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Fig. 1. AudioCast transmitters operate in the FM-broadcast spectrum and transmit information as audio broadcasts. They

support a transmission range of up to 130 m in line-of-sight environments and tens of meters in non-line-of-sight environments,

while consuming less than 200 µW of power. AudioCast transmissions are compatible with commodity FM-radio receivers,

such as those found in cars and smartphones, enabling seamless communication with existing infrastructure.

Wireless connectivity challenges hinder the deployment of embedded systems. We introduce AudioCast to address two

critical issues: spectrum scarcity-induced contention and high power consumption in transmitters. The widespread availability

of broadcast radio receivers (for example, FM radios using the 88–108 MHz spectrum) and access to underutilized lower-

frequency spectrummotivate the design of AudioCast. The lower-frequency spectrum offers superior radio-wave propagation

characteristics, exhibiting at least 10× lower path loss than the 2.4 GHz and 5 GHz Industrial, Scientific, and Medical (ISM)

bands while avoiding congestion and interference. These properties enable reliable and long-distance communication, even

for weakly radiated signals. AudioCast builds on these properties and the unique negative resistance of a tunnel diode.

AudioCast rethinks the architecture of radio transmitters using a tunnel diode oscillator to generate carrier signals
and self-modulate them with baseband signals. This results in frequency-modulated transmissions at an overall power

consumption below 200 µW. Unlike related systems based on the backscatter mechanism, AudioCast does not require an

externally generated carrier or rely on ambient signals. We argue that AudioCast represents an example of a new class

of transmitters which we conceptualize as Beyond-Backscatter transmitters. Through experiments, we demonstrate that

AudioCast achieves a transmission range of up to 130 m in line-of-sight and tens of meters in non-line-of-sight conditions
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respectively. These transmissions are decodable by ubiquitous commodity FM receivers in cars, homes, and phones. We

evaluate AudioCast through theoretical analysis, benchtop experiments, and urban/indoor field deployments. Additionally,

we prototype and demonstrate novel applications, including low-power voice transmissions and hand gesture communication,

enabled by AudioCast’s range and power efficiency.

CCS Concepts: • Hardware → Sensor devices and platforms; Wireless devices; Networking hardware; Sound-based input
/ output; • Computer systems organization→ Sensor networks.

Additional Key Words and Phrases: Beyond-backscatter transmitters, FM-broadcast spectrum, embedded systems
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1 Introduction

Embedded systems are ubiquitous: from sensors that monitor our environment [53, 61] to cameras that track our

surroundings [51, 52]. As these systems are increasingly being deployed on a scale, their long-term sustainability

has become a growing concern [20]. Recent efforts toward sustainable embedded deployments have focused on

addressing the power-intensive nature of wireless communication, with the aim of extending battery life [79] or

enabling battery-free operation through energy harvesting from ambient sources [15, 30, 76]. These approaches

generally reduce power consumption by designing energy-efficient communication mechanisms [51, 76]. Never-

theless, wireless communication remains a major barrier to the overall sustainability of embedded deployments.

Wireless communication is the most power-intensive task performed by embedded devices, consuming at least

an order of magnitude more power than sensing and processing [40, 75]. This arises from the need to generate and

amplify radio waves [23, 45], which involves power-hungry analog components such as oscillators, amplifiers,

and mixers. Transmission, in particular, consumes more power than reception because of its dependence on

amplifiers to produce strong signals. Since embedded systems generally transmit more frequently than they

receive, mitigating the cost of transmissions could substantially reduce the overall power consumption.

Backscatter transmitters have emerged as a promising approach, attracting significant research interest in

the past decade [23, 40, 45, 75, 81]. Although not new–first demonstrated over half a century ago and widely

used in RFID tags–backscatter has recently seen renewed interest in enabling applications beyond traditional

RFIDs. Backscatter transmitters reduce power consumption by shifting energy-intensive analog tasks away from

the transmitter. This allows the transmitter to focus solely on low-power baseband processing and digital tasks.

The necessary carrier signals can come from powerful devices such as readers and routers, or even ambient

signals [45, 75, 81, 84]. However, despite numerous advances, backscatter has seen slower adoption than expected.

This raises an important question: What has prevented the widespread deployment of backscatter transmitters
despite the significant potential to enable sustainable embedded deployments ?
Several challenges have hindered the broader adoption of backscatter transmitters. In particular, they often

require dedicated carrier emitter devices, which must typically be placed in close proximity to the tags, a constraint

that limits deployment [81]. Although some approaches attempt to leverage ambient signals, they face significant

limitations, particularly in indoor environments where weak ambient signals, combined with the inherent losses

of the backscatter process, lead to impractically short ranges [45, 88]. Furthermore, operating in shared wireless

spectrum introduces additional complications. Inherently weak backscattered signals are highly susceptible to

interference from more powerful coexisting devices, resulting in packet loss, latency, and reduced reliability.

Design.WepresentAudioCast to address both the spectrum and energy challenges in embedded systems. The key

contribution of AudioCast is the conceptualization of a novel transmitter architecture, Beyond-Backscatter (BB)

Transmitter that moves beyond the limitations of backscatter mechanisms by eliminating the need for carrier

2

https://doi.org/10.1145/3729471


System

External

Carrier

Frequency

(MHz)
Range

(m)
Power

(µW)

Bit Rate

(bps)
Speech

Quality

FM Backscatter [88] Ambient carrier 88 – 108 6 11.07 3.2k PESQ ≈ 2

FM Backscatter [34] Ambient carrier 88 – 108 19.6 150 1k NA

Judo [84] Carrier emitter (>100 m) 868 100 100 100k NA

TunnelRadio [64] Not required 88 – 108 24 150 NA NA

AudioCast Not required 88 – 108 130 200 368 – 10.7k PESQ > 1.29

Table 1. Comparison of AudioCast with existing backscatter and low-power transmitters. The AudioCast transmitter can

reliably transmit up to 130 m while maintaining overall power consumption below 200 µW.

emitter devices. It addresses spectrum scarcity by using the unoccupied FM-broadcast band and using existing

broadcast radio receivers for communication. AudioCast broadcasts information as audio messages. Although

built from standard components, the AudioCast transmitter operates at power levels below 200 µW– comparable

to the state-of-the-art backscatter transmitters [81], as shown in Table 1.

The BB-Transmitter builds on recent advances in using tunnel diodes to design low-power oscillators [49, 80,

83, 84], enabling carrier signal generation with power consumption below 200 µW and bias voltages under 200

mV. However, tunnel diode oscillators (TDOs) often trade stability for low-power operation [78, 84], leading

to challenges such as frequency drift caused by nearby motion, environmental changes [80, 84], or even subtle

effects such as a person’s breathing [78]. To overcome these issues, we systematically addressed the sources of

instability and incorporated targeted design enhancements into the BB-Transmitter architecture.

We systematically studied the factors that contribute to instability in TDOs. First, we found that TDOs exhibit

improved stability at lower frequencies. Second, the biasing network plays a critical role; designing a practical

biasing circuit is challenging due to the non-linear behavior of the diode. We observed that using a regulated

power supply combined with a diode network significantly improves stability by maintaining the tunnel diode

within its negative resistance region while stepping down a higher supply voltage. To mitigate the influence of

electromagnetic interference, both from the transmitter and from nearby sources [78]—we integrated a diode

network, an RF isolator and an EMI shielding box into the BB-Transmitter design. Together, these design choices

effectively stabilize the TDO, even in the presence of nearby movement, thus eliminating the need for an external

carrier emitter device for injection-locking [84].

We address the challenge of contention by purposefully transmitting information over the FM-broadcast band

(88—108 MHz). This spectrum offers superior propagation characteristics that enable long-range communication

at low transmit power. While FM-radios remain prevalent in some regions, they are being phased out in others,

and many modern smartphones no longer include FM-receivers. This trend creates an opportunity to reuse the

FM-broadcast band for embedded communication. The feasibility is further supported by off-the-shelf radio

chipsets that support this frequency band. Additionally, regulations in many countries permit unlicensed use of

the FM-broadcast band, provided transmissions stay within defined power limits. AudioCast promotes the use of

this underutilized spectrum for embedded systems, particularly due to the relative scarcity of interfering emitters

in this band. Since available frequencies vary by region, we also discuss the challenges of dynamic spectrum

selection and provide tools to help users identify unallocated FM channels based on their geographic location.

FM-radio receivers typically rely on analogmodulation techniques, such as frequency and amplitudemodulation.

In this work, we demonstrate a unique property of the TDO, which we refer to as self-modulation. This property

enables us to frequency modulate the carrier signal directly using the TDO without the need for external

and power-consuming modulating and mixing circuits. We systematically investigate how the frequency and

amplitude of the baseband signal influence the modulation index.

Most applications require the deployment of multiple tags within an environment, necessitating a mechanism

for co-existence and efficient spectrum utilization. To address this, we develop a frequency-division multiple
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Fig. 2. Radio-wave propagation loss decreases significantly at lower frequencies, particularly in the FM-broadcast band

(88–108 MHz). This reduction in path loss enables long-range wireless communication even at a low transmit power.

access (FDMA)-based scheme that assigns separate channels to each tag. In addition, we conducted detailed

experiments to demonstrate the feasibility of simultaneous transmissions from multiple tags while maintaining

reliable communication. Putting these contributions together, the highlights of the results are as follows:

Summary of results.

• AudioCast achieves a range of up to 130 m in line-of-sight (LoS), 110 m in mixed LoS, and tens of meters in

non-line-of-sight (NLoS) environments—all without requiring a carrier emitter device.

• AudioCast demonstrates the self-modulation property of TDO, which allows the frequency modulation of

TDO without additional circuits. This allows reception via ubiquitous FM-receivers. AudioCast maintains

intelligible speech quality, achieving PESQ scores greater than 1.29.

Application use cases.We prototype and demonstrate three novel use cases enabled by AudioCast’s unique

properties: (1) a wearable device that transmits voice data from individuals at µW-scale power consumption,

(2) communication of hand gesture information for scenarios such as appliance control, and (3) backhauling

information to support city-wide sensor deployments.

2 Background

We provide background on the system’s design: First, we analyze the benefits of using a lower-frequency spectrum
for wireless connectivity. Next, we contrast the advantages of FM-broadcast spectrum with TV-whitespace, which

uses unused UHF spectrum. Finally, to contextualize our approach, we review related work on low-power

transmitter design, including systems based on backscatter mechanisms and tunnel diode-based architectures.

2.1 Lower-Frequency Enables a Long Communication Range

Wireless communication range is dependent on the operating frequency. Lower frequencies exhibit superior

propagation characteristics, thus supporting longer-range communication even at lower transmission power.

