram, which shows the power distribution 

over time and frequency, as shown in Figure 15. The Figure 15 makes it evident that the subcarriers are 

uniformly spaced and have a narrow bandwidth in both domains. The purpose of this Figure 15 is to 

demonstrate the time-frequency localisation capability of FBMC, which is a significant benefit over traditional 

OFDM. The prototype filter successfully confines the signal in time and frequency, as evidenced by the lack 

of spectral smearing or overlap. This outcome demonstrates that FBMC is appropriate for dynamic spectrum 

settings where accuracy and minimal interference are crucial.  

The PSD of the OFDM and FBMC signals across the same frequency range is shown in Figure 16. In 

contrast to OFDM, which exhibits distinctive sidelobe leakage because of its rectangular pulse shaping, the 

FBMC signal exhibits a sharp frequency roll-off and noticeably lower out-of-band emissions. To prove 

FBMC's superior spectral efficiency, this comparison is essential. In situations where stringent spectral masks 

must be followed, such as cognitive radio and 5G, reduced spectral leakage is essential. The Figure 16 validates 

one of FBMC's primary theoretical advantages by graphically depicting this behaviour and confirming that it 

achieves better spectral containment. The rise in relative computational complexity in relation to an FBMC 

transmitter's subcarrier count is depicted in Figure 17. The plotted curve exhibits a quasi-logarithmic trend, 

which is typical of polyphase or FFT-based filtering operations frequently employed in real-world applications. 

This illustration is used to examine resource needs and scalability constraints. The processing load rises with 

the number of subcarriers, particularly in real-time SDR environments such as the USRP N210. This analysis 
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provides insights into the best design trade-offs for deployment by weighing the hardware feasibility against 

the performance benefits (as demonstrated by the BER and PSD results).  

Finally, an illustration plot that compares the main performance indicators of FBMC and OFDM systems 

is shown in Figure 18. Due mainly to the use of well-localised prototype filters and the lack of a cyclic prefix, 

the plot demonstrates FBMC's superior performance in terms of frequency localisation and spectral efficiency. 

As can be seen, FBMC attains a higher normalised score in spectral efficiency because it completely removes 

the cyclic prefix, which causes a 10–20% overhead in traditional OFDM. On the other hand, OFDM exhibits 

reduced latency in short-packet transmissions, which may be useful in applications where delay requirements 

are strict. However, the latency difference disappears, and FBMC's performance benefits become more 

noticeable in high-bandwidth or continuous streaming scenarios. Additionally, the plot demonstrates both 

systems' compatibility with SDR platforms, including the USRP N210 utilized in this study. The comparative 

study backs up the case for FBMC adoption in flexible and cognitive radio systems of the future, especially in 

settings where coexistence in fragmented spectrum and spectral efficiency are crucial. 

 

 
Figure 8. Transmitter LED of the USRP N210 

 

 
Figure 9. FBMC transmitter signal with 32 subcarriers 

 

 
Figure 10. FBMC transmitter signal with 64 subcarriers 
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Figure 11. BER performance of FBMC systems with 32 and 64 subcarriers 

 

 
Figure 12. Constellation diagram of FBMC transmitted symbols (16-QAM) under AWGN channel 

 

 
Figure 13. Impulse response of the prototype filter used in FBMC transmission 
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Figure 14. Frequency response of the prototype filter showing sharp attenuation and sidelobe suppression 

 

 
Figure 15. Spectrogram of FBMC transmitted signal 

 

 
Figure 16. PSD Comparison: FBMC vs OFDM 

 

 
Figure 17. Computational complexity vs. number of subcarriers 
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Figure 18. Comparative performance analysis of FBMC and OFDM 

 

7. FUTURE WORK AND RECOMMENDATIONS 

Although the implementation and functionality of an FBMC transmitter using a USRP platform are 

successfully demonstrated in this work, there is still a great deal of room for improvement through optimisation 

techniques. Future studies might examine how metaheuristic algorithms like Ant Colony Optimisation (ACO), 

Particle Swarm Optimisation (PSO), or Genetic Algorithms (GA) can be integrated to improve crucial system 

elements like filter design, subcarrier spacing, and power allocation. In multicarrier systems such as FBMC, 

where filter performance directly affects spectral efficiency, inter-symbol interference, and system robustness, 

these optimisation techniques are especially useful. For example, better sidelobe suppression and time-

frequency localisation may result from optimised prototype filter coefficients, which would lower out-of-band 

emissions. Figure 19 illustrates the expected significance of this improvement, showing that the frequency 

response of an optimised filter will have lower sidelobe levels and a noticeably sharper roll-off than the un-

optimised design. This is a prime example of how algorithm-driven design can result in noticeable 

enhancements to spectral containment and signal quality. Furthermore, based on real-time channel feedback, 

adaptive resource allocation strategies driven by optimisation algorithms could dynamically modify transmit 

power and modulation schemes. These improvements would make the transmitter more robust and effective in 

a range of network scenarios. In addition to improving system performance, integrating these clever, 

algorithmic solutions would match FBMC architectures to the requirements of reconfigurable, cognitive, and 

next-generation radio systems.  

A comparative review of optimisation techniques used for FBMC systems in recent scholarly works is 

shown in Figure 20. The two most commonly used methods among these are PSO and GA. Their efficiency in 

tasks like filter bank design and Peak-to-Average Power Ratio (PAPR) reduction is what has led to their 

widespread adoption [50]. Furthermore, convex optimisation methods have demonstrated promise in producing 

mathematically rigorous and constraint-aware filter designs, especially those based on Quadratically 

Constrained Quadratic Programming (QCQP). Overall, by showcasing both well-established and cutting-edge 

optimisation techniques, this illustration supports the rationale for the suggested future research direction. In 

order to improve the performance and adaptability of the FBMC system, it also highlights the potential for 

more research, specifically in the application, comparative analysis, and hybridisation of these algorithms [50]-

[52]. 

 

 
Figure 19. Expected response for the optimized filter 
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Figure 20. Usage of optimization algorithms in FBMC research 

 

8. CONCLUSIONS 

In this paper, the spectral efficiency of FBMC modulation is shown to be significantly higher than that of 

conventional Orthogonal OFDM. In contrast with OFDM, FBMC uses pulse-shaping filters and does not 

require CP. This improves system performance by minimising the effects of interference and multipath fading. 

Using the USRP N210 platform in conjunction with GNU Radio, the FBMC transmitter was implemented and 

tested, offering a versatile and effective setting for the creation and transmission of signals in real time. This 

platform made it possible to quickly test out different system configurations, especially changing the number 

of subcarriers. The experimental results demonstrate the potential of FBMC to provide superior performance 

in demanding wireless communication environments by confirming that increasing the number of subcarriers 

lowers signal fluctuation and improves the SNR. These results imply that FBMC is a viable option for 

upcoming physical layer implementations, especially in situations requiring robust performance in multipath-

rich channels and high spectral efficiency. The scalability of FBMC systems and the optimisation of subcarrier 

configurations for next-generation wireless communication technologies can be further investigated in future 

studies. 
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