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Abstract: This study presents a novel approach to remote speech recognition using a millimeter-
wave micro-Doppler radar system operating at 94 GHz. The proposed method uses high-frequency
radar to detect subtle speech-related vibrations, enabling speech recognition that is both non-contact
and privacy-preserving. Tests with actual human speech followed initial experiments in which a
piezoelectric crystal was used to simulate vocal cord vibrations. Radar returns were processed using
state-of-the-art signal processing techniques, including short-time Fourier transform (STFT), to
generate spectrograms and reconstruct speech signals. The system demonstrated high accuracy in
speech reconstruction, with a strong correlation between the radar-reconstructed audio and the
original speech signals. Cross-correlation analysis quantitatively confirmed the similarity between
the reconstructed and original audio. These results validate the system's effectiveness in detecting
and characterizing speech-related vibrations without direct audio recording. The findings support
this innovative approach, with significant implications for applications in security, surveillance, and
assistive technologies where privacy-preserving solutions are essential. Future research will focus
on diverse real-world scenarios and further integration of advanced signal processing and machine
learning techniques to enhance accuracy and robustness.

Keywords: remote speech recognition; millimeter-wave radar; micro-doppler; IoT; assistive
technologies; privacy; voice control

1. Introduction

Speech recognition technology, commonly seen in smartphone voice assistants and smart
devices, has become increasingly integral to daily life. However, traditional speech recognition
systems are often challenged by environmental noise, privacy concerns, and the requirement for
microphones to be positioned close to the speaker. These limitations have driven research into
alternative remote speech detection and recognition methods.

Conventional remote speech recognition techniques, such as array microphones and laser
vibrometry, have shown promise but are limited by issues such as sensitivity to ambient noise, line-
of-sight constraints, and privacy concerns related to direct audio recording [1,2]. In this context,
radar-based approaches have emerged as a viable solution, enabling the detection of speech-related
vibrations from a distance without capturing the actual audio content [3].

Recent advancements in millimeter-wave radar technology have paved the way for novel non-
contact sensing applications [4,5]. Millimeter-wave radars operate at much higher frequencies than
traditional radar systems and provide superior resolution and sensitivity to subtle movements. They
are particularly well suited for detecting the minute vibrations associated with speech production,
such as those of the vocal cords and articulators [6].

The micro-Doppler effect, which involves additional frequency modulations caused by vibrating
or rotating parts of a target, has been extensively studied in areas such as human activity recognition
and biometric identification [7,8]. However, its potential for speech recognition remains largely
unexplored. By exploiting the micro-Doppler signatures generated by speech-related vibrations, we
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propose a novel approach to remote speech recognition that addresses several limitations of existing
technologies.

This study introduces an innovative method for remote speech recognition via a high-frequency
(94 GHz) continuous-wave (CW) micro-Doppler radar system. Our approach captures the subtle
vibrations involved in speech production, facilitating speech recognition that is both non-contact and
privacy-preserving. Such a high operating frequency enhances sensitivity to small-scale movements,
potentially improving speech detection and recognition accuracy [9]. While radar has been used for
human activity detection, our work extends this application to speech recognition, utilizing an
exceptionally high frequency to increase sensitivity.

We employ advanced signal processing techniques, including short-time Fourier transform
(STFT) and custom algorithms, to convert radar echo signals into acoustic vibration signals. Our
experimental setup uses a piezoelectric crystal to simulate vocal cord vibrations in a controlled
environment, validating the proposed method. This approach allows us to quantitatively evaluate
system performance through cross-correlation analysis and spectrogram comparisons between
radar-reconstructed and original audio signals.

In addition to experiments with a piezoelectric crystal simulating vocal cord vibrations, we
conducted measurements of radar returns directly from the throat during human speech. The
acoustic signals were reconstructed from the radar data and compared with directly recorded audio
signals. Cross-correlation analysis revealed high similarity between the reconstructed and original
signals, demonstrating the system's ability to capture and reconstruct speech-related vibrations
accurately.

The proposed technology has implications that go beyond traditional security and surveillance
applications. In the rapidly growing Internet of Things (IoT) field, radar-based speech recognition
could enable more robust voice control for smart devices, reducing susceptibility to environmental
noise and enhancing privacy protection [10]. In healthcare, it could facilitate non-invasive monitoring
of speech patterns for diagnostic purposes [11]. Additionally, assistive technologies could benefit
from voice-activated systems that operate reliably across various environmental conditions [12].

