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Abstract — A fully-digital Chirp Spread Spectrum (CSS)
backscatter system, is presented that consumes tens of microwatts
and uses a Multiple-Input Single-Output (MISO) receiver. The
system uses ambient FM signals as carriers to wirelessly
transmit information. The receiver uses a portable low-cost
Software-Defined Radio (SDR) that captures 6 MHz of spectrum,
enabling reception from multiple FM stations to protect against
outages, noise, and interference. The novelty of the tag design
is removing the Digital-to-Analog Converters (DACs) and
Voltage-Controlled Oscillators (VCOs) needed in similar works.
Instead, the tag uses the Microcontroller’s (MCU) Inter-IC Sound
(I2S) peripheral to create digitally sampled CSS chirps that
control the Radio-Frequency (RF) switch. A tag prototype was
built and tested, showing successful packet decoding beyond
100 m at a bit rate of 273 bps while receiving backscattered
signals from 3 FM stations. The design confirms the long-range
and low-power capabilities (17.6 µW) of low-cost ambient
backscatter approaches.

Keywords — backscatter, chirp spread spectrum (CSS),
energy-aware communication, Internet of Things (IoT), long
range (LoRa) modulation.

I. INTRODUCTION

In recent years, ultra-low-power wireless communication
has become critical for Internet of Things (IoT) deployments.
Backscatter communication represents one of the most
promising paradigms in this field. It enables small devices
to transmit data by modulating existing radio-frequency
(RF) signals without generating their own RF carrier. This
approach inherently reduces power consumption and hardware
complexity of battery-free or ultra-long-lifetime sensor nodes.

Traditional backscatter systems use simple modulation
schemes such as On-Off Keying (OOK) or Frequency-Shift
Keying (FSK) [1]. To support higher data rates, longer
ranges, and more robust links, recent research has explored
higher-order modulation schemes and advanced waveform
strategies. Recent work [2], demonstrated four-level
pulse-amplitude modulation (4-PAM) for ambient FM
backscatter. They exploit ambient FM signals with multi-level
amplitude modulation for enhanced spectral efficiency in
backscatter communications.

These advancements in modulation complexity have
enabled long-range backscatter systems. Seminal research
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Fig. 1. LoRAB 2.0 system architecture showing ambient FM backscatter tag
with I2S-based CSS generation and MISO receiver capturing reflected signals
from multiple FM stations.

on Long Range (LoRa) Backscatter [3], demonstrated
chirp-spread-spectrum (CSS) modulation over a dedicated RF
source, achieving ranges up to 2.8 km with the tag being
close to the source. However, this architecture requires a
dedicated RF emitter with a complete CSS transmitter chain.
The design includes a Digital-to-Analog Converter (DAC), a
Voltage-Controlled Oscillator (VCO), a switch mapper, and a
Single Pole, 8 Throw (SP8T) switch, resulting in significant
hardware complexity.

Simpler baseband signal generator alternatives have been
recently explored. Work in [4] uses Single Pole, Double
Throw (SPDT) switches and Field-Programmable Gate Arrays
(FPGAs) to generate LoRa-compatible signals. This reduces
complexity but still needs Register-Transfer Level (RTL)
coding and specialized hardware. An alternative approach [5],
repurposes microcontroller (MCU) peripherals such as Serial
Peripheral Interface (SPI) or Inter-IC Sound (I2S) to generate
LoRa chirps. This shows that higher-order modulations can be
created using only peripheral hardware and memory lookup



tables without dedicated RF components.

Table 1. Comparison of ambient FM backscatter systems.

System Modulation Hardware
Complexity Range Power

FM-OOK
(2017) [6]

OOK-FM0 Low 5 m 2.84 mW

FM-FSK
(2017) [7]

2-FSK Med–High 18 m 11 µW

Switching
Freq.
(2018) [8]

Analog FM Medium 26 m 24 µW

LoRAB
(2022) [9]

CSS (SF 9) High 130 m 100 mW [10]

FM Rider
(2024) [1]

2-FSK Low 107 m 1.44 mW

LoRAB 2.0
(This Work)

