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SUMMARY

Wireless magnetic sensors extend their range through mixed-signal pipelines that rely on repeated conver

sions between the analog and digital domains, digital processing, and active radio-frequency (RF) transmis

sion, which raise power and system complexity. Here, we report a passive physical computing architecture 

that directly transforms near-field magnetic signals into RF scattering signatures without digital processing. 

The system combines adaptive magnetic fusion, comparison-driven analog encoding, and oscillator-free 

backscatter modulation to reshape and project magnetic waveforms into the RF domain through intrinsic cir

cuit dynamics. A lightweight neural model at the receiver reconstructs the original signal from its physically 

computed representation. We demonstrate hundred-meter-scale transmission of magnetic acoustic signals 

at microwatt-level power. This cross-domain physical computing approach provides a scalable foundation 

for passive magnetic interfaces and distributed magnetic sensor networks.

INTRODUCTION

Low-frequency magnetic fields offer advantages for communi

cation and sensing, including improved penetration through wa

ter, biological tissue, and other conductive, lossy media that 

strongly attenuate high-frequency electromagnetic waves 

through conductive loss, dielectric loss, and the skin effect, as 

well as immunity to optical and acoustic interference. These 

properties have motivated their use in applications such as un

derwater links,1–5 human-machine interfaces,6–10 contactless 

authentication,11–13 and biomedical monitoring.14–16 However, 

the near-field coupling mechanisms that allow magnetic signals 

to be highly localized also lead to rapid spatial attenuation,17,18

limiting their propagation distance. As a result, long-range or 

distributed magnetic systems remain challenging, particularly 

in settings where energy consumption, device size, or contin

uous operation impose stringent constraints.

Existing platforms for magnetic signal acquisition and trans

mission rely almost exclusively on mixed-signal embedded ar

chitectures.2,19,20 In these designs, analog magnetic waveforms 

must be digitized by analog-to-digital converters (ADCs), buff

ered in microcontroller memory, processed and repackaged 

through digital algorithms, and reconverted to the analog domain 

using digital-to-analog converters (DACs) for wireless transmis

sion. This repeated domain conversion creates an architectural 

overhead, establishing an energy floor that constrains system 

lifetime and limits scaling to large-area or continuously deployed 

networks. The digital processing pipeline forces magnetic 

THE BIGGER PICTURE Low-frequency, near-field magnetic signals can pass through water, biological tis

sue, and walls, making them attractive for sensing and communication where light and sound have limited 

performance. Yet magnetic signals decay with distance. Extending their reach requires active wireless 

sensor nodes that convert weak signals into digital data, process them with microcontrollers, and transmit 

them via radios. This works, but repeated conversions across analog, digital, and radio-frequency domains 

increase power consumption and hardware complexity while limiting system lifetime and continuous deploy

ment. 

Here, we use analog devices to build physical operators that directly map analog signals to radio-frequency 

scattering signatures, replacing some of the operations assigned to digital electronics. Local magnetic infor

mation is stabilized via analog fusion, exported as radio-frequency backscatter without on-device analog-to- 

digital conversion, digital processing, or active RF generation. 
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systems to function as sensor nodes rather than exploiting the 

computational structure available in the physical signal path. 

Magnetoelastic resonant sensors provide another wireless 

readout architecture in which external magnetic excitation cou

ples to a passive magnetoelastic element and the measured 

quantity is encoded as a change in resonant response.21

Because their transduction mechanism relies on tracking reso

nant-state changes, these sensors are well suited to passive 

parameter readout but are not designed to preserve and relay 

the full temporal structure of fast, complex magnetic waveforms.

In this article, we introduce a passive end-to-end device that 

enables direct cross-domain transformation between near-field 

magnetic signals and radio-frequency (RF) scattering signatures, 

allowing long-range, low-power retrieval of local magnetic infor

mation over a passive wireless link (Figure 1A). Instead of 

following mixed-signal embedded architectures, our system em

beds computational operators directly into the physical signal 

path, allowing magnetic information to be continuously pro

cessed, reshaped, and projected into the RF domain through 

intrinsic circuit-level dynamics. We refer to this circuit-level 

design as a physical computing architecture—one in which 

computational operations are carried out directly by the analog 

dynamics of the physical signal path, with no on-device 

analog-to-digital conversion or digital processing. The architec

ture consists of a sequence of analog physical operators that 

realize a structured computational pathway (Figure 1B). An 

Figure 1. Architecture of cross-domain physical computing 

(A) Overall schematic of the passive physical computing that unifies magnetic signal fusing, analog comparison-driven transformation, and oscillator-free radio- 

frequency (RF) backscatter to establish a direct link between the magnetic and RF domains. A lightweight neural reconstruction model at the receiver recovers the 

original magnetic waveform from its transmitted physical representation. 