For instance, free-space path loss scales with the square of frequency (Friis’ equation), making sub-1 GHz bands

10–100× more power-efficient than 2.4 or 5 GHz ISM bands. In addition, lower-frequency signals also penetrate

obstacles such as walls more effectively, making them ideal for NLoS deployments and dense urban environments.

Broadcast radio and television systems, for example, FM-broadcast (≈ 88–108 MHz) and UHF TV (≈ 470–698

MHz), exploit low-frequency propagation properties to sustain kilometers-scale links. AudioCast’s tunnel-diode

oscillator, operating at microwatt-level power, leverages the FM-broadcast band to enable long-range communi-

cation. To quantify this capability, we applied the Extended Hata (eHata) model [2], which has been validated for

frequencies ranging from 30 to 3000 MHz in various environments. The simplified path-loss expression is:

𝑝𝐿 (𝑓 , 𝐻𝑚, 𝐻𝑏, 𝑑, 𝑒𝑛𝑣) = 𝐿(𝑓 , 𝐻𝑚, 𝐻𝑏, 𝑑, 𝑒𝑛𝑣) +𝑇 (𝐺 (𝜎))) (1)

Here, 𝐻𝑚 and 𝐻𝑏 denote the minimum and maximum antenna heights (set to 1 when <1 m from ground), 𝐿 is

the median path loss, 𝜎 is the shadowing standard deviation, 𝑓 is frequency, 𝑑 is the TX-RX distance and 𝑒𝑛𝑣

indicates the environment (urban, suburban, or rural). Figure 2 shows the simulated path loss across frequencies

using eHata. Solid lines denote mean loss, while shaded regions show deviation due to shadowing and multipath
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Fig. 3. Frequency allocation for radio stations within the FM-broadcast spectrum (88–108 MHz) remains sparse across major

cities worldwide, as illustrated by the blue bars. Despite the FM-broadcast spectrum’s favourable propagation characteristics

and regulatory allowances for unlicensed transmissions, a significant portion remains unallocated and underutilized. Our

one-hour spectral measurement of the FM-broadcast band at our location further confirms this under-utilization.

effects. We observe that at 100 MHz, the path loss is at least 25 dB lower than at 2.4 GHz—over 300× lesser power

loss. This allows AudioCast to combine sub-200 µW power with over 100 m range, consuming at least 10× lesser

power consumption than commercial transceivers, which achieve a similar communication range and bitrate.

2.2 Television and FM-broadcast Spectrum

Repurposing unoccupied television spectrum—commonly referred to as “whitespaces”—has emerged as a promis-

ing approach for networking in embedded systems [9, 12, 67]. This opportunity arises due to the shift from

over-the-air television broadcasts to internet streaming, freeing up sub-1 GHz spectrum for computer communi-

cation. The television spectrum is attractive for several reasons. First, lower-frequency (sub-1 GHz) allow for

compact, reasonably sized yet efficient antennas. Second, lower-frequency offer superior propagation, allowing

radio-waves to penetrate walls and travel several times farther than 2.4/5 GHz signals, particularly NLoS. Finally,
operating in the TV bands avoids cross-technology interference with protocols such as Wi-Fi and Bluetooth.

Consequently, regulators in many countries allow unlicensed transmission in unoccupied TV spectrum.

Television-broadcast spectrum. Terrestrial television broadcasts occurs on the 54–806 MHz band, with 6 MHz

allocated per channel in the very high frequency (VHF; 54–88, 174–216 MHz) and ultra-high frequency (UHF;

470–806 MHz) bands, and vary by region. With the global shift to digital and internet-based television services,

much of this spectrum has become available for licensed and unlicensed computer communication [26, 35].

FM-broadcast spectrum. FM broadcasts occur in the lower-frequency spectrum (below 108 MHz). We surveyed

frequency allocations in ten major cities to assess the potential of FM-broadcast bands as whitespaces for computer

communication. As shown in Figure 3(a), our analysis reveals that a significant portion of FM-broadcast spectrum

remains unallocated [19, 24, 25, 48, 58, 59]. We also conducted a study using a spectrum analyzer (BB60C from

SignalHound [33]) at our location (Figure 3(b)), which confirms this sparsity, further underscoring the under-

utilization of the FM-broadcast spectrum. In addition, countries such as Norway and Switzerland have already

phased out FM broadcasts in favour of digital services [74, 92], further supporting our argument.

Although the FM-broadcast spectrum offers promising opportunities for unlicensed communication, it also

introduces the challenge of selecting appropriate frequencies. These unoccupied bands must be regionally selected,

potentially requiring re-tuningwhen relocated to a different geographic area.AudioCast can leverage community-

maintained databases [60] to identify occupied channels and dynamically adjust transmission frequencies.

Alternatively, scanning with low-power envelope detectors [45] can help avoid active stations. To further simplify

frequency selection during deployment, we provide a script
1
that identifies unallocated frequencies based on

device location, using publicly available sources to build a database of allocated channels. We make this repository

open to contributions to help expand and maintain the database.

1
https://github.com/weiserlab/AudioCast/tree/main/frequency_scanner
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Finally, FM broadcasts are licensed; regulations, such as FCC Parts 15.231 and 15.239 [22, 27], permit low-power,

unlicensed transmissions. For continuous transmissions with a bandwidth ≤ 200 kHz, the specified communication

range is approximately 61 m, corresponding to a field strength of 250 µV m
−1

at 3 m. For periodic transmissions,

the service range may extend beyond 160 m, with an allowable field strength of 500 µV m
−1

at 3 m. AudioCast

transmissions, due to the inherently low-power nature of tunnel diodes, result in weak emissions and easily

comply with these regulatory constraints. AudioCast also builds on the sparsity of the FM-broadcast spectrum.

2.3 Low-power Transmitters based on Backscatter Mechanism

RFID is one of the most widely deployed embedded systems, leveraging backscatter communication with billions

of tags worldwide [91]. Although RFID enables battery-free operation, its use in sensing applications is limited

by several factors: the energy-intensive reader infrastructure [81], short communication ranges (typically under

10 m), and challenges in adapting the system to custom sensing applications [89].

Over the past decade, efforts have been made to overcome RFID limitations and apply backscatter to embedded

applications. There have been efforts to decouple the backscattered signal from the carrier signal in frequency

to mitigate self-interference [95]. Building on this approach, subsequent work has enabled the generation of

baseband signals compatible with commodity protocols, such as Wi-Fi [38], Bluetooth [23], and ZigBee [37, 56].

This enabled reception on commodity devices, such as smartphones and laptops, eliminating the need for RFID

readers. However, these systems require the tag to be in proximity to the carrier emitter device, which limits the

deployment scenario. Efforts have also explored trading off bitrate for sensitivity to extend the communication

range of backscatter systems. In particular, LoRa-based backscatter mechanisms achieve hundreds of meters of

range while operating at µW-scale power consumption [55, 75]. Varshney et al. extend the range of the backscatter

mechanism [81] to kilometers while reducing the cost of both the carrier emitter device and receiver.

Despite these advances, backscatter systems still rely on carefully positioned carrier emitter devices to illu-

minate tags with carrier or excitation signals [40, 81]. This requirement limits the flexibility and practicality of

deployments. AudioCast overcomes this constraint through its BB-transmitter architecture, which achieves a

power consumption comparable to backscatter tags, while eliminating the need for a carrier emitter device. By

operating in the underutilized FM-broadcast spectrum, AudioCast also avoids interference challenges that often

affect weak backscatter signals in congested ISM bands (e.g., Wi-Fi/BLE crosstalk). This combination of carrier

emitter device-free operation and spectral efficiency enables novel applications in environments and scenarios

where traditional backscatter systems face limitations, as demonstrated by the experiments in this work.

2.4 Backscattering using Ambient Wireless Signals

Efforts have been made to design transmission mechanisms that operate without a carrier emitter device. Ambient

backscatter leverages ubiquitous wireless signals, reflecting or absorbing them to communicate with specialized

receivers. Liu et al. pioneered this concept by demonstrating its feasibility using television signals [45]. Based

on this work, Kellogg et al. [38] and Zhang et al. [93] utilized Wi-Fi signals. However, ambient signals in urban

environments face coverage limitations. To address this, FM backscatter systems [13, 14, 87, 88] take advantage

of the superior propagation characteristics and wide coverage of FM broadcasts. Wang et al. demonstrated the

feasibility of backscattering ambient FM signals, enabling commodity smartphones to receive transmissions [88].

Daskalis et al. used FM backscatter to transmit temperature data in agricultural deployments [13, 14], while Hu

et al. [34] designed an FM backscatter tag that incorporates a tunnel diode reflection amplifier to improve range.

However, all of these approaches are based on the presence of ambient FM signals, which are being phased out in

several regions. More generally, the backscatter mechanism suffers from significant signal strength loss (often

exceeding 30 dB) [83], which severely limits the range unless the tag is placed very close to a strong transmission

source, such as a radio tower, as also confirmed by the experiments presented in this work.

6



2.5 Tunnel Diodes

Tunnel diodes are semiconductor devices characterized by a heavily doped p-n junction, with doping levels of

orders of magnitude higher than those of conventional diodes [70]. This extreme doping creates an ultra-thin

depletion region, enabling quantum tunneling and resulting in distinctive current-voltage (I-V) characteristics.

As depicted in Figure 5(b), tunnel diodes exhibit a negative resistance region: once the forward voltage exceeds a

critical threshold (typically tens of mV), the current decreases with increasing voltage. This phenomenon occurs

at low bias voltages (tens to hundreds of µV) and currents (a few mA), allowing operation on the µW scale.

Reflection amplifiers. Tunnel diodes have been used to enhance backscatter systems by designing reflection

amplifiers. Amato et al. demonstrated a 5 GHz tag integrating a tunnel diode reflection amplifier, achieving 40 dB

gain [5], while Varshney et al. extended this to 868 MHz with 34 dB gain [80, 83]. GPSMirror leveraged tunnel

diodes to amplify weak GPS signals and relay them indoors [18], and Hu et al. developed an FM-backscatter

tag using tunnel diodes for long-range ambient backscatter transmission [34]. Although these systems achieve

microwatt-level power consumption, they depend on ambient or dedicated carrier signals from carrier emitter

devices. This makes deployment complex and increases contention in the ISM band due to strong carrier signals.

AudioCast tackles these limitations with its BB-transmitter architecture, eliminating the need for a carrier emitter

device. Furthermore, the system also demonstrates the self-modulation property of tunnel diode oscillators.

