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One module. The system operates within the 1 MHz to 500 MHz range and utilizes GNU
Radio for real-time modulation, filtering, and transmission control, adopting a
homodyne architecture for simplicity, compactness, and energy efficiency. Hardware
components, software configuration, and signal processing flowgraphs were
developed and integrated into a functional prototype. Experimental results
demonstrated stable FM transmission over distances up to 50 meters, delivering clear
audio at short range and acceptable quality at maximum distance. These findings
highlight the system’s potential as an affordable platform for education,
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1. Introduction

Software Defined Radio (SDR) is a radio communication system where traditional hardware
components such as mixers, filters, amplifiers, modulators/demodulators, and detectors are
implemented through software on a general-purpose computing platform or embedded system,
rather than fixed-function analog hardware [1].

The idea behind SDR emerged in the late 1980s and early 1990s, initially driven by military
requirements for radios that could quickly adapt to different communication standards without
requiring physical hardware replacements [2]. By replacing hardware-based signal processing with
Software algorithms, SDR allows for high flexibility, easy reconfiguration, and compatibility with
multiple frequency bands and modulation schemes.
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A typical SDR system uses an RF front-end for basic signal conversion (analog to digital or vice
versa) and a digital signal processor (DSP), general-purpose processor (GPP), or field-programmable
gate array (FPGA) for implementing the signal processing tasks [3]. This design makes it possible to
update or enhance a radio system through software upgrades rather than building new hardware.

The fig 1 illustrates the diverse applications of Software Defined Radio (SDR) across multiple
domains. In wireless communications, SDR enables seamless operation over cellular networks, Wi-Fi,
Bluetooth, and satellite systems. It serves as a powerful tool in research and education, supporting
experimentation, prototyping, and learning in communication technologies. In military and
emergency communication systems, SDR provides adaptable, secure, and reliable communication
solutions for mission-critical operations [4]. Amateur radio operators utilize SDR for its ability to
access multiple frequency bands and modes. Additionally, SDR is instrumental in spectrum
monitoring and signal intelligence, allowing efficient detection, analysis, and management of radio
frequency activity.
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Fig. 1. Key Applications of Software Defined Radio (SDR)
1.1 Advantages of SDR Over Traditional Radios

Compared to conventional hardware-defined radios, Software Defined Radios (SDRs) offer
significant advantages, including reconfigurability, where protocols, modulation schemes, and
operating frequencies can be modified through software updates without altering the hardware.
They also provide cost efficiency by eliminating the need for multiple dedicated radios to support
different standards [5]. With multi-standard capability, SDRs can operate on protocols such as GSM,
LTE, Wi-Fi, and Bluetooth using the same hardware platform. Additionally, they facilitate rapid
prototyping, enabling quick testing and deployment of new communication algorithms. Their
flexibility also holds strong educational value, allowing students and hobbyists to explore and
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experiment with wireless communication concepts without the need for costly laboratory equipment
[6].

1.2 Project Motivation

Traditional hardware radios are often limited to fixed functions and require complex, costly
modifications to support new communication standards. This limitation is particularly challenging for
researchers, students, and hobbyists who need a flexible and affordable platform for testing various
wireless protocols [7]. Pairing a Raspberry Pi with an SDR device such as the HackRF One offers a cost-
effective, portable, and energy-efficient alternative. This combination provides a powerful
experimental platform for implementing, testing, and analyzing radio systems without the high
investment required for commercial-grade SDR platforms such as the USRP.

1.3 Focus of This Work

This study focuses on developing a transmitter-only SDR system using a Raspberry Pi 4 and
HackRF One. The main objectives are:

e To design a compact and portable SDR transmitter suitable for experimental and educational
purposes.

e To demonstrate FM signal generation and transmission using GNU Radio on a low-cost
hardware platform.

e To provide a clear, replicable implementation method for students, researchers, and
hobbyists.

The design emphasizes simplicity, affordability, and reconfigurability, ensuring accessibility for a
broad audience interested in wireless communication experimentation.

1.4 SDR vs Traditional Radio

In traditional radios, the signal captured by the antenna passes through multiple stages of analog
hardware, including amplifiers, filters, and mixers, to isolate and process the desired frequency. The
conversion from analog to digital occurs later in the chain, meaning that most modulation,
demodulation, and filtering tasks are carried out using fixed-function electronic circuits. Because
these tasks depend on dedicated components, changing the system to support a new frequency
band, modulation scheme, or communication standard often requires replacing or redesigning
hardware [8]. This makes traditional radios less adaptable, slower to upgrade, and more costly to
modify.