(B) Block diagram showing the main hardware modules: magnetic signal fusing, hysteresis-comparator encoder, RF clock extraction, frequency-shift keying 

(FSK) backscatter modulation, and RF energy harvesting. 

(C) Photograph of the fully integrated prototype on a flexible printed circuit board measuring 34 × 25 × 10 mm3, used in all subsequent experiments. 

(D) Comparison of the proposed physical computing architecture with mixed-signal embedded architectures.
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adaptive analog fusion module first performs domain-native 

computation, such as differential combination, field enhance

ment, and selective attenuation, to extract salient magnetic 

components while suppressing irrelevant modes. This is fol

lowed by a compact analog transformation stage that maps 

the fused magnetic waveforms into a high-dimensional spectral 

representation using comparison-driven, ultra-low-power phys

ical computing primitives. The resulting frequency-domain pat

terns are then physically transduced into the wireless channel 

through oscillator-free backscatter modulation, embedding the 

computed representation into the RF scattering profile with 

microwatt-level power budgets. At the receiver, a lightweight 

neural reconstruction model recovers the original magnetic 

waveform from its transmitted physical representation (see 

Note S1 for an operator-level formulation of this physical 

computing pathway).

We fabricate our device on a flexible printed circuit board with 

a volume of 34 × 25 × 10 mm3 (Figure 1C) and demonstrate that 

this passive physical computing architecture can support hun

dred-meter-scale transmission of magnetic acoustic signals 

while consuming only microwatt-level power and requiring only 

a lightweight neural reconstruction model at the receiver (see 

Video S1 for the outdoor demonstration, Video S2 for the 

cross-lingual recovery examples, and Video S3 for the non- 

line-of-sight [NLOS] through-wall experiment). These results 

indicate that cross-domain physical computing can serve as a 

scalable foundation for magnetic sensing systems, enabling ap

plications such as magnetic communication, passive sensing in

terfaces, and large-scale distributed magnetic sensor networks.

RESULTS AND DISCUSSION

Overall system design of the cross-domain physical 

computing pathway

We validate the proposed physical computing architecture 

through an integrated prototype that unifies magnetic sensing 

fusion, comparison-driven analog transformation, and oscil

lator-free RF transduction within a single continuous passive 

signal path on a flexible printed circuit board with dimensions 

of 34 × 25 × 10 mm3 (see fabrication in the methods). Unlike 

mixed-signal sensor nodes, the system operates as a unified 

physical pathway in which magnetic inputs propagate through 

a cascade of analog operators and are directly projected into 

the RF scattering domain under continuous external excitation. 

At the mechanistic level, each analog operator performs a spe

cific mathematical operation directly on the magnetic waveform: 

the fusion stage forms a vector combination of the two sensing 

channels and selects the dominant one by conditional decision, 

the transformation stage applies a threshold comparison that 

maps the continuous waveform onto a 1-bit sequence while re

taining its spectral structure, and the transduction stage exploits 

diode nonlinearity to mix the signal to a stable RF offset for back

scatter. All experimental evaluations are performed at 2.4 GHz 

under continuous RF excitation with an average incident power 

of 15 dBm. The total measured power consumption of the com

plete device is 208.5 μW (see Table S1 and Note S2). The device 

operates using harvested ambient RF energy, allowing contin

uous, passive real-time computation. The following subsections 

characterize each operator in this pathway—magnetic fusion, 

comparison-driven encoding, and oscillator-free transduc

tion—and conclude with an end-to-end reconstruction bench

mark that quantifies information preservation across the physical 

domain transformation.