2. Continuous Wave Micro-Doppler Radar

This section details the principles and implementation of the continuous wave (CW) micro-
Doppler radar system used in our research for remote speech recognition. We employ a 94 GHz CW
micro-Doppler radar system to capture the minute movements of vocal cords during speech. The use
of this high frequency is crucial, as it provides exceptionally high sensitivity to microscopic
movements and enhances spatial resolution. This capability is vital for detecting subtle vibrations in
the throat and mouth areas that are essential for accurate speech recognition.

2.1. Theoretical Framework

The radar system transmits a continuous sine wave signal at a carrier frequency (f,), represented

by:
E¢(t) = Apcos(2rfot + @) (1)

where A, and ¢, are the amplitude and phase of the transmitted signal, respectively. The

reflected signal from the vocal cords incorporates a Doppler shift (fp) due to their motion:
Er(t) = ATCOS(Zn(fO + fD)t + (pr)(z)

where A, and ¢, denote the amplitude and phase of the received signal, respectively. The
radar detection mechanism involves mixing the transmitted and received signals to isolate the
Doppler frequency shift, yielding:

Z(t) = A Acos(2mfpt + Ap)(3)

where A represents the phase difference between the transmitted and received signals.

The Doppler frequency shift, obtained by differentiating the phase with respect to time, is given
by:

fo®) = (1/2m)(de(t)/dt) = (2fy/c)vr(t)(4)
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wherevg(t) is the radial velocity of the vocal cords relative to the radar. The high carrier
frequency (fo) used in this study allows for fine velocity resolution, which is essential for detecting
rapid velocity changes associated with speech.

2.2. Signal Processing Techniques

To extract the time-varying frequency components, the reflected signal undergoes a short-time
Fourier transform (STFT), which is crucial for balancing the frequency and temporal resolution in the
resulting spectrogram. The STFT is given by:

STFT,(t,f) = J- x(Dw(t — 1)e 12T 7d7 (5)

where w(t — 1) is a window function that facilitates the temporal localization of frequencies
within the signal. This transformation is essential for detecting rapid changes in the micro-Doppler
signatures associated with speech.

Selecting an appropriate STFT window length is critical for effectively capturing the micro-
Doppler signatures associated with rapid velocity changes. In our experiments, we chose a window
length of 50 ms with an overlap of 25 ms. These parameters were selected to balance the need for
high temporal resolution, which is necessary for detecting rapid changes in vocal cord vibrations,
with the need for sufficient frequency resolution to accurately capture the micro-Doppler signatures.

To mitigate low-frequency interference and high-frequency noise, we applied a Butterworth
bandpass filter (100--1500 Hz) during signal processing. This frequency range covers the fundamental
frequencies of human speech and helps improve the signal-to-noise ratio of speech-related vibrations.

In addition to the STFT, we developed custom algorithms specifically designed to address the
challenges of extracting speech information from radar returns. These algorithms filter noise, isolate
speech-related micro-Doppler signatures from other body movements and reconstruct the acoustic
signal from the radar data. Our signal processing pipeline consisted of several stages, including initial
FFT analysis, the STFT for time-frequency representation, Wiener filtering for noise reduction, signal
normalization, and cross-correlation analysis.

2.3. Experimental Validation

To validate the proposed method, experiments were conducted using a piezoelectric crystal as
a proxy for vocal cord vibrations. The crystal was placed 50 cm from the radar, and measurements
were taken for single-frequency tones, chirp signals, and audio files. We modeled vocal cord motion
as simple harmonics:

x(t) = Asin(2xf,t)(6)

where f, is the vibration frequency and A is the amplitude. The instantaneous velocity of the
vocal cords is then:

v(t) = dx/dt = 2nf,Acos(2nf,t)(7)

The relationship between the vibration frequency of the vocal cords (or the piezoelectric crystal
in our experiment) and the Doppler frequency detected by the radar stems from the basic principle
of the Doppler effect. When the vocal cords (or the crystal) vibrate, they create a periodic motion
forward and backward relative to the radar. This motion causes a change in the frequency of the
reflected signal, which is exactly the Doppler frequency.

