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Fig. 1. We introduce SDR-ToF, a time-of-flight (ToF) sensor that uses commodity software-defined radios (SDRs) for RF-coherent optical depth sensing at
megahertz rates. SDR-ToF modulates light at near-GHz frequencies to achieve sub-millimeter depth precision while coherently demodulating the received
signal to produce a continuous stream of phase measurements, from which metric depth is recovered. We demonstrate applications including: (a) high-precision
displacement sensing of mechanical equipment, (b) audio recovery from direct and indirect vibration sources, (c) structural vibration analysis following impact,
and (d–f) high-speed 1D and 2D depth scanning using galvanometer-based laser steering. (APD: Avalanche Photo Diode, RF: Radio-Frequency.)
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We present a continuous-wave time-of-flight (CW-ToF) sensing system ca-
pable of megahertz-rate depth measurements using a free-space laser and
commodity radio-frequency (RF) communication hardware. Existing high-
speed optical displacement and vibration sensing systems typically rely on
optical interferometry or specialized heterodyne electronics, making them
complex and expensive to deploy. We instead show that commodity software-
defined radios (SDRs) can serve as a programmable optical sensing backend
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by jointly performing laser modulation and RF demodulation of signals mea-
sured by a fast photodiode. This architecture enables direct phase-based depth
estimation at megahertz temporal rates without requiring optical interferom-
etry. Because both the modulation frequency and readout pipeline are fully
programmable in software, the system allows flexible trade-offs between
depth range, precision, and temporal bandwidth. The resulting sensor sup-
ports high-speed depth and vibration measurements, enabling applications
such as monitoring rapidly moving mechanical systems, and reconstruct-
ing acoustic signals from vibrating surfaces. We experimentally evaluate a
prototype system across multiple sensing scenarios and demonstrate sub-
millimeter depth sensitivity at megahertz sampling rates, while analyzing
practical limitations including noise, drift, and hardware constraints. Our
results show that commodity RF hardware can enable low-cost, high-speed
optical depth sensing, opening new opportunities for computational imaging
and dynamic scene analysis.
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1 INTRODUCTION
High-speed measurement of small depth variations is important for
capturing dynamic physical phenomena. Applications such as struc-
tural vibration analysis, recovery of acoustic waves that insonify
surfaces, and tracking of fast-moving objects all require resolving
minute displacements at high temporal bandwidths. A key chal-
lenge is that vibration amplitudes typically decrease as frequency
increases [Rothberg et al. 2017], thus requiring sub-millimeter or
micron measurements. Existing sensing systems therefore face a
difficult tradeoff between temporal bandwidth, depth precision, and
system complexity.

In this work, we present SDR-ToF, a radio-frequency (RF) coher-
ent optical time-of-flight system built using commodity software-
defined radio (SDR) hardware. Rather than treating depth sensing
as a frame-based imaging problem, we formulate it as a continuous
coherent phase measurement problem in the RF domain. Our system
intensity-modulates an optical source at RF frequencies and uses
a full-duplex SDR transceiver to coherently demodulate the pho-
todetected return signal, producing in-phase and quadrature (I/Q)
measurements of optical path delay. This enables megahertz-rate
depth sampling with sub-millimeter precision.
The system is conceptually related to continuous-wave time-

of-flight (CW-ToF) sensing, where depth is encoded in the phase
of modulated intensity of light [Frank et al. 2009; Hansard et al.
2012; Lange 2000]. However, each CW-ToF measurement typically
contains a mixture of phase, signal amplitude, ambient illumina-
tion, and scene reflectance rather than phase alone. Conventional
CW-ToF cameras, therefore, acquire multiple exposures at different
phase offsets to isolate phase and estimate depth. Their reliance
on frame-based integration and sequential readout limits the ef-
fective temporal bandwidth available for rapid, small-amplitude
motion [Anthonys 2021; Gupta et al. 2015].

SDR-ToF circumvents this bottleneck by borrowing from coherent
RF communication systems. SDR platforms generate and receive
coherent RF signals at MHz–GHz rates [Ulversoy 2010], separating

phase and amplitude directly via quadrature demodulation. Once
the photodiode converts the optical return into an RF signal, the
depth sensing problem reduces to coherent demodulation performed
via analog electronic circuitry. Coupled with a MHz-rate sampler,
this yields a continuous stream of phase measurements at MHz
rates, without any frame-based accumulation. In this sense, the SDR
acts as an electrical local oscillator and coherent receiver for optical
time-of-flight sensing.