Physical-layer magnetic signal fusion

A practical barrier to near-field magnetic sensing is that the 

measured waveform depends on device orientation relative to 

the source, which introduces amplitude distortion and degrades 

any subsequent encoding and wireless transduction (see Note 

S3). To stabilize magnetic acquisition without digital calibration, 

we implement a domain-native fusion front end that combines 

two orthogonally aligned tunnel-magnetoresistance (TMR) 

channels using analog addition, differential processing, and 

peak-based selection (Figure 2A). This operation performs 

computation directly in the magnetic domain by forming the 

sum and difference of the two sensing channels, then applying 

a conditional decision that outputs whichever branch is larger, 

thereby selectively enhancing salient components while sup

pressing orientation-dependent cancellation (see physical- 

layer magnetic signal fusion design in the methods).

We characterize the fused response using a loudspeaker coil 

driven by calibrated sinusoidal and speech-band excitation sig

nals. Loudspeakers provide a readily available and programma

ble source of audio-correlated magnetic fields (Figure 2B) 

because the currents driving their voice coils produce time-vary

ing magnetic flux that faithfully follows the input waveform (see 

Note S3). They produce a three-dimensional magnetic field 

with a measurable projection onto the two-dimensional sensing 

plane (Figures 2C and 2D), thereby enabling evaluation of perfor

mance across diverse spatial orientations.

Figure 2E illustrates the measured signal strength across vary

ing device orientations. The dual-channel fusion produces a 

response variation of up to 3.3 dB over a full 360◦ rotation, out

performing the single-module response that fluctuates by up to 

15.4 dB. The fused front end attains 18.9 mV/μT sensitivity 

through subsequent small-signal amplification, with a power 

consumption of just 93.8 μW. To evaluate the frequency 

response of our method, we play a sweep tone ranging from 

10 Hz to 4 kHz through the loudspeaker, covering the typical hu

man speech spectrum (300 Hz–3.4 kHz).22 Figures 2F and 2G 

compare the frequency responses of the two channels. The 

output exhibits linear frequency characteristics consistent with 

the excitation signal, demonstrating that our device tracks mag

netic signal variations within the speech frequency range.

We assess the response to speech signals by playing a set of 

pre-recorded samples and recording the corresponding module 

outputs. As shown in Figures 2H and 2I, the recorded magnetic 

signals preserve key spectral features of the original speech 

waveform. The waveform cosine similarity reaches 98.1%, while 

the spectral cosine similarity reaches 98.7%, indicating that 

our device provides a high-fidelity representation of speech 

dynamics.

Overall, our approach reduces orientation-induced amplitude 

fluctuations from over 15 dB to about 3 dB while supporting 

real-time tracking of rapidly varying and complex speech mag

netic fields. By stabilizing the input statistics presented to the 
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downstream computing, the method improves performance sta

bility without introducing the energy or latency overhead associ

ated with digital calibration (see Note S4 for the practical satura

tion boundary of this operation).

Comparison-driven analog transformation

To transmit magnetic waveforms over long ranges under micro

watt budgets, our device must reduce data volume and process

ing cost before wireless transduction. Rather than digitizing the 

analog waveform with a multi-bit ADC, we embed a minimal 

physical computing primitive—temporal comparison—into the 

signal path (see analog transformation design in the methods). 

As shown in Figure 3A, the encoder comprises a low-pass filter 

that extracts a slowly varying reference and a comparator that 

outputs the sign of the input relative to this reference, generating 

a 1-bit symbolic sequence:

Vout(t) = sign (Vin − θ(t)) ; (Equation 1) 

where Vin denotes the incoming analog signal and θ(t) is the 

comparator threshold. This transformation offers substantial ad

vantages in resilience to interference, preservation of the spectral 

structure of the original signal, and ultra-low-power operation.

Figure 2. Domain-native magnetic fusion for orientation-robust sensing 

(A) Schematic of the adaptive fusion circuit combining two orthogonally aligned TMR channels through analog addition, differential processing, and peak 

detection to stabilize weak magnetic inputs. 

(B) Principle of the programmable loudspeaker used as a magnetic source. 

(C) Simulated three-dimensional and planar magnetic-field distributions generated by the coil, confirming measurable in-plane components. 

(D) Two-dimensional projection of the magnetic field on the surface plane, shown from the front and top views. 

(E) Measured signal amplitude versus sensor orientation. The dual-channel fusion provides uniform response (>-3 dB) compared with a single TMR module, which 

varies by up to 15.4 dB. The error bars refer to standard deviation. 