Figure 1 illustrates our CW micro-Doppler radar setup.
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Figure 1. CW micro-Doppler radar.

2.4. Advantages of High-Frequency Operation

The choice of a 94 GHz operating frequency offers several advantages, including enhanced
sensitivity to small-scale movements, improved spatial resolution, and shorter integration times for
a given velocity resolution. Figure 2 illustrates the relationship between carrier frequency, velocity
resolution, and integration time for a radar system.

@) (b)

Figure 2. (a) 3D surface plot illustrating the relationship between carrier frequency, velocity
resolution, and integration time of the radar system. (b) 2D graph depicting the inverse relationship
between carrier frequency and required integration time for fixed velocity resolutions.

As shown in Figure 2, higher carrier frequencies allow for shorter integration times while
maintaining precise velocity resolution. This is crucial for detecting rapid changes in target velocity,
making our system well-suited for capturing quick transitions in speech-related vibrations.

2.5. Signal Processing Pipeline

Figure 3 presents a comprehensive flowchart of our signal processing pipeline, illustrating the
step-by-step approach used in our radar-based speech recognition method.
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Figure 3. Signal Processing Flowchart for Radar-Based Speech Recognition.

This flowchart outlines our data analysis process, which begins with the input of data from both
radar and microphone sources. The signals are analyzed in both time and frequency domains,
followed by cross-correlation analysis, signal enhancement, and final comparison. This
comprehensive approach enables us to thoroughly analyze and validate our radar-based speech
recognition method, providing a direct comparison with traditional audio recordings at each stage
of the process.
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In comparison to other remote speech recognition techniques, our approach offers significant
advantages in terms of privacy preservation, accuracy in noisy environments, and robustness to
varying environmental conditions. These characteristics make the system particularly suitable for
applications in IoT, healthcare, and assistive technologies, where non-contact and privacy-preserving
speech recognition is highly desirable.

3. Experiments and Analysis: Capabilities of Micro-Doppler Radar in Remote Speech Detection

To validate the proposed remote speech recognition method using a millimeter-wave micro-
Doppler radar system, we conducted a comprehensive series of experiments to demonstrate the
system's capability to detect and characterize speech-related vibrations across various scenarios. Our
experimental setup, illustrated in Figure 3, consisted of a 94 GHz continuous-wave radar system with
a transmit power of 10 dBm and a receiver sensitivity of -90 dBm. At the heart of our setup was a
piezoelectric crystal, which serves as a proxy for vocal cord vibrations and is positioned 50 cm from
the radar. This crystal was connected to a signal generator for single-frequency tone and chirp signal
measurements and to a computer for audio file playback, allowing us to simulate a range of speech-
like vibrations.

<
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Figure 3. Schematic diagram of the experimental setup.

In designing our experiments, we carefully controlled the environmental conditions to ensure
the consistency and reliability of our results. The ambient noise level was maintained at
approximately 40 dB, which is typical for a quiet room. In comparison, the signal source level was set
to 60 dB, simulating everyday conversational speech, typically 20 dB above the ambient noise floor.
This 20 dB signal-to-noise ratio represents comfortable listening conditions in everyday
environments. This attention to detail in our setup allowed us to isolate the effects of the radar system
and minimize external influences on our measurements while maintaining realistic speech
conditions.

Three types of measurements were performed: single-frequency tone, chirp signal, and audio
file. For the single-frequency tone measurements, the piezoelectric crystal was driven by a 1 kHz sine
wave with an amplitude of 1 V. The chirp signal measurements involved driving the crystal with a
linear frequency-modulated signal, sweeping from 2 kHz to 4 kHz over a duration of 10 s. Finally, a
20-second speech sample was played through the piezoelectric crystal for the audio file
measurements.

In all the experiments, the radar returns and the directly captured audio were recorded using a
microphone placed near the piezoelectric crystal. The radar returns were processed via a short-time
Fourier transform (STFT) with a window length of 50 ms and an overlap of 25 ms to generate
spectrograms. The choice of window length was based on the need to balance frequency and
temporal resolution, as discussed in the previous section.