Transmitters. AudioCast builds on recent efforts to move beyond backscatter architecture by designing

transmitters using tunnel diode-based oscillators. TunnelScatter demonstrated that a tunnel diode transmitter

could operate without a carrier signal using On-Off Keying (OOK) modulation [83]. Judo introduced the self-

oscillating mixing property of tunnel diode oscillators, achieving high transmission range and bitrate [84].

TunnelEmitter used a tunnel diode oscillator to implement a standalone carrier emitter [80], while TunnelLiFi

applied it to build a light sensor [49]. Each of these systems faced challenges stemming from the inherent

instability of tunnel diodes, particularly the frequency drift in the oscillator caused by nearby motion. Thaddeus et

al. leveraged this instability to design a low-power sensor for monitoring vital signs [78]. AudioCast introduces

the BB-transmitter architecture, which mitigates the frequency drift of tunnel diode oscillators and enables

deployments without a dedicated carrier emitter device. Furthermore, AudioCast is the first to demonstrate the

frequency modulation capability of tunnel diode oscillators, which we refer to as self-modulation, allowing for

audio broadcasts compatible with commodity FM radio receivers, such as those found in cars and phones.

AudioCast is most closely related to, and builds upon, TunnelRadio [64], but significantly advances beyond its

design. First, we introduce techniques to stabilize the tunnel diode oscillator, addressing TunnelRadio’s susceptibil-
ity to frequency drift, a shortcoming that, as shown in our motion experiments, severely impacts communication

reliability in mobile scenarios. Second, we employ an FSK-like modulation scheme that encodes sensor data as

audio tones, allowing reliable demodulation by commodity FM receivers. In contrast, TunnelRadio uses unmodu-

lated carriers, which cannot convey sensor information. Third, AudioCast supports concurrent transmissions

using FDMA. Fourth, we extend the communication range to over 100 m, achieving a 5× improvement over

TunnelRadio, as shown in Table 1. Fifth, we demonstrate and evaluate the self-modulation property of the tunnel

diode oscillator. Finally, we prototype real-world applications to demonstrate the practicality of the system.

2.6 Motivation for going Beyond-Backscatter Transmitters

Backscatter [23, 40, 75, 81], reflection amplifiers [5, 21, 83], and tunnel diode transmitters [49, 84] address energy

challenges in embedded systems by enabling low-power transmissions and balancing power consumption between

sensing, processing, and transmission tasks. However, all of these approaches share one common limitation: the

need for a carrier emitter device. Backscatter and reflection amplifiers operate by reflecting or absorbing the

carrier signal, whereas tunnel diode-based transmitters, such as Judo [84], rely on them for injection locking.

This dependence restricts the applicability of such systems, as the precise placement of the emitter device may
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Fig. 4. The BB-Transmitter enables the AudioCast system. Due to several design choices, AudioCast avoids the need for a

carrier emitter device. This provides deployment flexibility over injection-locked TDO and backscatter transmitters.

not always be practical or feasible in real-world deployments. Hence, there is a need to design transmission

mechanisms that avoid a device such as a carrier emitter device while preserving the low-power characteristics

of the backscatter mechanism. The BB-transmitter architecture of AudioCast precisely addresses this challenge.

In particular, several efforts have been made to design transmitters that avoid the carrier emitter device. They

generate carrier signals locally, minimizing radiated power for low-power operation. One of the first systems, pre-

sented in 1963 [41], described a tunnel-diode-based FM transmitter for medical research and laboratory telemetry.

However, it was not designed to transmit digital information and had a relatively high power consumption of

approximately 1.6 mW. More recent efforts have used tunnel diode oscillators to design transmitters that support

on-off keying (OOK) modulation [83] or as emitter devices [80] for backscatter tags; however, these designs have

faced stability challenges. AudioCast builds on these previous works and addresses the limitation of instability.

3 Design

We present AudioCast transmitter, conceptualizing the Beyond-Backscatter (BB) architecture and focusing

on a few key aspects of the architecture. First, we analyze the impact of the operating frequency on the stability

of the TDO. Second, we explore design choices to enhance oscillator stability without relying on the injection

locking mechanism. Third, we introduce and leverage the self-modulation property of the TDO to frequency-

modulate the carrier signal directly, eliminating the need for external modulation circuits. Fourth, we detail the
communication scheme, which encodes information as audio tones broadcast by the tunnel diode oscillator.

Finally, we demonstrate AudioCast’s support for multiple transmitting tags, enabling scalable deployments.

3.1 Beyond-Backscatter Architecture

AudioCast implements the BB-Transmitter architecture taking advantage of the underutilized FM-broadcast

spectrum (88–108 MHz). By encoding data as frequency modulated signals, AudioCast enables reception on

ubiquitous FM-receivers found in cars, smartphones, and home devices, without the need for specialized receivers

or hardware modifications. Figure 1 presents an overview of the AudioCast, while Figure 4 compares the

BB-Transmitter architecture with other low-power transmitter architectures.
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Fig. 5. An oscillator fundamentally consists of a negative resistance element coupled with a resonant circuit. The oscillation

frequency depends on the characteristics of both the negative resistance element and the resonant circuit. Tunnel diodes are

an ideal negative resistance element due to their nonlinear current-voltage characteristics, including a distinctive voltage-

dependent negative resistance region. The equivalent circuit of a tunnel diode includes the negative resistance (𝑅𝑛𝑟 ) in

parallel with the junction capacitance (𝐶 𝑗 ). Additionally, parasitic elements—such as the inductor (𝐿𝑠 ) and the resistor (𝑅𝑠 )

from connecting leads—are incorporated into the model to account for real-world behavior.

Generating a carrier signal. A carrier signal is generated using an oscillator, which is usually designed by

coupling a negative resistance element with a resonant circuit (Figure 5(a)). Although transistors are commonly

used as the negative resistance element, they often require higher power consumption and operating voltages.

The BB-Transmitter builds on recent work showing that carrier signal generation, historically considered energy-

intensive, can now be achieved with power consumption as low as tens of µW using tunnel diodes.

Based on previous efforts [21, 49, 80, 83, 84], we designed a tunnel diode oscillator (TDO) consisting of an

inductor, a capacitor, and the inherent parasitics of the antenna and the PCB as resonant elements, with the

tunnel diode serving as the negative resistance component. We configured the TDO to generate carrier signals in

the FM-broadcast band by fine-tuning the resonant circuit parameters. Specifically, we targeted the FM band

ranging from 88 MHz to 108 MHz and designed the TDO using 3I306E and 1N3712 tunnel diodes.

Nonetheless, the design of the TDO involves several trade-offs to achieve low power consumption: it generates

a weak radiated signal, exhibits higher phase noise, and suffers from frequency instability. Thaddeus et al. [78]

even leveraged this instability to monitor vital signs such as breathing. However, these limitations pose challenges

for transmitter design, where stable carrier frequency and strong signal strength are desirable to ensure reliable

link quality. Hence, we describe several design choices made in BB-Transmitter to address these concerns.

3.1.1 Design Choice 1: Operating at Low-frequency. The frequency of a TDO is influenced by various factors,

including environmental conditions like temperature fluctuations, humidity [80], and nearby motion [78]. Fur-

thermore, the presence of external RF signals can also cause instability. The TDO frequency also drifts naturally

over time. We aim to mitigate frequency drift while preserving the low-power characteristics of the TDO.

Understanding the stability of TDO. Let us look at the stability criteria of the TDO. We used the equivalent

small signal model for the tunnel diode [70] to understand the stability conditions for tunnel diode oscillators.

The operating frequency is dependent on the LC tank circuit. In Figure 5(a), the tunnel diode can be replaced

by its equivalent circuit. The effective negative resistance is dependent on the shunting effect of the intrinsic

junction capacitance. The effective negative resistance can be derived [29] as:

𝑅𝑛𝑟
′ =

𝑅𝑛𝑟𝑋
2

𝑐

𝑋 2

𝑐 + 𝑅2

𝑛𝑟

(2)
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Fig. 6. A free-running TDO exhibits significant frequency drift, often deviating by hundreds of kilohertz from its nominal

frequency. Injection locking the TDO using an external carrier signal can stabilize the frequency and eliminate this drift;

however, this approach requires introducing one or more carrier emitter devices into the deployment.

where, 𝑅𝑛𝑟
′
is the effective negative resistance, 𝑅𝑛𝑟 is the negative resistance of the tunnel diode and 𝑋𝑐 is the

ac reactance of the junction capacitance 𝐶 𝑗 . If we consider that the tunnel diode is operating at the frequency 𝑓 ,

we have 𝑋𝑐 =
1

2𝜋 𝑓𝐶 𝑗
, which on substituting and simplifying the previous equation we get,

𝑅𝑛𝑟
′ =

𝑅𝑛𝑟

(2𝜋 𝑓𝐶 𝑗𝑅𝑛𝑟 )2 + 1

(3)

With an increasing operating frequency of the oscillator, the effective negative resistance is reduced, which is

necessary for sustained oscillations. Furthermore, the condition for the stability [29, 50] is given by,

𝐿𝑇

|𝑅𝑛𝑟 ′ |𝐶 𝑗

< 𝑅𝑇 < |𝑅𝑛𝑟 ′ | (4)

Where, 𝐿𝑇 and 𝑅𝑇 are the values of the inductance and resistance of the lump circuit (including the parasitic

inductances and resistances). With decreasing negative resistance, the above inequality becomes tighter, and

the condition for stability becomes more difficult to achieve. This also reduces the allowed variation of parasitic

components and their increased effect on the stability and frequency of the TDO.

Injection-locking. One mechanism for stabilizing the TDO carrier frequency is the injection-locking [49, 84]

phenomenon. This occurs when two oscillators with close resonant frequencies are coupled, causing them to

oscillate in unison. The minimum signal strength of the carrier required for injection lock is dependent on the

frequency difference between the resonant frequency of the TDO and the external carrier. It is proportional to

the minimum injection current needed to alter the frequency, which is represented by the equation:

𝐼𝑖 ≈ 2𝑄𝐼𝑜
|𝑓0 − 𝑓𝑐 |

𝑓0
(5)

Where 𝐼𝑖 is the minimum injection current, 𝑄 is the quality factor, 𝑓0 is the oscillator frequency, and 𝑓𝑐 is the

external carrier signal frequency. We used the injection-locked oscillator as a baseline to compare the stability

with a free-running oscillator in Figure 6, and it shows the lower drift in the frequency of the carrier signal

generated by the oscillator due to injection locking. However, we aim to eliminate the need for an emitter device.

Next, we detail our choices and the methods used to stabilize the TDO without relying on injection locking.