(F and G) Frequency-response measurement from 10 Hz to 4 kHz using a sweep-tone input, showing linear tracking of magnetic variations within the speech 

band. 

(H and I) Recorded waveforms and spectra under speech excitation. The fused magnetic output preserves key temporal and spectral features of the source 

(spectral similarity: 98.7%).
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We first assess whether this extreme quantization retains use

ful structure. Specifically, a dual-tone input signal containing two 

frequency components, f1 and f2, is sampled at 16 kS/s. The 

encoder preserves the primary frequency components of the 

input signal (Figure 3B), indicating that it captures the spectral 

structure of the original signal. This frequency retention facili

tates monitoring of magnetic field variations, such as motor 

speed sensing and frequency-modulation-based magnetic 

communication. For complex magnetic acoustic signals, the 

structure of speech allows 1-bit encoding to retain sufficient in

formation to support subsequent speech reconstruction.

We have evaluated the performance in terms of both audio 

encoding noise and semantic preservation. We evaluate the 

impact of quantization resolution on magnetic signal encod

ing. As shown in Figure 3C, increasing the quantization bit 

width enhances the signal-to-noise ratio (SNR), consistent 

with uniform quantization theory (see Note S5). For instance, 

8-bit quantization achieves more than a 52 dB SNR improve

ment over 1-bit encoding. In contrast, 1-bit encoding imple

mented using a simple comparator consumes only 

1.56 μW—significantly lower than the 1.89 mW required by 

an 8-bit ADC—enabling energy-efficient, on-device signal 

encoding.

To evaluate whether such extreme compression still main

tains meaningful information, we use the LibriSpeech 100-h 

corpus as a benchmark. Automatic speech recognition per

formed on encoded magnetic signals shows that the word-er

ror rate (WER) increases moderately from 0.03 to 0.10 when 

the bit width decreases from 8 to 1, while semantic similarity 

(MPNet embeddings) remains >0.9, as shown in Figure 3D. 

Thus, even with 1-bit encoding, semantic similarity remains 

>0.9, confirming that the structured nature of magnetic audio 

signals permits drastic compression without losing essential 

temporal features. We analyze the impact of our encoder on 

critical semantic elements in speech, such as numbers and 

directional terms. We evaluate the recognition accuracy on 

samples that contain these key components. As shown in 

Figure 3E, and as the encoding bit width increases, the pro

portion of samples in which all numbers and directional terms 

are correctly identified increases from 0.90 to 0.97 and from 

0.92 to 0.98, respectively. The experiments demonstrate the 

strong robustness of our encoder in preserving essential 

directive semantics. The comparison encoder reduces on-de

vice energy consumption by orders of magnitude while 

preserving temporally structured cues that remain recoverable 

after wireless transmission, enabling the subsequent RF 

A

D EC

B

Figure 3. Comparison-driven analog encoding for low-power magnetic signal transformation 

(A) Circuit schematic of the encoder consisting of a low-pass filter extracting the signal envelope and a comparator performing differential quantization to 

generate a 1-bit symbolic output. 

(B) Fourier transform of a two-tone input signal (blue, f1 and f2) and the encoded output (orange). Input and output signals are sampled at a fixed sampling rate of 

16kS/s. The encoded output preserves the main frequency components of the original signal. 

(C) Quantization signal-to-noise ratio (SNR) as a function of bit width for simulated and measured data, following the ≈ 6 dB per-bit trend. The error bars refer to 

standard deviation. 

(D) Speech-recognition accuracy and semantic-similarity scores versus encoding bit width, evaluated on the LibriSpeech 100-h dataset. Even 1-bit encoding 

retains more than 90% semantic similarity while reducing encoding power by over 1000 × relative to an 8-bit ADC. The error bars refer to standard deviation. 

(E) Recognition accuracy of critical semantic elements (numbers and directional terms) as a function of encoding bit width, showing strong preservation of 

directive semantics even at 1-bit resolution.

Please cite this article in press as: Tan et al., Physical computing across magnetic and RF domains for passive wireless information retrieval, Device 

(2026), https://doi.org/10.1016/j.device.2026.101241

Device 4, 101241, September 18, 2026 5 

Article
ll



transduction stage to operate with microwatt-level budgets 

(see Note S4 for the operating boundary under low-SNR 

conditions).