In SDRs, the design shifts most of the processing workload from hardware to software. After
minimal analog front-end processing, the signal is converted to digital form early using high-speed
analog-to-digital converters (ADCs). Once in digital form, all core processing such as modulation,
demodulation, filtering, and protocol handling, is performed by software running on general-purpose
processors (GPPs), digital signal processors (DSPs), or field-programmable gate arrays (FPGAs) [9].
For transmission, the reverse occurs, with software generating the digital waveform, which is then
converted back to analog using a digital-to-analog converter (DAC) [10].

This architecture offers unparalleled flexibility: the same SDR hardware can support multiple
communication standards simply by updating the software. As a result, SDRs enable rapid
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prototyping, easy reconfiguration, multi-standard capability, and lower long-term costs compared to
traditional radios, which rely heavily on dedicated, non-programmable circuitry.Fig 2 compares the
architectures of traditional hardware-defined radios and software-defined radios (SDRs), highlighting
their fundamental differences in signal processing.
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Fig. 2. Compares the architectures of traditional hardware-defined radios and software-defined radios
(SDRs), highlighting their fundamental differences in signal processing

Despite the proven advantages of SDR, many existing implementations rely on costly, high-end
platforms such as USRP, which limits accessibility for budget-conscious researchers, educational
institutions, and hobbyists. Affordable SDR solutions are often receiver-focused, with fewer
documented, reproducible designs for transmitter-only systems that can be easily deployed for
learning and experimentation. Furthermore, limited resources exist that integrate low-cost single-
board computers like the Raspberry Pi with SDR hardware to deliver a portable, power-efficient, and
functional transmission platform.

To address this gap, the present study aims to design and implement a compact, low-cost SDR
transmitter using a Raspberry Pi 4 and HackRF One, capable of generating and transmitting FM signals
via GNU Radio. The project prioritizes affordability, portability, and ease of replication, ensuring that
students, educators, and independent researchers can leverage SDR technology without substantial
financial or technical barriers.

The significance of this work lies in its contribution to democratizing access to SDR
experimentation. By offering a practical, step-by-step implementation of a functional transmitter
platform, this study supports hands-on learning, fosters rapid prototyping in wireless communication
research, and encourages innovation in resource-constrained environments.

2. Literature Review
Early concepts of Software-Defined Radio (SDR), first introduced by Mitola in the 1990s, marked

a paradigm shift in wireless communication by replacing fixed analog circuitry with flexible, software-
driven signal processing [11]. Initially, SDR technology found its primary applications in military and
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defense systems, where the ability to adapt rapidly to changing communication standards and
frequencies offered a strategic advantage [12]. Over time, advancements in processing power,
miniaturization, and open-source development enabled the migration of SDR into commercial,
educational, and research domains [13].

The early low-cost implementations by developing a Raspberry Pi-based SDR for disaster
communication. Their work demonstrated that portable, energy-efficient, and cost-effective SDR
systems could serve as viable tools for emergency networks in resource-constrained environments.
This breakthrough paved the way for broader experimentation in non-military applications [14].

More recent studies have explored SDR’s potential in diverse areas such as Open Radio Access

Networks (Open RAN), Unmanned Aerial Vehicle (UAV) communication systems, and cognitive radio
networks, which dynamically adjust spectrum usage to optimize performance. However, much of this
research relies on sophisticated and high-cost platforms like the Universal Software Radio Peripheral
(USRP), which, while offering exceptional flexibility and performance, can be financially prohibitive
for widespread deployment [15].
Building on this foundation, the present work proposes a simplified, transmitter-only SDR
configuration tailored for affordable hardware platforms. The design focuses on preserving
adaptability for multiple modulation schemes and frequency bands while significantly reducing
complexity and cost, making it more accessible for educational projects, rural communication
networks, and small-scale experimental deployments.

3. Methodology

The system is built around a Raspberry Pi 4 (4 GB RAM), which serves as the central processing
platform for all signal handling and system control tasks. A HackRF One device, capable of operating
across a wide frequency range from 1 MHz to 6 GHz, is connected to the Raspberry Pi to handle the
conversion of the processed baseband signal into an RF signal suitable for over-the-air transmission.
A standard microphone connected to the Raspberry Pi provides live audio input, which forms the
content of the transmission. Finally, an external antenna attached to the HackRF One radiates the RF
signal into the air, allowing it to be received by compatible radio receivers.

Figure 1 illustrates the signal flow and functional components of the proposed Software-Defined
Radio (SDR) transmitter system

The software environment for the system is based on GNU Radio 3.10, an open-source digital
signal processing toolkit that allows for the creation of signal flowgraphs through a modular block-
based interface. Within GNU Radio, the incoming audio is first processed through the Wideband FM
(WBFM) transmit block, which applies frequency modulation to encode the audio signal onto a carrier
wave, making it suitable for FM broadcast. Following this, a low-pass filter is applied to suppress
unwanted high-frequency noise and harmonics that could degrade transmission quality or cause
interference in adjacent frequency channels.

