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ABSTRACT

Wireless embedded systems have seen rapid growth. Nonetheless,
the further growth of these systems is now threatened due to the
complexities of programming, networking, and deploying them.
Developing embedded systems today is a challenging task primarily
due to the vast diversity in radio standards, network stacks, mi-
crocontrollers, sensors, and other parts of the embedded system
ecosystem. This complexity makes it a task suited only for experts,
thus hindering the broader adoption of embedded systems.

In this early work, we tackle a particular aspect of this challenge
related to the complexities of wireless communication. Specifically,
we explore the hypothesis that the emergent properties of large lan-
guage models could help mitigate the complexities of programming
the wireless communication stack. We adopt a complex radio trans-
mitter design based on a backscatter mechanism and explore the
generation of the transmitter’s logic using state-of-the-art language
models. Our exploration leads to insights that, with appropriate
prompting, today’s state-of-the-art large language models are al-
ready capable of generating complex modulation and backscatter
logic. This finding warrants further efforts to design language model
generated radio transmitters to simplify embedded systems.
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Figure 1: Overview of the system. An end-user provides input
in natural language to an LLM, specifying details such as
modulation scheme, intermediate frequency, bitrate, and
the embedded platform. The end-user may also provide the
datasheet to the LLM. The LLM generates relevant code for

instantiating a radio transmitter. The radio waves generated
by the transmitter are observed using a spectrum analyzer.

1 INTRODUCTION

The rapid growth in the number of embedded systems is hindered
by challenges related to programming, networking and deploying
them. Today, a huge diversity exists in the various components
that make up a embedded system [5, 8], including programming
languages, frameworks, and networking stacks. Consequently, even
experts face significant challenges [2] in learning the intricacies of
the embedded systems, and deploying them in the real-world.

If we consider the specific case of wireless communication, there
are numerous wireless standards with details extensively covered in
voluminous manuals. At a lower level of abstraction, these standards
use radio transceivers. Hundreds of radio transceivers from various
manufacturers exist, each with varied complexities in interfacing
them to a microcontroller. The specific details are spelled out in the
datasheet, often spanning hundreds of pages [9].

The past several years have seen significant interest in large lan-
guage models (LLMs). Based on the transformer architecture [13],
these models are now demonstrating capabilities that enable numer-
ous applications. LLMs are now being applied in various contexts,
including controlling robots [3], exhibiting agentic behavior for
controlling tools [7], and assisting in writing code for software de-
velopment [2]. With the scaling of these models and their emergent
capabilities, there is a sincere debate about whether these models
demonstrate a level of reasoning and understanding that could lead
to general intelligence [1]. However, the use of LLMs to help with
programming of the wireless communication stacks remains largely
unexplored. Due to the complexity of programming wireless stacks,
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Figure 2: Spectrum of signals emitted by a language model generated backscatter transmitter. We vary modulation , frequency
deviations (d), intermediate frequencies (IF) at symbol rate of 10 kbps by providing natural language prompts to a LLM.

the ability of LLMs to simplify the process of programming proto-
cols and writing code for low-level transmitters can significantly
help to streamline the task of networking embedded systems. We
focus on this particular aspect and examine the ability of LLMs to
generate logic for backscatter transmitters [4, 6, 10-12].
Backscatter enables transmissions through reflections or absorp-
tion of ambient wireless signals instead of locally generating higher
frequency carrier signal [4, 6, 10]. This mechanism allows for low-
power transmissions compared to commodity transmitters. In a
typical backscatter system, a microcontroller generates digital sig-
nals that toggle a switch controlling an antenna. This causes the
antenna to reflect or absorb ambient signals according to the base-
band signal, generating the reflected backscattered signals.
Despite the benefits, the backscatter mechanism has seen limited
adoption due to the complexity of implementation. For example,
implementing this mechanism on a microcontroller requires careful
and precise control of a general-purpose input/output (GPIO) pin
according to the baseband signal. Generating the baseband signal
involves using appropriate timers, understanding the intricacies of
the modulation scheme, microcontroller architecture, wireless stan-
dards, and managing other intricate protocol details like sequences
for preamble and error check mechanisms. These complexities mo-
tivate us to use backscatter as an appropriate use case to test the
hypothesis that LLMs are now sufficiently capable of generating
complex logic to support wireless networking in embedded systems.

2 DESIGN

Generate a baseband code for ESP32 using the Arduino frame-
work to perform 2-FSK modulation by toggling the output
voltage state on a digital GPIO pin.

The system consists of a software defined radio (SDR), an embed-
ded platform, a backscatter frontend, an edge computer interacting
with an LLM, and a receiver that tracks the backscattered signal.
We provide an overview of the system in Figure 1. The end-user
provides prompts to an LLM at the edge device. We do not fine-
tune the model or provide any other external documentation like
datasheets, allowing us to understand the baseline capabilities of
LLM. Next, the generated code is used to program the embedded
platform. Specifically, we ask the LLM to generate code for Fre-
quency Shift Keying (FSK) and On-off Keying (OOK) as modulation
through the shown prompts. We generate a carrier signal using
SDR. The embedded platform then toggles the backscatter fron-
tend, reflecting or absorbing the carrier signal, and we observe the
backscattered signal using a spectrum analyzer as a receiver.
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Implementation. We use OpenAl, GPT-4o0 as the LLM. For the
embedded platform, we used an ESP32-S3-Devkit. We tracked the
signal using a Signalhound BB60C spectrum analyzer.

3 EVALUATION

We observed that the particular LLM is capable of generating com-
plex code to implement modulation schemes such as 2-FSK and
OOK. Figure 2 shows the spectrum plot for transmissions from the
language model-designed backscatter transmitter.

Subsequent Prompt

Refactor and regenerate the above code as per the following
instructions: 1. Set the modulation parameters: Intermediate
Frequency (IF) = 15kHz; Standard Deviation (d) = 5kHz;
and Symbol Rate = 10 kbps 2. The observed modulation pa-
rameters differ from those expected. Make use of the precise
timer peripheral present on the ESP32-S3-Devkit.

Observation 1. Providing detailed prompts with information re-
garding intermediate frequency, bitrate, and other modulation pa-
rameters helps LLM to generate accurate code. It prevents LLMs
from hallucinating critical baseband information.

Observation 2. Specifying hardware details such as peripherals
helps generate accurate code. For example, we found deviations
between the expected intermediate frequency and the observed
frequency. This was due to the LLM ignoring the limitations of the
ESP32’s clock. We corrected this behavior by specifying the use of
timers for baseband logic as a prompt, leading the LLM to generate
code that precisely controlled the GPIO.

Observation 3. Using less common embedded platforms or com-
plex modulation schemes requires additional prompting cycles. It
may also require providing a detailed PDF with the datasheet to
the LLM, as it may lack the ability to generalize from its dataset.

4 CONCLUSION

We presented the first study exploring the feasibility of using an
LLM for designing a radio transmitter. We will explore fine-tuning
an LLM with information for supporting complex protocols and
expanding the study to a broader range of embedded platforms.
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