Oscillator-free RF transduction

To propagate the physically encoded signal wirelessly through ul

tra-low-power backscatter communication, the system must 

overcome the spectral overlap between incident and backscat

tered waves.23,24 Backscatter addresses this by introducing a 

local oscillator, but oscillators and synthesizers impose additional 

power and complexity. Instead, we generate the required fre

quency offset passively by exploiting diode nonlinearities 

(Figure 4A; see oscillator-free FSK backscatter design in the 

methods). When two incident RF tones at f1 and f2 illuminate the 

device, nonlinear mixing produces intermodulation components at

fosc = |f1 − f2|; (Equation 2) 

which we harness as an intrinsic modulation clock for frequency- 

shifting backscatter.

To enhance frequency-offset stability and maintain a constant 

frequency offset fosc, we introduce a dual-chirp excitation where 

the instantaneous frequencies sweep synchronously while 

preserving the offset (see Note S6). This enables stable clock 

extraction with <0.2% deviation at microwatt power levels 

(1.56 μW at 40 kHz and 108 μW at 1 MHz), achieving crystal- 

like stability with lower power (Figure 4B).

The combination of the encoder and the passively generated 

frequency offset enables the frequency-shift keying FSK back

scatter link. The encoded sequence modulates the antenna’s 

load impedance, with reflectivity as

ρi =
Zi − Z∗

a

Zi+Za

; (Equation 3) 

where Zi denotes the i-th impedance state presented to the 

antenna, Za represents the antenna’s input impedance, and 

( ⋅ )* denotes the complex conjugate operation. With the fre

quency-shifting clock, the backscattered signal is naturally 

separated from the excitation in the spectral domain, eliminating 

spectral overlap without synthesizers or digital processing. 

Representative prior uses of diode nonlinearity include tunnel- 

diode-based low-power backscatter designs and nonlinearity- 

enabled cross-frequency communication.25–27 In contrast, our 

nonlinear stage is used to derive a stable excitation-referenced 

offset clock for oscillator-free frequency-shifted backscatter of 

A

DCB

Figure 4. Oscillator-free frequency-shifted backscatter enabled by dual-chirp excitation 

(A) Schematic of the backscatter communication module. A dual-chirp excitation signal is transmitted to the device, which harvests a stable frequency-offset 

clock from the nonlinear mixing output. The device modulates the encoded audio onto the carrier via load impedance switching and reflects the backscatter 

signal to the receiver for demodulation. 

(B) Measured frequency stability and power consumption of different clock mechanisms. Dual-chirp extraction achieves less than 0.2% frequency deviation at 

108 μW (1 MHz), matching crystal-reference stability at lower power. The error bars refer to standard deviation. 

(C and D) Signal-to-noise ratio (SNR) and short-time objective intelligibility (STOI) as functions of transmission distance under single-tone and dual-chirp ex

citations. The dual-chirp mode maintains higher fidelity beyond 3 m with microwatt-level consumption. The error bars refer to standard deviation.
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comparison-encoded magnetic information rather than to sus

tain bias-dependent oscillation or to realize large-span cross- 

band translation (see Note S7 for a detailed comparison).

To evaluate the performance of the dual-chirp carrier design, 

we compare it with a single-tone excitation source as the base

line. We measure the effective range under different excitation 

carriers in an indoor line-of-sight (LOS) scenario. As shown in 

Figures 4C and 4D, when the distance reaches 3 m, the baseline 

method suffers a performance drop, with the SNR decreasing to 

0.3 dB and the short-time objective intelligibility (STOI) falling to 

0.45. In contrast, within the same range, our method maintains a 

much higher SNR and STOI, demonstrating enhanced stability 

and effectiveness. Here, STOI is used to reflect intelligibility- 

related short-time temporal-spectral preservation. Accordingly, 

the distance gain observed here should be interpreted as a prac

tical improvement in detectable RF-link performance and mag

netic information retrieval rather than as a universal increase in 

intrinsic backscatter efficiency. This improvement arises mainly 

from two design choices: the dual-chirp carrier improves inter

ference rejection and yields a frequency-shifted component 

that is easier to separate from the excitation than a single-tone 

baseline,28,29 while 1-bit encoding supports high-contrast binary 

load modulation and relaxes the detection requirement relative 

to multi-level amplitude transmission.30,31

Overall, the dual-chirp excitation combined with nonlinear 

mixing provides a robust, oscillator-free frequency-shifted back

scatter mechanism that supports microwatt-level wireless trans

mission of magnetic signals and overcomes the spectral overlap 

challenge.