Once filtered, the baseband FM signal is passed to the Osmocom Sink block, which interfaces
directly with the HackRF One. The HackRF One then upconverts the modulated signal from its
baseband form to the target RF carrier frequency (for example, around 100 MHz for FM radio
broadcasting). The upconverted RF signal is output to the connected antenna, which converts the
electrical signal into electromagnetic waves, enabling wireless transmission over a considerable
range depending on antenna characteristics and output power.

For monitoring and verification, the system uses applications such as GQRX and SDRangel, which
can visualize the transmitted spectrum, measure signal strength, and confirm modulation accuracy
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in real time. This ensures that the transmission adheres to the intended frequency, modulation
parameters, and signal quality requirements.

Remote operation is supported via SSH or PuTTY, allowing the Raspberry Pi to be configured and
controlled over a network connection without a direct physical interface. This enables flexible
deployment of the SDR transmitter in various environments, including locations where local
monitoring is not feasible.

Overall, the integration of low-cost, general-purpose computing hardware (Raspberry Pi) with a
versatile SDR peripheral (HackRF One) and open-source DSP software (GNU Radio) results in a
flexible, reconfigurable, and portable FM transmission system. The modular design allows for quick
reconfiguration to support different modulation schemes, frequencies, and input sources, making it
suitable for educational, experimental, and communication applications.
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Fig. 3. Block Diagram of SDR Transmitter
4. Results

The SDR transmitter system was evaluated for its FM audio transmission performance across
three distinct distances: 5 meters, 20 meters, and 50 meters. For each test, the system was
configured to broadcast an audio signal generated through GNU Radio on the Raspberry Pi 4, with
the HackRF One serving as the RF front-end. A standard consumer-grade FM radio receiver, tuned to
the transmission frequency, was used to assess the clarity, stability, and strength of the received
audio signal. The tests were conducted in an open outdoor environment to minimize multipath
interference and physical obstructions, ensuring a consistent line-of-sight between the transmitter
and receiver. At each distance, qualitative observations of audio quality and background noise were
recorded, while signal strength was monitored using the radio’s built-in signal meter. Figure 4
illustrates the experimental setup used for the transmission performance evaluation.
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Fig. 4. Overview of SDR transmitter system

I. Transmission Performance

e 5 Meters: At a short distance of 5 meters, the received signal strength was excellent, and
the audio was clear without noticeable distortion or background noise.

e 20 Meters: At 20 meters, the signal remained strong, but minor noise interference was
observed, likely due to environmental obstacles and the HackRF One’s limited transmit
power.

e 50 Meters: At the maximum tested distance of 50 meters, the signal was still detectable,
and the audio was intelligible; however, noticeable distortion and background hiss were

present.
Table 1
Signal vs Audio Quality
Distance (m) Signal Strength Audio Quality
5 Excellent Clear
20 Good Minor noise
50 Acceptable Slight distortion

Il. Power Consumption

During continuous transmission, the combined Raspberry Pi 4 and HackRF One setup consumed
approximately 6.5 W, making it energy-efficient and suitable for battery-powered or portable
applications.

Ill. Observations

The system successfully demonstrated FM audio transmission over short to moderate distances.
However, the HackRF One’s inherently low output power limits the achievable range without the use
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of an external RF power amplifier. Environmental factors such as building walls, interference from
nearby electronics, and antenna positioning also affected the quality of received signals. Despite
these limitations, the setup proved effective for educational demonstrations, SDR experimentation,
and low-power communication tests.

5. Conclusion

This work presents the successful development of a low-cost Software Defined Radio (SDR)
transmitter using a Raspberry Pi 4 paired with a HackRF One module. The system effectively transmits
FM audio signals over distances of up to 50 meters, delivering satisfactory signal strength and audio
clarity. Powered by GNU Radio for real-time modulation and signal processing, the setup is
particularly well-suited for educational and experimental use. The findings underscore the SDR’s
value as an accessible platform for students, researchers, and hobbyists to explore wireless
communication concepts without the high expenses of conventional radio systems. While the
transmission range is limited by the HackRF One’s modest output power, the design’s simplicity,
flexibility, and affordability make it a practical resource for learning and experimentation. Future
enhancements could include the integration of external RF power amplifiers to extend range and
improve performance. Overall, this work adds to the growing body of SDR research by delivering a
practical, adaptable, and cost-effective solution for wireless communication experimentation.
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