Figure 4 illustrates the radar system's ability to capture the time-varying frequency content of
the piezoelectric crystal's vibrations driven by a chirp signal. The spectrogram of the radar return
(Figure 4b) closely resembles that of the directly recorded audio (Figure 4a), demonstrating the
effectiveness of the proposed method in tracking the instantaneous frequency changes of the
vibrating crystal.
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Figure 4. Spectrograms of directly recorded audio (a) and radar return (b) for chirp signal
measurement.

Similarly, Figure 5 presents the spectrograms of the radar return (Figure 5a) and the directly
recorded audio (Figure 5b) for an audio file measurement, showcasing the radar system's capability
to capture complex, speech-like vibrations. The similarity between the two spectrograms highlights
the potential of the proposed method for remote speech recognition.
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Figure 5. Spectrograms of directly recorded audio (a) and radar return (b) for an audio file
measurement.

A cross-correlation analysis was performed to quantify the similarity between the radar returns
and the directly recorded audio. The cross-correlation function measures the similarity between two
signals as a function of the displacement of one relative to the other. The effectiveness of the proposed
system in capturing speech information can be assessed by calculating the cross-correlation between
the radar-reconstructed audio and the original audio signal.

4. Results and Analysis

The effectiveness of the proposed millimeter-wave micro-Doppler radar system in detecting and
characterizing speech-related vibrations was evaluated through a comprehensive analysis of the
experimental data. Our analysis focused on three key aspects: spectral comparison, cross-correlation
analysis, and qualitative assessment of reconstructed audio.

Spectral analysis revealed a high degree of similarity between the spectrograms of the radar
returns and those of the directly recorded audio across all experimental conditions (single-frequency
tones, chirp signals, and audio files). Figure 6 presents a representative example of this similarity for
a single-frequency tone measurement, where both the radar return and directly recorded audio
spectrograms exhibit a clear, concentrated energy band at the input frequency of 1 kHz.
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Figure 6. Spectrograms of radar return (top) and directly recorded audio (bottom) for a single-
frequency tone measurement.

The chirp signal and audio file measurements were previously discussed in the Experimental
Setup and Methodology section, with their corresponding spectrograms presented in Figures 5 and
6, respectively. These figures demonstrate the radar system's ability to track rapid frequency changes
in the crystal's vibrations and capture complex, speech-like signals. Cross-correlation analysis was
used to assess the similarity between the radar returns and the directly recorded audio. The results
revealed a moderate to strong correlation between the radar-reconstructed audio and the original
audio signal, indicating a significant resemblance between the two signals, considering the challenges
inherent in extracting speech information from radar returns. These results validate the effectiveness
of the proposed method in capturing speech-related vibrations while also highlighting areas for
potential improvement in future research.

Qualitative assessment through playback tests demonstrated that the reconstructed audio
closely resembled the original signal, with only minor distortions, further validating our method's
effectiveness.

The spectral analysis and cross-correlation results demonstrate the ability of the millimeter-wave
micro-Doppler radar system to accurately detect and characterize various types of vibrations, ranging
from simple single-frequency tones to complex speech-like signals. The high similarity between the
radar return spectrograms and the directly recorded audio spectrograms and the strong cross-
correlation values establish the feasibility of using this approach for remote speech recognition.

These findings suggest that the proposed method has the potential to be extended to real-world
applications, such as security, surveillance, and assistive technologies, where non-contact and
privacy-preserving speech recognition is desired. However, further research is needed to validate the
system's performance with human subjects and in more realistic environments and investigate the
integration of advanced signal processing and machine learning techniques to increase the robustness
and accuracy of the speech recognition process.

Building upon our initial experiments with vibration detection, we conducted further studies to
directly reconstruct speech from radar returns. This next experiment compared high-quality
microphone recordings with millimeter-wave radar returns from a human subject's vocal cords. Our
aim was to demonstrate the feasibility of recovering intelligible speech solely from radar data, a
critical step towards real-world applications where direct audio recording is not possible or desirable.

To further validate our approach and demonstrate its ability to reconstruct audio signals from
radar returns, we conducted a targeted experiment using two different sensors: a high-quality
microphone and a millimeter-wave (MMW) radar system. The radar was specifically aimed at the
throat area of a human subject from approximately 50 cm, capturing the vibrations of the vocal cords.
This setup simulates a real-world scenario where we aim to reconstruct speech from radar returns
without direct access to the original audio.