Low-frequency leads to improved stability. From the above analysis, we conclude that operating at lower

frequencies improves the stability of the TDO.We empirically show this experimentally by comparing the stability

of TDOs across different frequency bands. In one setup, we configured a TDO to operate within the FM-broadcast

band and connected it to an antenna. A nearby spectrum analyzer monitored the emitted signal over one hour.

We repeated the same experiment with a TDO tuned to a frequency near the 868 MHz band. In both cases, we

also evaluated the stability under injection-locking using an external carrier signal.
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Fig. 7. AudioCast hardware prototypes
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Fig. 8. A BB-Transmitter integrates a tunnel diode with a resonant circuit to generate a carrier signal locally. To maintain

stable resonant frequency, a biasing circuit ensures the tunnel diode remains in its negative resistance region, also preventing

frequency fluctuations due to voltage changes. An RF isolator further enhances the stability of TDO by blocking radio-waves.

Figure 6 shows the result of the experiment, in which the TDO operating in the FM-broadcast band demonstrated

better stability. The difference in stability between the free-running and injection-locked configurations at this

lower frequency was minimal. Specifically, the free-running oscillator exhibited a frequency drift of only a few

kilohertz (around ±15 kHz) from its set frequency. In contrast, the TDO operating at the higher frequency showed

a significant frequency drift of several hundred kilohertz (around ±0.5 MHz).

3.1.2 Design Choice 2: Improving the bias circuit. A biasing circuit ensures that the tunnel diode remains within its

negative resistance region by maintaining a precise bias voltage. TDOs present unique challenges for such circuits.

First, even minor changes in bias voltage can cause significant frequency drift. Our experiments show that a mere

variation 1 mV can shift the TDO frequency by hundreds of kilohertz. This is due to the highly non-linear nature

of tunnel diodes, where slight changes in voltage alter their effective negative resistance, internal capacitance,

and inductance. Second, the negative resistance region of a tunnel diode begins at low voltages—typically tens of

millivolts—while baseband and associated circuits often operate at much higher voltages, around 1.8 V. Finally,
because of the self-oscillating mixing and self-modulation properties of TDOs, they are prone to interference

from unwanted noise or emissions, which can mix with the generated radio signals and degrade performance.

We designed a biasing circuit to address these challenges. To achieve the required voltage drop from a higher

voltage rail while minimizing energy waste, we used very low forward-voltage, low-resistance barrier diodes

connected in series. This configuration also provides isolation from the rest of the circuit, preventing noise from

interfering with the TDO. Furthermore, we observed that the diode network enhances the stability of the TDO,

reducing the frequency drift caused by nearby motion. A low-power voltage regulator supplies a steady bias

voltage of 1.2 or 1.3 V. These design elements are shown in the schematic of the BB-Transmitter in Figure 8.

3.1.3 Design Choice 3: Isolators and EMI shielding. TDOs are highly sensitive to changes in their electromagnetic

environment [78], which can cause frequency drifts. Ensuring TDO stability requires isolating the oscillator from

the RF load to prevent frequency shifts, loading effects, and instability due to impedance variations. In RF systems,

any mismatch between the oscillator and the load can result in signal reflections that feed back into the TDO,

disrupting its operation and leading to instability or signal distortion. To mitigate these effects, we incorporate
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(c) Walking motion (BB-transmitter)

Fig. 9. A free-running TDO exhibits significant frequency drift in the presence of nearby movement, such as hand motion or

walking, making it unsuitable for communication. By incorporating measures like EMI shielding, an RF isolator, and a bias

circuit, BB-Transmitter significantly enhances the TDO’s stability, resulting in improved link quality for communication.

an RF isolator and an EMI shielding box. These components help prevent reflected signals from interfering with

TDO and reduce the influence of external electromagnetic noise. We illustrate this configuration in Figure 8.

Putting everything together. Through a combination of design choices, including a dedicated diode network, a

voltage regulator, operation at lower frequencies (particularly within the FM-broadcast band), and the use of an

RF isolator and EMI shielding, we successfully stabilize the TDO without relying on injection locking. These

improvements enable the realization of the BB-transmitter, as illustrated in Figures 7 and 8.

Figure 9 illustrates the improved stability of the TDO. Within the FM-broadcast band, the TDO exhibits minimal

drift as shown in Figure 6. To demonstrate the benefits of our design, we present results for the TDO operating

at 868 MHz, where comparable stability is observed. We conducted this experiment in a controlled university

laboratory environment, placing the transmitter on a table, making hand gestures, and walking around it for

approximately 1 minute. A spectrum analyzer placed 1 m away recorded the TDO frequency drift. The frequency

drift of the unstable free-running TDO reached about 600 kHz, as seen in Figure 9(a). In contrast, our design

significantly reduces this drift by almost an order of magnitude, as demonstrated in Figures 9(b) and 9(c). Figure 10

presents the frequency drift of the TDO over an extended period of 1 hour. We conducted experiments in two

environments: a controlled closed-room setting and a dynamic laboratory environment with external activity

and surrounding interference. In both cases, the transmitter was powered by a CR2023 3 V coin-cell battery. A

spectrum analyzer positioned 1 m away recorded the frequency of the TDO over time through multiple iterations.

Our results show that the diode network played a more significant role in stabilizing the TDO than the isolator

and the EMI shielding, as shown in Figures 10(b) and 10(c). These findings confirm that, through a combination

of targeted design choices, we have successfully stabilized the TDO.

3.2 Modulation

To transmit information, the generated carrier signal must be modulated. Conventional transmitters typically

rely on energy-intensive components, such as mixers, which we aim to avoid in the BB-Transmitter. Previous

works like Judo [84] and TunneLiFi [49] have shown that a TDO exhibits a self-oscillating mixing (SoM) property,

allowing it to mix a weak baseband signal with the TDO output. However, to preserve compatibility with
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Fig. 10. Natural frequency drift refers to variations in the TDO’s frequency when the transmitter operates in an uncontrolled

environment. The BB-transmitter architecture, particularly its biasing network, significantly reduces this drift.

commodity FM-receivers, it is necessary to apply frequency modulation (FM) directly to the carrier. Unlike SoM,

which produces intermodulation products, direct FM modulation varies the carrier frequency according to the

baseband signal. To enable this, we demonstrate a distinct property of the TDO: self-modulation.
FM-modulation primer. As the name suggests, FM radio broadcast stations use frequency modulation to

transmit information. In frequency modulation, the message signal is encoded as a deviation of the carrier wave.

A frequency modulated signal [31] can be represented as,

𝑠 (𝑡) = 𝐴𝑐𝑐𝑜𝑠 [2𝜋 𝑓𝑐𝑡 + 2𝜋𝑘𝑓

∫ 𝑡

0

𝑚(𝜏)𝑑𝜏] (6)

where, 𝐴𝑐 and 𝑓𝑐 are the amplitude and frequency of the carrier signal, 𝑘𝑓 is the sensitivity factor of the

modulator (Hz/ V) and𝑚 is the message signal. For a sinusoidal message signal𝑚(𝑡) = 𝐴𝑚𝑐𝑜𝑠 (2𝜋 𝑓𝑚𝑡), we get

𝑠 (𝑡) = 𝐴𝑐𝑐𝑜𝑠 [2𝜋 𝑓𝑐𝑡 +
Δ𝑓

𝑓𝑚
𝑠𝑖𝑛(2𝜋 𝑓𝑚𝑡)] (7)

Here, Δ𝑓 = 𝑘𝑓𝐴𝑚 is the maximum frequency deviation of the carrier and the fraction
Δ𝑓
𝑓𝑚

is the modulation index

denoted by 𝛽 . Depending on the value of 𝛽 , we can define the modulation to be either narrowband frequency

modulation for very small values (𝛽 << 1) or wideband frequency modulation for larger values. The Eq. 7 can be

expanded using the trigonometric identity 𝑐𝑜𝑠 (𝐴 + 𝐵) = 𝑐𝑜𝑠 (𝐴)𝑐𝑜𝑠 (𝐵) − 𝑠𝑖𝑛(𝐴)𝑠𝑖𝑛(𝐵) giving,

𝑠 (𝑡) = 𝐴𝑐𝑐𝑜𝑠 (2𝜋 𝑓𝑐𝑡)𝑐𝑜𝑠 [𝛽𝑠𝑖𝑛(2𝜋 𝑓𝑚𝑡)] −𝐴𝑐𝑠𝑖𝑛(2𝜋 𝑓𝑐𝑡)𝑠𝑖𝑛[𝛽𝑠𝑖𝑛(2𝜋 𝑓𝑚𝑡)] (8)

For the specific case of narrowband frequencymodulationwith 𝛽 << 1, we can approximate 𝑐𝑜𝑠 [𝛽𝑠𝑖𝑛(2𝜋 𝑓𝑚𝑡)] ≈
1 and 𝑠𝑖𝑛[𝛽𝑠𝑖𝑛(2𝜋 𝑓𝑚𝑡)] ≈ 𝛽𝑠𝑖𝑛(2𝜋 𝑓𝑚𝑡), resulting in 𝑠 (𝑡) ≈ 𝐴𝑐𝑐𝑜𝑠 (2𝜋 𝑓𝑐𝑡) − 𝐴𝑐𝛽𝑠𝑖𝑛(2𝜋 𝑓𝑐𝑡)𝑠𝑖𝑛(2𝜋 𝑓𝑚𝑡). Further
expanding this equation using 𝑠𝑖𝑛(𝐴)𝑠𝑖𝑛(𝐵) = 1

2
[𝑐𝑜𝑠 (𝐴 + 𝐵) + 𝑐𝑜𝑠 (𝐴 − 𝐵)],

𝑠 (𝑡) ≈ 𝐴𝑐𝑐𝑜𝑠 (2𝜋 𝑓𝑐𝑡) −
1

2

𝐴𝑐𝛽 [𝑐𝑜𝑠 (2𝜋 (𝑓𝑐 + 𝑓𝑚)𝑡) − 𝑐𝑜𝑠 (2𝜋 (𝑓𝑐 − 𝑓𝑚)𝑡)] (9)
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Fig. 11. AudioCast generates transmissions within the FM-broadcast band (88–108 MHz). We center the signal at 106.1 MHz,

a frequency unoccupied in our location, to avoid interference with existing FM-radio stations. The figure shows the spectrum,

highlighting both ambient FM-broadcast and AudioCast ’s transmission with a post-propagation strength of -44 dBm.

In Eq. 9, if we consider only the last two terms, a narrow band frequency modulated signal can be approximated

as a mixing approximation, giving the signals 𝑓𝑐 + 𝑓𝑚 and 𝑓𝑐 − 𝑓𝑚 . This approximation would be used in Section 3.2

to explain the self-modulation property of the tunnel diode oscillators.