Recent works have explored related ideas using optical or electro-
optical coherence for point-based depth sensing. Mirdehghan et al.
[2024] demonstrates coherent optical sensing by mixing the re-
ceived optical field with a local reference light beam using optical
modem hardware, effectively performing coherent demodulation
in the optical domain. Baek et al. [2023] instead use electro-optic
modulation (EOM) and RF-coherent optical processing to achieve
high phase sensitivity through polarization-coded measurements.
These works demonstrate impressive precision using coherent phase
sensing architectures. Our goal is complementary: we target high-
speed point-based depth sensing with substantially lower optical
engineering complexity by moving coherent processing into the RF
domain using commodity SDR hardware.
Realizing SDR-ToF requires more than substituting an SDR for

RF hardware in conventional CW-ToFs. SDR hardware carries well-
known RF front-end imperfections such as DC offset, gain and
phase imbalances, and oscillator drift that communications receivers
correct using knowledge of transmitted symbols [Schenk 2008].
In our optical ToF sensing, we do not have much tolerance for
errors: phase is the measurand, so these RF imperfections introduce
systematic depth bias proportional to their magnitude. A one degree
phase error at 900MHz, for instance, produces a ∼0.46mm error in
depth.
We therefore design a calibration pipeline around depth estima-

tion rather than symbol recovery. Calibration includes removing the
signal-dependent phase distortion that would otherwise set a hard
floor on depth accuracy. In particular, we design a digital phase-
locked loop to suppress low-frequency oscillator drift that would
otherwise manifest as slow depth variation.

Our key contributions include:

C1 The design and implementation of SDR-ToF, an SDR-based opti-
cal time-of-flight prototype that achieves megahertz-rate depth
sampling using commodity RF hardware.

C2 Calibration and digital signal processing techniques for coherent
recovery of ToF phase and amplitude.

C3 Decimation-filtering framework that converts excess sampling
bandwidth into measurement precision, along with a quantita-
tive evaluation of its effects on SNR and depth accuracy.

C4 Experimental validation through optical vibration sensing, ve-
locimetry, and galvo-mirror-based spatial depth scanning (see
Fig. 1).

We further analyze the advantages and limitations of the proposed
architecture relative to existing approaches and include source code
in the supplemental submission.
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Table 1. Comparison with prior work.We compare prior vibrometry and ToF systems by acquisition characteristics (capture time, cap. time, including
exposure and readout; throughput, throu.), system attributes (cost and engineering complexity, eng.), sensing cues (coherence modality, coh.; polarization cues,
polar.; modulation frequency, mod. freq.), and sensed quantities (vibration, vibr.; depth; and velocity, vel.). Visual vibrometry methods provide high-throughput
temporal sensing but do not recover metric depth, whereas prior ToF approaches recover depth at substantially lower acquisition throughput due to sensing
and readout bottlenecks. Our system provides continuous 10MHz streaming throughput with sub-millimeter depth precision. Please see the supplementary
material for a cost comparison.

method cap. time throu. cost eng. coh. polar. mod.
freq.

vibr. depth vel.

Davis et al. [2014],
Zhou et al. [2025] video-rate video-rate ≈ $3k low NA ✗ NA ✓ ✗ ✗

Sheinin et al. [2022] line-rate line-rate ≈ $3k med. NA ✗ NA ✓ ✗ ✗

Baek et al. [2023] ≈13 × 103 µs ≈75Hz ≈ $60k high RF ✓ GHz ✗ ≈33 µm @ 13ms ✓

Mirdehghan et al. [2024] 1 µs + 1 s ≈1Hz ≈ $40k high optical ✓ 74GHz ✗ ≈2mm @ 1µs ✓

ours 0.1 µs 10MHz ≈ $10k med. RF ✗ ≤2.2 GHz ✓

20 µm @ 10ms
56 µm @ 0.05ms
123 µm @ 1µs

✓

2 RELATED WORK

2.1 Time-of-flight depth imaging
Time-of-flight (ToF) imaging is a widely used approach for active
depth sensing. Direct ToF (dToF) systems estimate distance by mea-
suring the round-trip travel time of short optical pulses using detec-
tors such as single-photon avalanche photodiodes (SPADs), often us-
ing time-correlated single-photon counting (TCSPC) and histogram-
ming to accumulate many pulses for accurate timing [Bronzi et al.
2015; Charbon et al. 2013; O’Connor 2012; Pediredla et al. 2018], in-
creasing system complexity. Increasing depth acquisition speeds for
SPADs remains challenging as TCSPC is limited by photon pile-up.
In conventional TCSPC, count rates are typically kept to about 1–5%
of the laser repetition rate to avoid pile-up distortion [Becker 2005].
Thus, even for a high repetition laser (say 80MHz) source, the us-
able detected count rate is only about 0.8Mcounts/s to 4Mcounts/s
per channel, and precise depth estimates still require accumulating
many photons across pulses.