Crucially, both the microphone and the radar system were connected to the same oscilloscope,
ensuring identical sampling rates and zero-time delay between the signals. This simultaneous data
acquisition was essential for two reasons: first, to validate our ability to reconstruct the audio signal
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from radar returns, and second, to aid in developing a filter that could reconstruct the audio signal
in scenarios where a microphone is not available (as would be the case in typical applications).

We first analyzed the time domain representations and frequency spectra of both signals via fast
Fourier transform (FFT). Figure 7 illustrates the significant difference in signal quality between the
two sensors in the time domain, whereas Figure 8 presents their frequency spectra, highlighting the

key frequency components in both.
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Figure 7. Time domain representations of the high-quality microphone signal (top) and the noisy
MMW radar signal (bottom) captured simultaneously. Note the clear speech patterns in the
microphone signal and the increased noise in the radar signal reflected from the subject's throat area.

20 T T T T T T T T T

by
(&)
T

Magnitude
)

L Il 1 | 1

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency (Hz)

1

T T T T T T T T T

S
T

w
T

m:ll. T " als L L L I L

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency (Hz)

Magnitude
N

-

o

Figure 8. Frequency spectra of the microphone signal (top) and the MMW radar signal (bottom).

The key frequency components in both signals are preserved despite the increased noise floor in

the radar signal.
To enhance the noisy radar signal, we applied a Wiener filter using MATLAB's Wiener2

function. Crucially, we implemented this filter without relying on the original high-quality signal,
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estimating the noise characteristics from the radar signal alone. This approach mimics real-world
scenarios where only the radar signal is available. We also employed a technique to zero out silent
segments of the audio, preserving signal clarity and further reducing noise impact.

Figure 9 shows the original microphone signal, the noisy radar signal, and the Wiener-filtered
radar signal for comparison.
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Figure 9. Comparison of the original microphone signal (dotted yellow line), noisy radar signal
reflected from the subject's throat (solid blue line), and Wiener-filtered radar signal (dashed red line).
Note how the filtered signal closely resembles the original microphone signal.

To quantitatively assess the similarity between the signals, we employed cross-correlation
analysis. Figure 10 shows the cross-correlation between the original microphone signal and the
processed radar signal after applying the Wiener filter and additional signal processing techniques.

0.6 T T T T T T T T T

Cross-Correlation
o

1 1 1 1 | 1

.6 | | |
-5000 -4000 -3000 -2000 -1000 0 1000 2000 3000 4000 5000
Lag

Figure 10. Cross-correlation between the original microphone signal and the processed radar signal.

The peak correlation of 0.6 indicates good similarity between the signals, considering the limited
signal-to-noise ratio inherent in measuring reflections from the throat area.

The maximum correlation value of 0.6 significantly improves the signal similarity after
processing. This result is noteworthy given the challenging nature of extracting speech information
from radar returns reflected from the throat area. The achieved correlation indicates that our method
can effectively reconstruct critical features of the original speech signal from the radar data.
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Importantly, while a correlation of 0.6 may seem moderate, it represents a strong relationship in
the context of this application, where the radar signal is subject to various sources of noise and
distortion. This level of correlation suggests that our processed radar signal captures a substantial
portion of the speech information in the original microphone recording.

The results clearly show a significant enhancement in signal quality after our processing
pipeline. The processed radar signal closely resembles the high-quality microphone audio, validating
our method's effectiveness in reconstructing intelligible audio from radar returns without access to
the original signal.

Additionally, we saved the original, noisy, and processed signals as WAV files, enabling aural
comparison. This audio playback feature further confirmed the improvement in audio quality
achieved through our processing method, demonstrating that speech can be effectively reconstructed
from radar returns reflected from the throat area.

This experiment confirms our approach's feasibility and highlights its practical applicability in
real-world scenarios where only the radar signal is available. The successful reconstruction of clear
audio from noisy radar returns, achieved solely through analysis and filtering of the noisy signal,
demonstrates the potential of this technology for remote speech recognition and audio surveillance
applications, particularly in situations where direct audio recording is not possible or desirable.

5. Discussion

The experimental results presented in this study demonstrate the feasibility and potential of
using a millimeter-wave micro-Doppler radar system for remote speech recognition. The high
similarity between the spectrograms of the radar returns and the directly recorded audio, coupled
with the strong cross-correlation values, indicates that the proposed method can effectively capture
and characterize speech-related vibrations.