Bandwidth of FM signal. A frequency modulated signal is periodic in time 𝑡 only when 𝑓𝑐 is an integral multiple

of 𝑓𝑚 . Otherwise, the bandwidth is infinite with multiple sidebands in the frequency spectrum and each sidebands’

strength can be estimated using a different version of the Eq. 7 using Bessel functions [31]. Using Carson’s

formula we can approximate the bandwidth containing the most of the signal power (99%) given by

𝐵𝑊 ≈ 2(Δ𝑓 + 𝑓𝑚) = 2𝑓𝑚 (𝛽 + 1) (10)

For non-sinusoidal signals, 𝑓𝑚 is replaced by the maximum frequency in the message signal. For FM-broadcast,

the allowed maximum frequency deviation is 75 kHz, and the maximum frequency is 56 kHz when broadcasting

mono, stereo, and radio data service (RDS), giving an approximate bandwidth of 266 kHz.

Once the carrier signal has been generated–using a stabilized TDO as illustrated in Figure 11–the next step

is to modulate this carrier with the desired information. Recent systems have used the SoM property of tunnel

diodes [49, 84] to combine baseband and carrier signals, effectively using the TDO as both an oscillator and a

mixer. In contrast, our goal is to generate broadcasts compatible with commodity FM-receivers, which requires

frequency modulation of the carrier signal. To achieve this, we exploit the influence of the negative resistance of

the TDO on its carrier frequency, which we call self-modulation.

Self-modulation of TDOs. We modulate the carrier signal generated by a TDO with an analog baseband signal.

We bias the tunnel diodes in the negative resistance region (Figure 5(b)), where even a slight change in the

bias voltage alters the negative resistance and, consequently, the oscillation frequency. For example, consider

a simplified lumped-circuit model that combines a tunnel diode with an LC resonant tank. In this model, we

compute the oscillation frequency as [29]:

𝜔𝑜 =

√︄
𝑅𝑛𝑟 − 𝑅𝑇

𝐿𝑇𝐶 𝑗𝑅𝑛𝑟
(11)

This equation indicates that the carrier frequency is dependent on the negative resistance of the tunnel diode.

Because the negative resistance depends on the bias voltage, we express the oscillation frequency as a function

of the voltage signal, 𝜔𝑜 = 𝑓 (𝑣 (𝑡)). When the voltage signal includes the message signal, 𝑣 (𝑡) = 𝑣𝑏𝑖𝑎𝑠 +𝑚(𝑡),
we approximate the oscillation frequency as 𝜔𝑜 ≈ 𝜔𝑐 + 𝑓 (𝑚(𝑡)), where 𝜔𝑐 represents the unmodulated carrier

frequency and 𝑓 (𝑚(𝑡)) captures the frequency deviation introduced by the message. Relating it to the Eq. 6,

this corresponds to the 2𝜋𝑘𝑓
∫ 𝑡

0
𝑚(𝜏) term of the frequency modulated signal and explains the self-modulation

property. In effect, the oscillator generates the carrier and performs FM modulation, eliminating the need for

conventional FM modulation circuitry. We demonstrate this capability by feeding an audio signal into the TDO,

and we show the resulting modulated signal captured by a spectrum analyzer in Figure 12(a).
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Fig. 12. To understand self-modulation, we use a baseband signal composed of an audio tone with varying amplitude and

frequency. Increasing the amplitude of the message signal raises the modulation index. Conversely, increasing the message

frequency lowers the modulation index, causing the self-modulation behavior to transition into self-oscillating mixing. In

this regime, the baseband signal mixes with the carrier rather than producing frequency modulation.

Understanding bandwidth, modulation index and baseband characteristics.We estimate the spectrum

bandwidth in Figure 12(a) considering the occupancy of 99% power occupancy and applying Carson’s for-

mula (Eq. 10). Next, we calculate the maximum frequency deviation (Δ𝑓 ) and modulation index (𝛽) for a message

signal of known frequency and peak amplitude. We evaluated the impact of the message signal’s amplitude on

the frequency deviation. We provide a 5 kHz audio tone as the baseband signal to the transmitter. We vary the

amplitude of the signal from 2 mV to 60 mV. We recorded the spectrum using a spectrum analyzer positioned at a

distance of 1 m from the setup. Figures 12(b) and 12(c) show the result of the experiment. For each configuration,

we estimate the bandwidth and frequency deviation (Δ𝑓 ≈ 𝐵𝑊
2

− 𝑓𝑚). We observe that Δ𝑓 increases with the

amplitude of the message signal and, consequently, the modulation index (𝛽 =
Δ𝑓
𝑓𝑚
) also increases correspondingly.

The frequency deviation also gives insights into the modulation sensitivity as Δ𝑓 = 𝑘𝑓𝐴𝑚 .

Next, we vary the frequency of the message from 2 kHz to 60 kHz while maintaining a constant amplitude of

10 mV. With the amplitude fixed, the frequency deviation remains constant (Δ𝑓 = 𝑘𝑓𝐴𝑚 from Eq. 7). Therefore,

the bandwidth increases linearly with frequency according to (𝐵𝑊 ≈ 2(Δ𝑓 + 𝑓𝑚)). In contrast, the modulation

index 𝛽 =
Δ𝑓
𝑓𝑚

decreases inversely with the frequency of the message. This inverse relationship is pronounced at

lower frequencies, as Figure 12(d) shows, which is consistent with theoretical expectations [31].

When the frequency of the message signal increases, the modulation index becomes very small (𝛽 ≪ 1).
At such low modulation indices, the resultant signal appears as a mixed signal, as explained in Section 3.2.

This transition leads to the self-oscillating mixing property of the tunnel diode oscillators [84]. To evaluate the

transition from modulation to mixing, we sweep the message signal frequency from 10 to 400 kHz while keeping

the amplitude constant at 10 mV. We provide a detailed demonstration in our video
2
. At higher frequencies, the

modulation becomes narrowband, and only the first sidebands appear prominently, leading to a SoM effect.

Modulating information as audio broadcasts.We demonstrated that the TDO can be frequency modulated

using analog baseband signals and received through commodity FM-receivers. The natural question that follows

is: How can information be transmitted over such audio broadcasts ? To address this, we draw inspiration from

2
https://github.com/weiserlab/AudioCast/tree/main?tab=readme-ov-file#fm-modulation-vs-mixing
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Fig. 13. AudioCast supports frequency modulation with an analog audio signal while also exhibiting self-oscillating mixing

property, enabling the simultaneous mixing of a complex baseband signal containing digital information.

data-over-sound techniques. We implement a Frequency-Shift Keying (FSK) modulation scheme, encoding data as

distinct audio tones. We split the data into n-bit chunks and apply Reed-Solomon coding for error correction. We

transmit T distinct, equally spaced tones in each transmission instance, transmitting 𝑛 ×𝑇 data bits per instance.

We select these tones from a predefined spectrum within the audible range using the following equation:

𝐹𝑖 = 𝑓0 + (𝑖 ∗ 2
𝑛 + (𝑑𝑎𝑡𝑎)10) · Δ𝑓 (12)

Where 𝐹𝑖 is the frequency of the tone to be transmitted for the 𝑖th data chunk, 𝑓0 is the starting frequency, 𝑛 is

the length of each data chunk, Δ𝑓 is the frequency deviation between each tone and (𝑑𝑎𝑡𝑎)10 are the data of the

chunk considered in its decimal (base10) representation. The transmitted message signal is thus the summation

of the tones for each chunk, represented in the frequency domain by𝑚(𝑓 ) = ∑𝑇−1

𝑖=0
𝐹𝑖 give the audio frame to be

transmitted. Each audio frame is transmitted for a defined duration.

For example, in our experiments for evaluation in Section 4, a 1-byte data payload split into two 4-bit chunks,

requiring𝑇 = 2 tones. Each data chunk can take on 16 (2
4
) values, requiring 32 distinct frequencies that represent

each value. We used a 1024-point FFT and a 48 kHz sampling rate (sample rate of general audio systems) at the

receiver. To match, we select Δ𝑓 = 48000

1024
= 46.875 Hz corresponding to one bin. Skipping the first 24 frequency

bins results in a starting frequency of 𝑓0 = 1.125 kHz. For frequency resolution, at least 1024 samples are required

at 48 kHz, setting a minimum transmission time per payload to 𝑡 = 1024

48000
= 21.3ms.

If we wish to transmit 𝑖 = 0 data chunk with data (0101)2 = (5)10, the corresponding tone is 𝐹0 = 𝑓0 + [0 ∗ 2
4 +

5]Δ𝑓 = 1359.375Hz. The tones for the remaining values of 𝑖 are computed similarly, generating the audio frame.

The above implementation of the protocol yields a bit rate of approximately 46 bytes/sec (368 bps) using a 1.5

kHz span, ranging from 1.125 kHz to 2.625 kHz. The bitrate can be further improved by increasing the payload

length, increasing the number of tones needed to cover the entire audio range. Using mono-audio allows for 15

kHz, while stereo-audio increases this to 45 kHz (15 + 30 kHz). This expansion enables transmission of up to

30 times more tones, potentially achieving a transmission bitrate of approximately 10.7 kbps. Additionally, if

the receiver supports a more complex FFT (for example, 2048 point), we can further reduce Δ𝑓 and lower the

transmission time for each payload, further increasing the possible bitrate further.

Multiple streams for higher datarate. This work focuses on the encoding of audio and data as audio tones

using the self-modulation property of tunnel diodes. However, we also recognize scenarios where the transmitter

must support higher data rates, particularly for custom transceivers or software-defined radios. Furthermore,

recent advances in digital radio broadcasting—such as HD Radio [1]—require higher data throughput and digital

audio transmission. HD Radio, for example, uses an in-band on-channel (IBOC) system with orthogonal frequency

division multiplexing (OFDM) subcarriers around the analog FM channel to deliver digital audio and data. In

exploring this space, we discovered an additional property of the TDO: it can support simultaneous modulation

and mixing of multiple baseband signals. This enables concurrent communication and audio broadcasting.
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(b) Bit error rate

Fig. 14. In a complex indoor environment with multiple AudioCast transmitters placed close to each other to transmit data

simultaneously, the system performs reliably, demonstrating robustness to cross-interference. Three transmitters (T1, T2, and

T3) are placed 1 m from each other and successfully transmit data over 34 m while maintaining a bit error rate (BER) < 0.11.