CSS (SF 7) Low 121 m 17.6 µW

In parallel, ambient backscatter approaches exploit existing
RF signals such as Frequency Modulation (FM), Television
(TV), and cellular broadcasts as excitation sources. This
technique eliminates the need for dedicated RF transmitters.
First-of-its-kind work [11], leveraged ambient TV signals
to demonstrate the feasibility of ambient backscatter
communication. Subsequent implementations using ambient
FM backscatter with Two-FSK modulation [1] achieved ranges
exceeding 100 m. Recent ambient backscatter system LoRAB
[9], exploiting in-band FM stereo channels demonstrated
130 m range with only 130 nA RF-front-end current
consumption. However, this implementation still requires
lab DAC equipment (NI MYDAQ) external processing for
modulation generation, resulting in a bulky and expensive
setup. Table 1 further shows a comparison of this work to
some previous prominent ambient FM backscatter approaches.
Building on the foundational work of LoRAB [9], this
work presents LoRAB 2.0, which eliminates the need for
an external DAC and addresses the hardware complexity
and power consumption limitations through an all-digital
ambient backscatter system using commercial off-the-shelf
components.

II. SYSTEM DESIGN

The proposed system is shown in Fig. 1. The tag uses
an ultra-low-power MCU that creates digitally sampled CSS
chirps via its I2S peripheral to drive an RF switch. This
achieves simpler hardware and lower energy consumption
compared to previous implementations that needed DACs
and VCOs. The receiver uses a portable Software-Defined
Radio (SDR) that captures a 6 MHz spectrum chunk. This
enables simultaneous use of multiple ambient FM stations.
Capturing several stations improves resilience to outages, noisy
broadcasts and interference. The proof-of-concept prototype
shows the feasibility of extremely low-cost, ultra-low-power,
and low-complexity tags using purely digital signal synthesis.

A proof-of-concept system hardware is shown in Fig. 2.
The nRF52833 development board is powered at 1.8 V using
an nRF Power Profiler II Kit, which records instantaneous
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Fig. 2. Experimental setup with the nRF52833 backscatter tag, Airspy Mini
SDR receiver, FM antennas, and laptop running the decoding algorithm.
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Fig. 3. Backscatter modulation principle showing the two reflection-coefficient
states (left) and the resulting digital square-wave control signal sampled from
the analog chirp (right).

and average current consumption. The MCU’s I2S peripheral
bitstream output drives the control pin of the ADG919 SPDT
switch, while VDD of the ADG919 was 1.8 V. The switch
output is connected to a handmade 1.5 m copper-wire dipole
(1.5 mm diameter), which reflects ambient FM signals with
impedance-modulated backscatter. The receiver uses a standard
FM monopole antenna connected to the Airspy Mini, which
captures the reflected waveform for digital processing. After
acquisition, GNU Radio and Python/MATLAB scripts perform
demodulation, correlation-based CSS detection, and packet
decoding.

The Nordic Semiconductor nRF52833 was selected as the
main processing unit due to its ultra-low-power characteristics,
especially deep-sleep current consumption below 1 µA. The
MCU operates its I2S interface at programmable sampling
rates between 100 kHz and 16 MHz, enabling flexible chirp
synthesis depending on required spreading factor (SF) and
bandwidth. During operation, chirps are transmitted serially
over the I2S data line, while the Central Processing Unit
(CPU) is mostly asleep. The Direct Memory Access (DMA)
controller autonomously transfers the lookup-table samples
to the I2S peripheral, minimizing processor wake-ups. This
has a major impact on the ultra-low-power consumption. The
digital bitstream is generated by sampling an analog CSS
chirp in the digital domain, yielding the square-wave control
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Fig. 4. Structure of a CSS frame showing preamble and payload chirps.

signal shown in Fig. 3 (right). This waveform toggles the
ADG919 between two impedance states, Z0 ≈ 5.7 + j5.03
and Z1 ≈ 27.97− j504.12, resulting in a reflection-coefficient
distance of ∆Γ ≈ 1.785, as shown in Fig. 3 (left). The
transitions between these two impedances reflect the CSS
modulated signal on the carrier, leading to valid packets that
can be recovered at the receiver, as shown in Fig. 4.

On the receiver side, an Airspy Mini SDR with cost
around $100 is used due to its small form factor, high
sensitivity, and capability for sampling up to 6 MHz of
instantaneous bandwidth. Since commercial FM broadcasts
occupy 88 MHz to 108 MHz with typical spacing of 200 kHz,
this bandwidth theoretically allows simultaneous reception of
up to 30 stations. Practically, due to the relatively low number
of active FM broadcasters, at most four FM stations can be
captured within a 6 MHz bandwidth. Cheaper SDRs, such as
RTL-SDR (2.4 MHz), can capture one or two FM stations,
while high-end SDRs like HackRF (20 MHz) or USRP B200
(56 MHz) can capture the entire FM broadcast band, which
is 20 MHz wide. This is beneficial since the backscattered
CSS signal resides within the FM stereo area, and using
multiple stations increases the sensitivity of the system as it
reduces localized interference, and in-band noise variability.
In this work, the full 6 MHz spectrum is captured in GNU
Radio, where frequency-isolating filters extract individual
FM channels. Each channel is demodulated using FM-stereo
receiver blocks, and the recovered real samples are passed to
a custom CSS decoder, initially developed in MATLAB and
later ported to Python for planned open-source receiver release
and real-time operation.