End-to-end cross-domain reconstruction in outdoor 

environments

To evaluate the end-to-end fidelity of the entire physical 

computing architecture, we employ speech reconstruction 

from magnetic inputs as a representative benchmark task. 

Speech signals are selected because they contain rich temporal 

dependencies and fine spectral details, thereby imposing strin

gent requirements on time-domain accuracy and frequency 

preservation. Moreover, speech signals are used in human-ma

chine interfaces, making them a relevant target for low-power 

magnetic sensing applications.

Figure 5A illustrates the experimental setup for end-to-end 

evaluation. The programmable magnetic source generates mag

netic speech signals, which are captured by our device, encoded, 

and transmitted via backscatter to a receiver located 103 m 

away. At the receiver, the demodulated and downsampled en

coding sequences are processed by a lightweight denoising neu

ral network (Figure 5B) that reconstructs the analog waveform 

directly in the time domain (see Figure S1 and Note S8 for the 

receiver-side processing details and Table S2 and Note S9 for 

the receiver-side network structure and runtime statistics).

Large-scale experiments over the 100-h dataset confirm 

consistent enhancement: the averaged SNR rises from –25.8 

to 3.5 dB and the average STOI from 0.60 to 0.72, as shown in 

Figure 5C. Figure 5D presents typical reconstructed signals. 

Raw received waveforms exhibit significant quantization and 

channel noise (SNR = –21.6 dB, STOI = 0.69). After neural 

reconstruction, these metrics improve to 7.2 dB and 0.82, 

respectively. Spectrogram analysis shows that the recovered 

audio restores fundamental harmonics and formant structures, 

demonstrating the preservation of semantic information through 

the cross-domain link (see Tables S3 and S4 for a direct compar

ison between demodulation-only recovery and neural recon

struction). Cross-lingual speech recovery examples are further 

shown in Video S2. Our architecture also supports real-time 

speech transmission and reconstruction in both indoor and out

door environments (see Figure S2 and Video S3 for the NLOS 

setup and corresponding results). These results demonstrate 

that the physical computing pathway preserves information 

integrity across magnetic, electronic, and RF domains, enabling 

high-fidelity reconstruction of complex temporal signals.

Conclusions and outlook

We have developed a cross-domain physical computing archi

tecture that unifies magnetic sensing, analog computation, and 

wireless transduction in a single passive pathway, establishing 

an integrated physical computing system for low-power, long- 

range magnetic-to-RF information retrieval. Instead of mixed- 

signal embedded architectures, our architecture achieves 

long-range magnetic information retrieval without digital conver

sion or active oscillation by directly transforming signals be

tween the magnetic and RF domains.

The demonstration of real-time, long-distance signal retrieval 

and reconstruction establishes the feasibility of energy-autono

mous magnetic interfaces. Because the entire computing chain 

operates with a total power consumption of only 208.5 μW, the 

architecture can be powered directly by harvested ambient RF 

energy, providing a path toward maintenance-free operation. 

In principle, the same physical-computing framework can be 

extended to other modalities, such as electric, optical, or me

chanical domains, where analog operators can perform 

computing directly on physical quantities before transduction. 

Looking ahead, three directions are important for expanding 

this framework. First, future systems should improve scenario 

adaptability. Different tasks may require different sensing modal

ities, signal bandwidths, and information types. Therefore, dedi

cated analog computing architectures should be designed for 

specific applications so that sensing, encoding, and transmis

sion can occur directly at the passive device without intermedi

ate digital-domain conversion. Second, the computing capability 

of a single passive device remains limited. A promising next step 

is to build arrayed physical computing architectures in which 

multiple analog computing units operate together to implement 

higher-dimensional transformations, parallel feature extraction, 

or even physical domain neural-network operations before wire

less transduction. Third, although this work demonstrates mag

netic-to-RF information mapping, the same design principle 

could be extended to other cross-domain pathways, such as 

electric-to-RF, acoustic-to-RF, optical-to-RF, or mechanical- 

to-RF transformations. These directions would require task-spe

cific transducers, controllable analog operators, and scalable 

circuit integration, but they could broaden physical computing 

from our magnetic-interface platform into a general strategy for 

low-power distributed sensing and communication.