We evaluated this capability by feeding both an audio signal and a 150 kHz sine wave–representing an OFDM

subcarrier–into the AudioCast transmitter. As shown in Figure 13(b), the resulting waterfall plot clearly displays

both signals concurrently. Figure 13(a) shows the unmodulated carrier at 106.1 MHz, while the modulated carrier

exhibits frequency modulation from the audio signal and sidebands at 105.95 MHz and 106.25 MHz due to the

mixed sine wave. This multi-stream modulation opens up opportunities for more versatile communication,

enabling the BB-transmitter to broadcast audio for standard FM-receivers while simultaneously transmitting

higher-rate data for advanced receivers, such as those supporting HD Radio.

3.3 Reception

The receiver applies a 1024-point FFT with a sampling rate of 48 kHz on the recorded audio frames. To correctly

decode the data, the receiver must know the payload length of the data (1 byte) transmitted in each audio frame.

The Fourier transform is applied to the captured audio to obtain the frequency spectrum, which enables the

receiver to decode binary data according to the pre-established encoding scheme. Finally, Reed-Solomon decoding

is applied to the binary data to recover the original sensor information, providing an error correction step that

mitigates potential transmission errors and ensures the integrity of the received data.

3.4 Supporting Multiple AudioCast Tags

AudioCast broadcasts can be received by commodity FM-receivers and chipsets such as the Si4703 [3]. Once

demodulated, the audio or data can be further processed depending on the application. When data is transmitted,

the decoding process begins as soon as the demodulated audio becomes available. To identify the beginning

and end of a data transmission, we use specially crafted audio markers. These start and end markers provide

a lightweight and computationally efficient mechanism for detecting encoded messages. During continuous

recording of audio samples, the receiver searches for the presence of these markers and records all audio data

between them for subsequent decoding. The start marker consists of a set of 16 specific frequencies transmitted in

a single audio frame. We use the tones 𝑓0, 𝑓0 + 3Δ𝑓 , 𝑓0 + 4Δ𝑓 , 𝑓0 + 7Δ𝑓 , 𝑓0 + 8Δ𝑓 , . . . , 𝑓0 + 31Δ𝑓 as the start marker,

while the remaining 16 tones are used as the end marker.

AudioCast leverages frequency-division multiple access (FDMA) to support concurrent transmissions. Divides

the FM-broadcast spectrum (88-108 MHz) into distinct channels, assigning to each transmitter a unique frequency.

The adjacent channel selectivity of commodity FM-receivers—such as the Si4703—typically provides 50 dB

suppression at ±200 kHz offsets [3], allowing the receiver to isolate the desired signal while rejecting interference

from neighboring channels. With a 200 kHz spacing, multiple AudioCast transmitters can coexist without

out-of-band interference, enabling dense and scalable deployments.

AlthoughAudioCast is designed to enable reception using commodity FM-receivers, they can only demodulate

one transmission at a time, necessitating dedicated receivers per transmitter or sequential re-tuning–introducing
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Fig. 15. Even in a complex indoor environment flanked by metallic objects in the roof and wall, the drift in the frequency of

the signal generated by AudioCast transmitter remains small with a good SNR even at a distance (> 40m).

latency and complexity. To overcome this, AudioCast can also employ low-cost SDRs (e.g., RTL-SDR v4 [66])

as gateways. These SDRs support parallel demodulation of multiple signals within their 2.56 MHz bandwidth,

allowing simultaneous reception of up to 10 AudioCast transmitters in a 2 MHz range. For larger deployments,

advanced techniques like frequency-hopping, FTDMA, or dynamic spectrum access [12] can further optimize

spectral efficiency and scalability. Furthermore, we can utilize medium access control techniques based on the

Aloha protocol for each channel to support tens to hundreds of AudioCast tags transmitting concurrently.

Evaluation.We evaluated the impact of multiple AudioCast transmitters operating in close spectral and spatial

proximity. In our experiment, three transmitters (T1, T2, T3) are placed 1 m apart in a university workspace,

transmitting data simultaneously. We evaluated reception at three different locations (L0, L1, L2) in a nonlinear

field of sight setup, as illustrated in Figure 14(a). The transmitters operate within a 1 MHz frequency span in the

FM-broadcast band. We use a spectrum analyzer to measure the strength of the signal and take advantage of its

FM demodulation capability to decode transmissions. Alternatively, a low-cost SDR-based receiver, as discussed

earlier, can be used for reception. To assess link performance, we collect 150 fixed-length packets per iteration

and repeat the process across multiple trials at each receiver location. We calculate PRR and BER at each receiver

location, reporting only the BER in Figure 14(b) for brevity. The results demonstrate that even with closely spaced

transmitters, each device operates independently and remains robust against self-interference.

4 Evaluation

We evaluated AudioCast under various environments and conditions. Our main findings are as follows.

• AudioCast transmits data over distances of up to 130 m in an outdoor LoS environment while consuming less

than 200 µW of power without requiring the carrier emitter device in the embedded deployment.

• AudioCast operates reliably in multipath-rich environments, such as challenging indoor or urban settings,

and supports communication ranges of several tens of meters. Additionally, it maintains an audio quality that

is both perceptible and intelligible to users, with PESQ scores exceeding 1.29.

Setup.We experimented in different scenarios. For the line-of-sight (LoS) scenario, we conducted the experiments

in outdoor and indoor environments flanked by walls, metallic objects on the roof, and in an open outdoor

field, as shown in Figure 1, Figure 18(a) and Figure 19(a). The enclosed area exhibits complex propagation

characteristics, characterized by reflections and multipath losses. The outdoor open field environment enables us

to establish a baseline for the maximum communication range achievable by our system. We also experimented

in a non–line–of–sight (NLoS) environment, which is an indoor office space (see Figure 16(a)) with multiple walls

between the transmitter and receiver. This setup represents a realistic environment for embedded deployments.

We configured AudioCast to operate within the FM-broadcast band (see Figure 11), ensuring compliance with

the allowed FM frequencies at our experimental locations (Singapore). In controlled experiments, we introduced

the modulating signal as an audio or digital baseband waveform using a signal generator (Analog Discovery 3 [17],

shown in Figure 8). For all other scenarios, we relied on our custom hardware platform. To capture the spectrum,

we used a SignalHound BB60C spectrum analyzer [33]. For audio demodulation and reception, we use the Si4703
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Fig. 16. We capture signal strength and broadcasted audio at different locations. We estimate the audio quality using PESQ

and DNSMOS-based metrics. At location L6, farthest in our environment, we observe a PESQ = 1.29 and quality OVRL = 2.04,

which is still sufficient for supporting applications involving processing through an ASR, or are human understandable.
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(a) Packet reception ratio

0 10 20 30 40
Distance (m)

0.00

0.02

0.04

0.06

0.08

0.10

Bi
t E

rro
r R

at
e

Bit Error Rate
Signal Strength

80

70

60

50

40

Si
gn

al
 S

tre
ng

th
 (d

Bm
)

(b) Bit error rate

Fig. 17. Even in complex indoor environments—with metallic surfaces, walls, and other obstructions—the AudioCast trans-

mitter achieves communication ranges exceeding 45 m while maintaining high link reliability (BER = 0.069). This is sufficient

to enable wide range of indoor sensing applications, including actuation and smart home deployments.

FM tuner chip [3], with decoded audio data processed via a microcontroller (Espressif ESP32-C3-Devkit). We also

verified the successful reception of AudioCast transmissions using commodity FM-radio receivers.

Unmodulated transmitter stability.We evaluated the frequency drift of an unmodulated AudioCast trans-

mitter in an indoor LoS environment characterized by walls and significant multipath effects. In the experiment,

the location of the AudioCast transmitter was kept fixed while the position of the spectrum analyzer was

varied to record the signal strength and frequency drift. Figure 15 presents the results, showing that despite

the complex propagation conditions, the frequency drift of the carrier signal remains minimal (< 30 kHz). This

experiment demonstrates the improved stability achieved through the design enhancements incorporated into

the BB-transmitter architecture.

Audio quality.We evaluate the audio quality of AudioCast broadcasts in a NLoS setup, as shown in Figure 16(a).

We supply a 30-second speech snippet as the baseband to the transmitter. The transmitter is located at location

R, and the received audio is recorded at seven different receiver locations, labelled L0 through L6. To quantify

audio quality, we compute the Perceptual Evaluation of Speech Quality (PESQ) metric [65], following the ITU-T

P.862 standard. PESQ yields scores ranging from -0.5 to 4.5, with 4.5 indicating excellent quality. Although PESQ

correlates with the Mean Opinion Score (MOS), it remains an objective metric rather than a direct measurement

of MOS. For our analysis, we resample the audio snippets to 8 kHz and employ a full-reference method under

narrowband conditions to compute the PESQ values [46]. This setup is appropriate since the typical voice

frequency range spans 300 to 3.4 kHz [28], and PESQ was developed to evaluate narrowband audio. In addition

to PESQ, we also use the DNSMOS P.835 metric [63], which provides improved correlation with MOS values.

We implement DNSMOS using Speechmos [73] and obtain four key metrics to assess the degradation of audio
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(c) Bit error rate

Fig. 18. Even in the presence of ambient FM-broadcasts and when AudioCast signal propagates through complex environ-

ments—including buildings and vegetation—AudioCast maintains high link quality. AudioCast successfully transmits data

over distances up to 110 meters, achieving a received strength of -109 dBm, a PRR of 0.89, and a BER of 0.1067. These metrics

are sufficient to support a variety of outdoor applications, such as networking sensors in farms or cities.

quality: Speech Quality (SIG), Background Noise Quality (BAK), Overall Audio Quality (OVRL), and the ITU-T

P.808 Score (P808). DNSMOS scores range from 1 to 5, with 5 indicating excellent quality.

In the experiment, we measured the signal strength of AudioCast transmission received at each location

using a spectrum analyzer to assess the relationship between signal quality and captured audio. The PESQ and

DNSMOS results for the seven receiver locations are shown in Figure 16(b). We used a standard scale for both, as

our measured PESQ and DNSMOS metrics did not go below 1. Although PESQ scores below one generally indicate

poor intelligibility, the threshold for acceptable quality depends on the application. In constrained environments,

scores around one can still enable basic speech recognition (ASR), whereas higher scores (≥ 3) are generally

required for high-quality communication. We also empirically verified that advanced ASR systems can achieve a

word error rate (WER) of < 10% under these conditions, as demonstrated in Section 5.1. We also provide audio

clips of the transmitted and received speech, together with the calculated PESQ values, in a video
3
.

Link quality.We evaluated the link quality of AudioCast transmissions communicated via distinct audio tones.