However, it is important to acknowledge the limitations of the current study. The experiments
were conducted using a piezoelectric crystal in a controlled laboratory environment, which may not
fully represent the complexities of human vocal cord vibrations and real-world scenarios. The
piezoelectric crystal provides a simplified model of speech production, focusing primarily on
vibrational aspects, whereas human speech involves a more intricate interplay of various anatomical
structures, such as the vocal cords, vocal tract, and articulators.

To further validate the effectiveness of the proposed remote speech recognition method, future
research should focus on conducting experiments with human subjects in more realistic
environments. This would involve investigating the radar system's performance in the presence of
background noise, reverberation, and other acoustic interferences typically encountered in real-
world settings. Additionally, the impact of factors such as speaker distance, orientation, and
individual variations in speech production should be examined to assess the robustness of the
system.

Another important aspect of future work is the integration of advanced signal processing and
machine learning techniques to enhance the accuracy and reliability of the speech recognition
process. While the current study demonstrates the feasibility of capturing speech-related vibrations
using micro-Doppler radar, the development of sophisticated algorithms for feature extraction, noise
reduction, and pattern recognition is crucial for achieving high-performance speech recognition.
Techniques such as deep learning, convolutional neural networks, and recurrent neural networks
have shown promising results in audio and speech processing tasks and could be adapted to the
micro-Doppler radar domain.

The proposed remote speech recognition method has numerous potential applications in various
fields. In security and surveillance, it could enable the monitoring and analysis of speech activity in
restricted or sensitive areas without the need for intrusive audio recording devices. This could be
particularly useful in situations where privacy concerns or legal restrictions prohibit the use of
conventional microphones. In assistive technologies, the micro-Doppler radar system could be
employed to develop voice-activated control systems for individuals with limited mobility or
disabilities, allowing them to interact with their environment in a hands-free manner. Furthermore,
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the non-contact nature of the radar-based approach could be beneficial in healthcare settings, such as
monitoring patients' speech patterns for diagnostic purposes without causing discomfort or requiring
physical contact.

The experimental results presented in this study highlight the potential of millimeter-wave
micro-Doppler radar as a novel and promising approach for remote speech recognition. While the
current work demonstrates the feasibility of capturing speech-related vibrations via a simplified
piezoelectric crystal model, future research should focus on validating the system's performance with
human subjects in real-world scenarios and incorporating advanced signal processing and machine
learning techniques to increase its accuracy and robustness. The successful development and
implementation of this technology could have far-reaching implications in various domains, offering
new possibilities for non-contact, privacy-preserving speech recognition applications.

7. Summary and Conclusions

This study presents a novel approach to remote speech recognition using a millimeter-wave

micro-Doppler radar system operating at 94 GHz. Our experimental results demonstrate the
feasibility and effectiveness of capturing and characterizing speech-related vibrations using this high-
frequency continuous-wave radar. We conducted a series of experiments progressing from simple
single-frequency tones to complex audio signals, including actual human speech.
Key findings include the system's ability to capture constant-frequency vibrations, track rapid
frequency changes, and reconstruct complex audio signals with high fidelity. The radar system
maintains performance at distances up to 60 cm, with cross-correlation analysis confirming strong
similarity between original and radar-reconstructed signals.

While these results establish a promising foundation for noncontact, privacy-preserving speech
recognition, we acknowledge the challenges in transitioning from controlled experiments to real-
world applications. Future work should focus on validating the system's performance with human
subjects in realistic environments, investigating its robustness to environmental factors, and
potentially exploring multi-point tracking for more accurate speech reconstruction.

Improvements in signal-to-noise ratio could be achieved by using antennas with higher gain,
potentially leading to even stronger correlations and better speech reconstruction quality.
Additionally, integrating advanced signal processing and Al techniques could increase speech
recognition accuracy and reduce noise.

This study demonstrates the significant potential of millimeter-wave micro-Doppler radar for
remote speech recognition, offering new possibilities for privacy-preserving and non-invasive speech
detection across diverse environments and use cases. As we refine this technology, we move closer
to realizing its full potential in various applications, potentially revolutionizing how we approach
non-contact speech detection and recognition.
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