Overall, our work highlights a scalable paradigm of cross- 

domain physical computing, in which sensing, computation, 
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and communication are seamlessly co-designed within the 

same physical circuit dynamics. Such architectures could form 

the basis for next-generation distributed sensor networks, adap

tive human-machine interfaces, and intelligent ambient systems 

that operate continuously at ultra-low power.

METHODS

Fabrication of the physical computing architecture

We implement our hardware prototype on a flexible printed cir

cuit board using commercial off-the-shelf (COTS) analog com

ponents. The entire hardware integrates the physical computing 

chain and has a total size of 34 × 25 × 10 mm3, as shown in 

Figure 1C. We employ the TMR290132 module to capture mag

netic signals and utilize the OPA349 operational amplifier33 to 

amplify and differentiate captured signals. The LPV7215 

comparator34 is utilized to compare the amplified and differenti

ated signals and encode the analog signal, enabling efficient en

coding for subsequent cross-domain transmission.

The oscillator-free RF transduction module primarily consists 

of the antenna and RF back end for frequency-shift clock extrac

tion and backscatter communication. We adopt an inverted-F 

Figure 5. Cross-domain reconstruction benchmark demonstrating end-to-end fidelity 

(A) Experimental setup for end-to-end evaluation. Magnetic speech signals generated by a programmable magnetic source are captured by the device, encoded, 

and transmitted via backscatter to a receiver located 103 m away. 

(B) Neural denoising network based on a U-Net backbone that reconstructs time-domain waveforms from demodulated 1-bit sequences. 

(C) Overall reconstruction performance on the 100-h LibriSpeech dataset. After neural post-processing, the average SNR improves from –25.8 to 3.5 dB and STOI 

from 0.60 to 0.72. The error bars refer to standard deviation. 

(D) Representative original, raw, and reconstructed waveforms and their spectrograms. The neural model restores harmonic structure and formant patterns, 

confirming substantial information preservation across magnetic, electronic, and RF domains.
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antenna (IFA) with a center frequency of 2.4 GHz as the RF an

tenna (the circuit implementation and antenna characteristics 

of the present 2.4 GHz RF system are detailed in Figure S3

and Note S12). The choice of 2.4 GHz as the carrier frequency 

is motivated by its favorable penetration capability under LOS 

and through-wall conditions, and the antenna operating at this 

frequency is physically compact. The carrier frequency is adjust

able, and the system can be adapted to other frequency bands 

by replacing the antenna and tuning the corresponding RF com

ponents. The IFA is selected to achieve both a compact form and 

wide coverage to meet our communication requirements.35 For 

the clock extraction circuit, the diode HSMS-28236 is employed 

as a nonlinear component, and the low-power comparator 

TLV320137 is used to normalize the extracted signal, with a po

wer consumption of only 108 μW. To achieve backscatter mod

ulation, we utilize the RF switch ADG90238 to switch the antenna 

load impedance according to the encoded audio signal and the 

extracted clock signal, which are combined using a NOT-AND 

(NAND) gate.39

Transceiver side setup

We used USRP B210 software-defined radios (SDRs) to transmit 

excitation carrier signals and receive the backscattered signals. 

The received backscattered signals are processed using GNU 

Radio software (see Notes S8 and S13). The transmission power 

is set to a default value of 15 dBm. The default excitation signal is 

configured as a dual-chirp waveform with a center frequency of 

2.4 GHz, a spreading factor (SF) of 12, a bandwidth of 250 kHz, 

and a frequency offset fosc of 1 MHz (the chirp parameters are set 

according to the LoRa standard protocol). A Lenovo Xiaoxin 16 

Pro laptop is employed to demodulate the received signals using 

Python-based signal processing scripts. The denoising network 

is implemented using the PyTorch framework and executed on 

an Ubuntu 22.04 workstation equipped with an NVIDIA GeForce 

RTX 3090 GPU and the CUDA 12.8 toolkit.