The experiments were carried out in three environments: indoor, semi-outdoor, and outdoor. The transmitter

received a baseband audio signal that carried encoded data, as described in Section 3.2. To assess link quality,

we transmitted a fixed-length packet 300 times, repeating the process over multiple iterations. We captured the

received data using an Si4703 receiver interfaced with an ESP32 microcontroller and analyzed the spectrum

using a Signal Hound BB60C spectrum analyzer. Figures 17(a) and 17(b) present the link quality metrics at

various distances for the indoor scenario shown in Figure 1, which represents a challenging indoor environment.

Although signal strength declines with distance, we observe a high packet reception ratio (PRR) of 0.87 and a

reasonably low bit error rate (BER) of 0.069. Due to space constraints, our maximum evaluation distance was

limited to 45 meters. However, the high SNR measured at that distance, well above the receiver noise floor,

suggests the potential for achieving an even greater range.

We further evaluated AudioCast in a complex, semi-outdoor environment characterized by clear LoS but

surrounded by buildings. In this setup, the transmitter was placed in the basement of a university building, facing

an open road that extended outside, as shown in Figure 18(a). This configuration created a unique scenario where

3
https://github.com/weiserlab/AudioCast/tree/main?tab=readme-ov-file#indoor-nlos-audio-evaluation
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(c) Bit error rate

Fig. 19. In an outdoor environment, even with potential strong interference from ambient FM broadcasts, AudioCast

maintains high link quality. In LOS conditions, the system successfully transmits data up to 130 m, achieving a received

signal strength of -105 dBm, a packet reception ratio of PRR = 0.9, and a bit error rate of BER = 0.033.

the signal traversed both indoor and outdoor spaces, with the transition occurring approximately 40 m from the

transmitter. In such environments, the system is more susceptible to interference from ambient FM broadcasts,

particularly in outdoor settings. Figures 18(b) and 18(c) present the link quality metrics measured at various

distances. We achieved a PRR of 0.89 and a BER of 0.1067 at a communication distance of 110 m. Importantly, no

significant interference from ambient FM transmissions was observed during these tests.

Finally, we evaluate AudioCast in a fully outdoor environment, as shown in Figure 19(a). The transmitter

and receiver are located in an open area with minimal obstructions (e.g., trees), allowing us to evaluate the

performance of the system under ideal LoS conditions. The results, presented in Figures 19(b) and 19(c), highlight

the system’s ability to maintain high link quality over extended distances. AudioCast successfully transmits data

up to 130 meters, achieving a received signal strength of -105 dBm, a PRR of 0.9 and a BER of 0.033. These results

confirm the robustness of AudioCast in outdoor deployments, even in the presence of ambient interference.

We summarize the results of the experiment in Table 2. These results highlight the system’s ability to support

a large communication range, making it suitable for both indoor and outdoor embedded deployments, such as

smart homes, soil monitoring sensors, or city-wide sensor networks that communicate with edge devices.

High bitrate transmissions. In this experiment, we evaluate AudioCast’s ability to support scenarios that

require the transmission of larger volumes of data at higher bitrates, which are then received using a custom

receiver such as a software-defined radio. Specifically, we assess the system’s capacity to mix higher-frequency

baseband signals using on-off keying (OOK) modulation while varying the intermediate frequency from 100 kHz

to 5 MHz. The baseband signal is generated using a function generator (Analog Discovery 3). The resulting mixed

signals appear as side peaks around the carrier in the spectrum analyzer, as shown in Figure 20(a). We also track

the strength of these sidebands with varying distances. Although the signal strength decreases with distance,

it remains relatively stable throughout the evaluated frequency range (see Figure 20(b)). However, at higher

baseband frequencies, a reduced modulation index further weakens the sidebands (as described in Equation 9).

These findings suggest that AudioCast may support wideband baseband signals with more complex modulation
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Environment Setup Distance (m) RSS (dBm) PRR BER PESQ

Indoor NLoS 14 -83 - - 1.29

Indoor LoS 45 -78 0.87 0.069 -

Complex-Outdoor LoS 110 -109 0.89 0.1067 -

Outdoor LoS 130 -105 0.9 0.033 -

Table 2. Summary of AudioCast’s performance across various environments.
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Fig. 20. To preserve compatibility with commodity FM-receivers, AudioCast transmits information as audio broadcasts.

However, this approach limits both reliability and bitrate. AudioCast can support higher bitrates by employing complex

modulation schemes and wider bandwidth at the cost of reduced range and the need for more complex receiver designs.
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Fig. 21. Ambient FM-broadcasts are inherently weak, and when combined with the losses associated with the backscatter

process, result in even weaker emissions and significantly limited range. In our experiments, the ambient backscatter tag

achieved a range of only 7 m, compared to the 45 m range achieved by AudioCast under similar conditions.

schemes to achieve higher data rates. However, since the system focuses on compatibility with ubiquitous FM

receivers, we leave the full exploration of higher-bitrate transmission for future work.

Comparison with ambient backscatter. We compare the received signal strength of the AudioCast with

that of an ambient backscatter transmitter [88]. The backscatter system used the signal from the 89.3 MHz radio

station, which had the highest signal strength at the test location (-70 dBm). The results, shown in Figure 21,

highlight a limitation of the ambient backscattering mechanism: its received signal strength is significantly

weaker than that of the AudioCast transmitter. The maximum range for the backscatter system was only 7 m,

whereas the AudioCast’s transmitter achieved a range exceeding 45 m. We observed a similar trend in other test

locations. Thus, further highlighting the advantage of the BB-transmitter over ambient backscatter.

Power consumption. We evaluated the power of AudioCast using a baseband generator (Figure 7(e)) designed

using the MSP430FR5959 microcontroller [36]. The microcontroller, operating at 1.9 V using the Nordic PPK2

Power Profiler Kit [69] in source meter mode, generated PWM signals with a duty cycle of 50 % in low-power

modes. For frequencies up to 353 Hz, an internal low-frequency oscillator was used; for frequencies up to 500 kHz,

the CPU frequency was set to 1 MHz. The total power consumption remained below 200 µW and varied with

the baseband frequency used as shown in Table 3. The baseband signal was interfaced with the AudioCast

transmitter using a resistor divider to reduce harmonic distortion and bandpass filters to eliminate harmonics. For

evaluation, we generated monotone signals. Power consumption could be further reduced by ASIC instantiation.

5 Use Cases

We prototype three application scenarios to demonstrate the real-world applicability of AudioCast.
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Baseband Frequency (Hz)

Baseband Generator Min.

Power Consumption (µW)

Total Power

Consumption (µW)

0 – 353 28 82.73

354 – 1.2k 61.24 115.97

1.2k – 500k 87.84 142.57

> 500k 145.62 200.35

Table 3. The AudioCast transmitter, including its baseband generator backend, consumes less than 200 µW of total power.
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Fig. 22. AudioCast enables the realization of a tracker for monitoring vocal interactions. A microphone is coupled with the

AudioCast transmitter, which directly modulates the carrier signal to produce a frequency-modulated signal. Commodity

FM-radio receivers can then receive this signal. The FM-broadcast spectrum’s lower wavelength and favourable propagation

properties allow the use of chains or wires as antennas, enabling efficient signal transmission.

5.1 Low-power Wireless Voice Tracker

The tracking of voice plays a vital role in our lives, allowing us to take notes by transcribing spoken words, monitor

our daily activities, and even track our health [11, 16, 62, 90]. Mobile phones, smartwatches, and earphones

are used to support these applications. However, they are battery-operated devices and face a key challenge:

recording and streaming audio wirelessly consumes significant energy. Even basic audio tracking requires

amplifiers and complex processing, further draining the battery. In addition, they must also overcome challenges

such as distinguishing multiple speakers, determining the direction of speech, and operating robustly in noisy

environments [16, 90]. Performing these complex processing further leads to a shorter battery life.

AudioCast can enable voice communication by implementing a low-power tracker. The tracker would sense

the audio and transmit it with minimal processing, while the edge device handles computationally intensive

tasks [76]. The tracker is enabled due to the low-power nature of AudioCast and the self-modulation property. A

microphone without an amplifier can modulate the carrier signal with audio and transmit it over an FM-broadcast

band. These characteristics enable continuous operation for days on a coin cell battery or even on harvested

energy, as demonstrated in Figure 22. In fact, using a CR2032 coin cell with a capacity of 235 mAh and a voltage

of 3 V, we estimate that it can support the tracker’s continuous operation for 146 days.

We envision AudioCast trackers integrated into wearable garments, leveraging advances in FM antenna

design [88], or worn as pendants where the necklace chain or cable serves as an antenna. This is feasible because

of the longer wavelengths and favorable propagation characteristics of the FM-broadcast spectrum, which reduce

signal losses from proximity to the human body and enable long-range communication. In Figures 22(c) and

22(d), we evaluate the AudioCast transmitter using a silver chain and a gold chain as the transmission antenna.

Due to its lower resistivity, the silver chain (𝜌 = 15.9 nΩ m) provides better radiated power compared to gold (𝜌 =

22.4 nΩ m). We measured the signal strength using a spectrum analyzer placed 1 m away from the user wearing
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Fig. 23. AudioCast can be used as a low-power vocal interface to connect with the edge devices that can do automatic

speech recognition (ASR). The system can be used for applications like transcription of meetings, or lifelogging.

the transmitter. The signal strength for the silver chain was found to be −38 dBm, while the gold chain a signal

strength of −42 dBm, which is sufficiently strong for reception using commodity FM-receivers.

An edge device can receive AudioCast transmissions for further processing, such as performing transcription.

We prototype a device to demonstrate this scenario. As shown in Figure 22(a), our transmitter is directly coupled

with a MEMS microphone (AMM-3742-T, PUI Audio) [8]. A speaker placed 30 cm away, a typical distance for

a pendant microphone from a user’s mouth, generates a 5 kHz audio signal. The microphone signal directly

modulates the carrier frequency, taking advantage of the self-modulation property of the tunnel diode oscillator,

as illustrated in Figure 22(b). Next, we evaluate the performance of transmitted and received audio for automatic

speech recognition (ASR). Using Whisper [57], we measure the word error rate (WER) of the transcribed text

against the ground truth. Even without de-noising, the WER remains low (Figure 23).

Scenarios. We envision numerous scenarios that the tracker can enable. In assisted living facilities, AudioCast

can serve as a low-power voice interface for health monitoring. Residents can wear microphones equipped with

AudioCast trackers to record health updates and dictate notes. Another scenario involves individuals using

tracker to record and track conversations, which can then be transcribed later on an edge device.