APD LiDARs rely on analog thresholding to estimate pulse round-
trip time. Commercial systems such as the Velodyne VLP-16 achieve
an aggregate rate of up to 600,000 points per second across 16 chan-
nels, corresponding to an effective rate of approximately 37,500
points per second per channel [Ouster, Inc. 2019]. Intel RealSense™
L515 reaches higher aggregate rates by trading dwell time for cov-
erage: L515 sweeps a single pulsed beam to aggregate 23.6 million
depth samples per second over a 1024 × 768 frame at 30 FPS [Intel
Corporation 2020], so each scene point is sampled 30 times per sec-
ond at millimeter precision. In contrast, SDR-ToF is a point-based
system that generates a continuous stream of 10million depth points
per second and is software programmable. The distinction is not
aggregate throughput, which scanned and array systems obtain
through spatial multiplexing, but temporal bandwidth at a point.

Indirect ToF (iToF) systems estimate depth from the phase delay
of intensity-modulated continuous-wave illumination using cor-
relation sensors such as lock-in pixel arrays and photonic mixer
devices (PMDs) [Gupta et al. 2015; Gutierrez-Barragan et al. 2021;

Kadambi et al. 2013; Li et al. 2017]. A substantial body of compu-
tational imaging work has shown that these correlation sensors
serve as programmable measurement backends for transient imag-
ing [Heide et al. 2013, 2014; Peters et al. 2015], radial velocity es-
timation [Heide et al. 2015], multi-device coordination [Shrestha
et al. 2016], and multi-path interference mitigation [Bhandari et al.
2014; Gupta et al. 2015; Kadambi et al. 2016; Naik et al. 2015]. Con-
ceptually, our technique is closest to these techniques. Two key
differences distinguish our approach. First, current CW-ToF sen-
sors reach megasample-per-second rates by spatial multiplexing, so
each pixel is still sampled at the frame rate, 30Hz to 60Hz [Bamji
et al. 2014]. SDR-ToF makes the complementary trade, concentrating
10MHz on a single point. Second, lock-in pixel arrays are typically
limited to modulation frequencies of tens of MHz due to on-chip
integration constraints [Bamji et al. 2014]. SDR-ToF supports pro-
grammable modulation from 50MHz to 2200MHz, where higher
frequencies yield finer depth precision and lower frequencies extend
the unambiguous range.

Frequency-modulated continuous-wave (FMCW) LiDAR systems
operate at optical frequencies and estimate range and velocity from
beat frequencies generated by chirped optical signals [Hariyama
et al. 2018; Iiyama et al. 2011; Passy et al. 1994; Ula et al. 2019; Zhang
et al. 2019]. Range estimation requires accumulating a full chirp
period to resolve the beat frequency, fundamentally limiting the
depth update rate per point. While these systems can achieve sub-
millimeter-level precision, they require narrow-linewidth tunable
lasers, precise chirp linearization, and coherent detection hardware,
resulting in complex optical setups and high system cost. Conversely,
SDR-ToF produces a continuous stream of high-precision depth
estimates at MHz rate without the accumulation constraints of
chirp-based ranging.

2.2 High-speed optical sensing
Several works have shown that videos can capture high-frequency
scene dynamics without active illumination. Davis et al. [2014]
introduced passive visual microphone, demonstrating that subtle
vibrations in objects can be used to recover sound. Subsequent work
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extended these ideas to recovering structural vibrations and modal
frequencies from video [Chen et al. 2017; Davis et al. 2015], revealing
imperceptible displacements using motion magnification [Wadhwa
et al. 2013, 2014], and remote vibration sensing [Lin et al. 2025;
Sheinin et al. 2022; Zhang et al. 2023] using additional active illumi-
nation techniques. However, these approaches recover motion indi-
rectly from intensity variations, yielding relative rather than metric
displacement estimates. In contrast, our system directly measures
metric depth at a single spatial point at high temporal resolution,
enabling explicit reconstruction of absolute surface displacements.

2.3 Laser Doppler vibrometry
Laser Doppler vibrometers (LDVs)measure velocity from theDoppler
shift of laser light that is backscattered from amoving surface [Drain
1980; Rembe et al. 2025]. Sub-nanometer displacement sensitivity is
achievable, but requires a meticulous interferometric architecture: a
reference arm, acousto-optic frequency shifter, and coherent optical
detector [Li et al. 2018a,b]. Scanning LDVs extend this to spatial
maps through sequential point acquisition [Stanbridge and Ewins
1999]. Wu et al. [2026] uses coherent speckle interferometry, rather
than Doppler sensing, to recover dense microscale displacement
from single-shot interferograms using two mutually coherent illumi-
nation beams. At its core, however, interferometers utilize coherent
demodulation of an optical carrier whose phase encodes path-length
variation. SDR-ToF performs the demodulation electronically in the
RF domain, without an interferometric optical front-end.