Experimental setup

The system setup is illustrated in Figure 5A. The device is affixed 

near the target magnetic source in the form of a small sticker. The 

programmable magnetic source sends the magnetic speech sig

nals, which are captured by our device, encoded, and trans

mitted via backscatter to a receiver located 103 m away. To 

ensure the diversity of the speech content, we employ the widely 

used LibriSpeech dataset40 to evaluate our device, which com

prises a large-scale corpus of over 100 h of recordings from 

291 individuals. The training and test data originate from different 

speakers, ensuring a fair evaluation of generalization.

Simulation setup

The spatial distribution of the magnetic field signal is modeled 

using COMSOL Multiphysics. A circular coil with radius R = 

1 cm is placed in the x-y plane, and the driven current is 1 mA. 

The magnetic flux density is computed according to the Biot- 

Savart law under quasi-static conditions. The resulting three- 

dimensional field map confirmed that the in-plane components 

of the magnetic field remain significant and measurable, as 

shown in Figures 2C and 2D.

Physical-layer magnetic signal fusion design

The proposed adaptive fusion design consists of two key com

ponents: dual-channel sensing and adaptive signal fusion, as 

shown in Figure 2A.

First, two sensing channels are constructed within the two- 

dimensional plane to capture the magnetic field components 

along two orthogonal axes. Each TMR module thus measures 

the projection of the magnetic signal along its respective sensing 

axis. Specifically, for a projection angle of 30◦, the sensing pro

jections of the x axis and y axis TMR modules are 
̅̅
3

√

2
k0| BL| and 

1
2
k0| BL|, respectively. Similarly, when the projection angle is 

120◦, the corresponding projections are − 1
2
k0| BL| and 

̅̅
3

√

2
k0| BL|. These results indicate that the two sensing signals 

cannot be directly summed, as their directional nature introduces 

phase differences that can degrade overall fusion performance.

Next, adaptive signal fusion is proposed using low-power cir

cuitry, thereby avoiding the computational overhead associated 

with microcontroller-based ADC sampling and processing. Spe

cifically, the two signals are simultaneously fed into both an ad

der and a differential circuit to achieve signal fusion. For signals 

with a projection angle of 120◦, the differential circuit effectively 

amplifies the signal. The fused output is then processed by a 

peak detection circuit to extract its maximum magnitude, and 

signal selection is performed by comparing the detected peaks.

Analog transformation design

On the device side, we adopt a hysteresis comparator to achieve 

ultra-low overhead encoding, as shown in Figure 3A. The encod

ing circuit consists of a low-pass filter and a comparator. The 

low-pass filter extracts the direct current (DC) component of 

the analog audio signal, which serves as the comparison 

threshold for the comparator. The comparator then outputs a 

1-bit-encoded signal based on whether the input signal exceeds 

the threshold. This design allows for efficient encoding while 

minimizing power consumption.

Oscillator-free FSK backscatter design

The proposed oscillator-free FSK backscatter comprises three 

main components: clock generation, clock extraction, and clock 

normalization, as illustrated in Figure 4A.

First, to generate the clock signals, the excitation carrier is fed 

into a diode, which acts as a nonlinear component. The signal 

output from the diode contains multiple chirp components along 

with a constant-frequency component at fosc, whose amplitude 

is proportional to A2, where A denotes the amplitude of the 

received excitation signal (see Note S6).

To extract the clock signal, we employ a band-pass filter to 

isolate the desired frequency component at fosc. This is achieved 

using a passive inductor-capacitor (LC) resonant network that 

selectively amplifies signals near the target resonance fre

quency. The resonance frequency satisfies the equation: fres = 
1

2π√LresCres

, where Lres and Cres are the inductance and capaci

tance of the resonant circuit, respectively. Clock extraction can 

be achieved by adjusting the resonant parameters in accor

dance with the clock frequency. For 1 MHz clock extraction, 

the inductance and capacitance of the resonant network are 

set to 100 μH and 25 pF, respectively.
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Finally, the extracted signal is passed through a comparator to 

achieve signal normalization, ensuring that the signal’s ampli

tude is within the desired range. This step enables the clock 

signal to meet the control threshold, allowing for reliable modu

lation control while maintaining minimal power consumption.
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