Audio backscatter. The tracker builds on recent efforts to offload audio via the backscatter mechanism, but prior

work faces significant limitations. Talla et al. present a CRFID-based tag with a microphone, which achieves only

a few meters of range using RFID readers [77]. They also describe a battery-free smartphone that uses backscatter,

where the microphone interfaces directly with the backscatter module; however, strong self-interference limits

reception to short ranges and requires SDR receivers [76]. Similarly, Zhao et al. use analog backscatter to transmit

audio from a microphone array over distances up to 28 m, but again rely on SDRs [96]. Ekhonet et al. connect

microphones directly to backscatter modules, removing the need for local processing, but their system remains

restricted to a few meters [94]. All of these systems are dependent on complex power-hungry SDRs or RFID

readers for reception. In contrast, AudioCast supports significantly longer ranges and leverages ubiquitous low-

cost FM receivers (e.g. smartphones, car radios) for reception. Moreover, unlike backscatter systems, AudioCast

eliminates the need for a carrier emitter device or strong ambient signals, simplifying real-world deployment.

5.2 Interacting with Computing Devices and Appliances

The ability to communicate gestures wirelessly has numerous applications, including interaction with computing

devices [39, 44]. However, current wireless gesture sensors rely on complex and power-hungry components

that track signals and communicate over short distances using energy-intensive transceivers. AudioCast’s

characteristics offer the potential to simplify this design, enabling low-power wireless gesture recognition that

can be used to control actuators or computing devices, which then perform the corresponding actions. We

prototype a gesture recognition system based on previous work showing that hand gestures induce distinctive
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Fig. 24. AudioCast enables the design of low-power wireless gesture sensors. We prototype a light-based gesture sensor that

detects hand gestures (e.g., single-tap or triple-tap) via changes in light intensity. The sensor transmits these gestures using

AudioCast, which are then classified at the edge device to trigger actions (e.g., controlling appliances).

variations in light intensity [42, 43, 82, 86]. We connect a photoresistor sensor to AudioCast and transmit light

variations via frequency-modulated signals to an FM-receiver.

The experiment was carried out in an indoor university setting under ambient lighting. The sensor output was

used directly as the biasing voltage for the AudioCast transmitter (Figure 24(a)). Since both the transmitter bias

and the sensor output voltage are in the millivolt range, no additional amplification was needed. The transmitter

was tuned to 106.5 MHz and placed on a table. A user performed two hand gestures near the sensor: a single

tap and three consecutive taps. A spectrum analyzer placed 1 m away captured the transmitted signal; however,

given the range of AudioCast, the receiver could be placed tens of meters away. The sensor output fluctuated

between 10 and 20 mV during gestures, altering the bias of the tunnel diode and shifting the resonant frequency.

These shifts, visualized in the waterfall graphs in Figures 24(b) and 24(c), demonstrate the ability of AudioCast

to capture gestures wirelessly. These frequency patterns can be analyzed using machine learning techniques.

Backscatter sensors. Our work builds on the gesture sensing system introduced by Varshney et al. [82], which

senses hand gestures using a solar cell and communicates using the backscatter mechanism. In contrast, our system

achieves a significantly greater range, eliminates the need for a carrier emitter because of the BB-transmitter

architecture, and leverages an off-the-shelf FM-broadcast receivers for reception, making it a more practical

solution. The simplicity of our design can enable for a wide range of applications. For example, a user can control

home devices, such as an air conditioner or television, using simple gestures. Due to its low power consumption,

an AudioCast equipped sensor could last for years without requiring battery replacement.

5.3 Backhauling using Ubiquitous FM-broadcast Receivers

The deployment of embedded systems in large and remote areas is increasing rapidly, supporting applications in

agriculture [85], urban monitoring [4], and environmental sensing. In many of these deployments, the traditional

communication infrastructure, such as cellular networks, is not available, preventing the direct transmission of

the collected sensor data. This limitation has sparked growing interest in opportunistic networks that leverage

the ubiquity of computing devices, including mobile phones, smartwatches, and smart vehicles, as data mules to

collect and relay information from these remote sensor deployments opportunistically.
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Fig. 25. The time to retrieve a packet from Apple’s servers decreases as the number of nearby Apple devices increases. The

reception ratio improves with longer advertising durations, which increase the number of broadcasts per packet.

Park et al. [54] explored the feasibility of using mobile phones as data mules for sensor networks. Commercial

systems such as Apple’s Find My and Amazon’s Sidewalk now offer widespread coverage. Recent research has

shown that sensor nodes can operate similarly to AirTags, transferring sensor data through Apple’s infrastruc-

ture [10, 32]. Likewise, Amazon’s Sidewalk [6] enables sensor devices to take advantage of existing smart home

platforms to collect information and extend network connectivity opportunistically.

Given its long range and low-power operation, we envision that AudioCast is well-suited for outdoor

applications. As demonstrated in our experiments, AudioCast supports communication over distances of up

to 100 meters, which is sufficient to transmit sensor data. These favorable characteristics, combined with the

ubiquitous availability of FM-broadcast receivers, can enable a new class of devices to function as data mules,

collecting sensor data from deployments in farms, cities, and other large-scale environments.

We prototyped a system inspired by TagAlong [10], integrating AudioCast with Apple’s Find My network.

Specifically, we designed a setup in which AudioCast transmissions are received and relayed through the Find

My network. To evaluate this approach, we performed two experiments. The first took place in an isolated

location, with only one Apple device receiving BLE advertisements. The second was in an office environment with

approximately 30–40 nearby Apple devices. The results are shown in Figure 25. Our evaluation focused on two

key metrics: the latency between data transmission and reception using Datafetcher, and the reliability of packet

delivery. As expected, latency decreased with a higher density of Apple devices, with the office environment

achieving a median latency of 3 min (Figure 25(a)). The reliability of packet reception was strongly influenced by

the broadcast interval, that is, how frequently packets were transmitted. Aligning the broadcast interval with

the scanning frequency of Apple devices significantly improved packet pick-up. As shown in Figure 25(b), a

broadcast interval of 0.3 seconds achieved nearly 99% packet delivery reliability. These results demonstrate that

AudioCast can be effectively integrated into opportunistic networks such as Apple’s Find My.

Scenario. We envision scenarios where sensors deployed in farms capture critical information about soil

conditions. These sensors transmit data using the AudioCast transmitter over distances ranging from tens to

hundreds of meters. FM-broadcasts from these sensors can be opportunistically received by cars, trucks, and

other vehicles acting as data mules, which then offload the information to a central server for processing. Another

application could involve an urban environment and build on the Signpost [4] platform, using the FM-broadcast

spectrum to opportunistically offload citywide sensor data.

6 Discussion

Tunnel diode availability. Tunnel diodes are essential for the design of AudioCast. However, they are now

commercially obsolete, making their procurement a significant challenge. Despite this, tunnel diodes have seen

renewed interest due to their ability to enable low-power sensing [49, 78] and communication [5, 21, 80, 83, 84].

We hope that recent encouraging works [5, 18, 21, 49, 64, 80, 83, 84], including those of AudioCast, will motivate

commercial interest and the large-scale fabrication of tunnel diodes in the future.
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Radio Technology Frequency (MHz) Data Rate (bps) Energy Consumption (mW) Estimated Range (m)

BLE (nRF52840) [68] 2400 125k, 500k, 1M, 2M 11.5 / 14.4 / 49.2 345

ZigBee (nRF52840) 2400 250k 19.2 280

SigFox (ATA8520E) [7] 868 – 870 / 902 – 906 100 95.4 10k

LoRa (SX1276) [71] 137 – 1020 293, 3.125k, 9.375k 66.0 / 95.7 / 287.1 / 396.0 4k – 6k

FM (Si4713) [72] 76 – 108 <= 1.4M (Audio) 60.39

10 – 20 (NLoS)

100 – 300 (LoS)

AudioCast 88 – 108 368 – 10.7k (Audio) 0.2

> 14 (NLoS)

130 (LoS)

Table 4. AudioCast achieves low-power consumption than commercial transmitters while achieving comparable communica-

tion range. AudioCast supports most common embedded applications that require low bitrate communication.

Unidirectional communication.Most communication in embedded systems involves collecting sensor data

from the deployment and transmitting it to the broader computing infrastructure. Although AudioCast enables

this functionality and is sufficient for retrieving data from embedded deployed systems, it does not currently

support communication in the reverse direction, i.e., from the infrastructure to the system, if actuation or control

is required. We plan to explore the potential for enabling bidirectional communication in AudioCast as part of

our future work. In particular, we will build on our recent work, SoMix [47].

Low-bandwidth and bitrate. AudioCast focuses on low-bandwidth communication, making it well-suited for

applications such as transmitting sensor data, audio, or simple commands. This design choice is driven by the goal

of compatibility with commodity FM-receivers, which are designed to receive audio broadcasts and inherently

limit the achievable bitrate. However, if we relax this compatibility requirement, the system can be extended

to support higher data rates, enabling applications that require greater bandwidth, such as real-time streaming

video or large data transfers. Techniques like OFDM offer the potential for increased throughput, but come

with added computational complexity, such as FFT calculations, that significantly increase power consumption.

Furthermore, aggregating unused channels in the FM spectrum could provide wider bandwidths, supporting

more simultaneous communication channels, and a overall higher bitrate.

Commercial transmitters. A variety of radio transmitters are used in embedded applications, which typically

support standards such as BLE, ZigBee, LoRa, SigFox and FM radio. We compare AudioCast with these trans-

mitters in Table 4, presenting parameters such as bitrate, energy consumption, and estimated range based on

datasheet specifications. AudioCast ’s power consumption is just 200 µW, which is several orders of magnitude

lower than other transmitters. This enables it to operate on a small coin cell battery or even on harvested energy

for a much longer time duration. Despite the low-power design AudioCast, it achieves a communication range

upto 130 m in LoS–comparable to much higher-power transmitters. Thus,AudioCast offers a unique combination

of energy efficiency and range relative to existing transmitters.

7 Conclusion

We presented AudioCast, a solution to the connectivity challenges faced by embedded systems. The core

contribution lies in the conceptualization of the Beyond-Backscatter transmitter, which achieves low-power

operation without requiring a carrier emitter device. Additionally, we demonstrate the self-modulation property

of tunnel diode oscillators, enabling frequency modulation of the carrier signal without the need for external

circuitry. This allows compatibility with ubiquitous FM receivers found in cars and smartphones and facilitates

the use of underutilized portions of the FM-broadcast spectrum. Our results show that the system achieves

communication ranges of up to 130 m in LoS environments and 14 m in NLoS environments, while consuming

only 200 µW of power. We prototype several applications, including a low-power wireless voice tracker, a gesture

recognition system, and FM-based backhauling, demonstrating the promise of the system for enabling low-power
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sensing and communication, as well as sustainable embedded deployments. This work is released as open-source,

with design files and other details available at the following repository: https://github.com/weiserlab/AudioCast
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