III. POWER CONSUMPTION AND RESULTS

The energy efficiency of the proposed digital ambient
backscatter system was evaluated by measuring the current
drawn by the tag using an nRF Power Profiler II at
1.8 V. Operating the system at a fixed duty cycle of 1%
active transmission time following official LoRa guidelines
[12], the system achieves average current consumption
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Fig. 5. Energy consumption for active transmission of a 4-byte packet (with
8 preambles) , shown as a function of spreading factor.
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Fig. 6. Bit error rate versus spreading factor for receiver tuned to one, two,
and three ambient FM stations, measured indoors with the receiver placed 8 m
from the tag.

of around 9.8 µA (17.6 µW) regardless of the SF. By
limiting active airtime to 1%, the system becomes scalable
and energy-efficient, enabling dense ambient-backscatter by
allowing multiple nodes to transmit simultaneously with
minimal channel congestion.

Fig. 5 breaks down the energy consumption characteristics
further, with the energy consumption of a 4-byte packet
(with 8 preamble symbols), plotted against different values
of SF. Since on-air time is directly proportional to SF,
increasing the value of SF results in longer transmission
times and greater energy consumption. This can be clearly
seen as SF 9 has an energy consumption of 1.41 mJ, while
SF 5 is 124.99 µJ. These results show a range of energy
costs for different modulation configurations and indicate
the importance of choosing the best configuration based on
system needs. Although conventional LoRa systems typically
operate in a range between SF 7 and SF 12, we narrow our
investigation to the spreading factors SF 5 and SF 9, as our
system targets higher data rates, while still keeping acceptable
range. Furthermore, due to the fact that the nRF52 platform
supports only 128 kB of Random Access Memory (RAM)
and our design stores full lookup tables for both upchirp
and downchirp, generating chirps above SF 9 consumes high
memory and is not practical for real-time operation.

Error performance was measured indoors in terms of bit
error rate (BER) when the SDR was tuned to one, two, and



three ambient FM stations, as shown in Fig. 6. The tag was
placed 8 meters away from the receiver and the FM stations
were more than 30 km way from the experimental setup.

While conventional LoRa systems typically show
monotonically decreasing BER as SF increasing, our
measured BER versus SF curve shows a clear minimum at
SF 7 before increasing again. The cause of this behaviour
is still under investigation, with potential contributing
factors including clock inaccuracy at longer chirp durations
or increased susceptibility to ambient FM interference.
Therefore, SF 7 and SF 8 offer the best in-band performance
for ambient FM backscatter. It was also observed that tuning
to more than one FM station significantly reduces BER. The
probability of two or three FM stations transmitting in stereo
lines simultaneously is significantly lower. Hence, there is a
sharp decline in BER when tuning to more than one station.
It was also observed that the BER vs SF difference is not
much in the case of two and three FM stations. Hence,
it is recommended to optimize the system based on BER
performance to reduce computation overhead.

Preliminary outdoor experiments also showed long-range
capability as SF 7 packets with coding rate (CR) 4/8 could
be successfully decoded with signal-to-noise ratio (SNR) of
−10.83 dB at a distance of 121 m.

IV. CONCLUSION AND FUTURE WORK

In this work, we present LoRAB 2.0, a novel CSS-based
ambient backscatter tag using the digital peripherals
of a low-power nRF52833 MCU that achieves outdoor
communication ranges above 100 m while operating at
17.6 µW. The minimal two-component architecture (MCU+RF
switch) and fully software based waveform generation
substantially reduce hardware complexity, system cost, and
development overhead compared to prior CSS backscatter
approaches. A practical MISO receiver configuration was also
shown that noticeably lowers BER.

Future work includes properly time-synchronizing and
phase-synchronizing the MISO channels at the receiver to
achieve additional gain and better ranges. The receiver is
also being ported to Python for planned open-source release,
real-time decoding, and development of a mobile Application.
A custom test PCB is under development, with an integrated
tiny solar-cell harvesting circuit for battery-free operation. This
will lead to a custom proof-of-concept design board with an
estimated final cost below $10.
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