2.4 SDRs in sensing
SDRs provide a flexible platform for implementing programmable
sensing systems by enabling radio-frequency signal generation, de-
modulation, digitization, and processing entirely in software. SDR-
based architectures have been widely used in radar and wireless
sensing, where they enable rapid prototyping of modulation, de-
modulation, and signal processing pipelines without specialized
hardware [Guan et al. 2020; Heunis et al. 2011; Hussein et al. 2023;
Martone et al. 2025; Rossler et al. 2011]. In optical systems, SDR-like
communication hardware has primarily been used in the context
of visible-light communication (VLC) systems [Che 2025; Martinek
et al. 2019; Wang et al. 2014]. Mahnke [2018] employs an SDR solely
as a lock-in receiver with a separate RF synthesizer for laser modu-
lation in frequency modulation spectroscopy. In contrast, our work
exploits the inherent transmitter-receiver (Tx-Rx) coherence of a
full-duplex SDR transceiver to simultaneously modulate and de-
modulate an optical signal, enabling high-rate phase-based depth
sensing without external synchronization hardware.

2.5 RF-optical systems
Gupta et al. [2018]; Gutierrez-Barragan et al. [2019] inspire our work.
Their prototypes realize the CW-ToF modulation and demodulation
chain (waveform generator, RF amplifier, mixer, low-pass filter, and
digitizer) as discrete instruments. SDR-ToF subsumes this chain into
a single commodity SDR, where the RF functionalities are all set in
software rather than by component selection and cabling. Utilizing
SDRs also lifts the RF bandwidth to GHz rates while achieving
>10MHz sampling rates.

Recent work has explored repurposing telecommunication hard-
ware for coherent sensing, which motivates our approach. Mirde-
hghan et al. [2024] demonstrates full-wavefield point-depth sensing
using coherent optical communication modems, achieving approxi-
mately 2mm depth resolution with a 1 µs exposure (with 1 s readout
time). However, their architecture requires capturing and retrieving
raw waveform data that can reach several gigabytes per measure-
ment, leading to dwell times on the order of seconds. As a result,
the system is not well-suited for real-time depth scanning and offers
limited flexibility in the sensing pipeline.

Baek et al. [2023] demonstrates GHz-modulated (up to 14.32 GHz)
indirect ToF imaging using electro-optical modulators (EOMs). In
their design, the intensity-modulated optical signal is optically de-
modulated to baseband before digitization, and the correlated signal
is sampled at 24 kHz. Depth is then estimated through correlation-
based phase recovery that requires measurements at multiple phase
offsets. This process results in an effective per-point acquisition
time of approximately 13ms. Consequently, despite the high optical
modulation frequency, the achievable depth update rate is limited
to 75Hz due to sequential phase stepping and temporal integration.

These prior two works also differ in where the received signal is
demodulated. Mirdehghan et al. [2024] perform quadrature demodu-
lation in the optical domain using a coherent telecom modem. Baek
et al. [2023] mix GHz-rate illumination to baseband optically via
EOMs, then recover IQ signals digitally via phase stepping. Tradi-
tional CW-ToF cameras similarly reconstruct IQ digitally from four
phase-shifted correlation measurements. Our system occupies an
unexplored middle ground: an SDR front-end performs quadrature
demodulation entirely in the analog electronic domain via RF local
oscillators, delivering baseband I/Q samples directly to the ADC —
without optical components in the demodulation chain, and without
time-multiplexed phase stepping.
Building on this key idea, SDR-ToF leverages a full-duplex SDR

to provide programmable modulation and demodulation (up to
2.2 GHz) while directly digitizing the demodulated RF baseband
signal at a rate of 10MHz. Phase is computed directly from in-phase
and quadrature samples without requiring sequential phase-offset
measurements that reduce measurement bandwidth. This streaming
architecture enables MHz-rate phase sampling with sub-millimeter
accuracy. Tab. 1 summarizes our work in comparison with prior art.

3 TECHNICAL BACKGROUND
In this section, we provide the background necessary to understand
the contributions of our paper. Readers familiar with CW-ToF sens-
ing may skip Sec. 3.1, while those familiar with SDR operations of
modulation and demodulation may skip Sec. 3.2.

3.1 Optical time-of-flight depth sensing
A CW-ToF system estimates scene depth by temporally modulating
the emitted optical intensity andmeasuring the corresponding phase
delay in the returned signal. Consider a source with mean radiant
intensity 𝐼0, modulated at frequency 𝑓 with modulation contrast 𝛼 .
The transmitted radiant intensity is given by

𝐼tx (𝑡) = 𝐼0
[
1 + 𝛼 cos(2𝜋 𝑓 𝑡)

]
. (1)
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Fig. 2. Quadrature amplitude modulation and demodulation in an SDR transceiver. At the transmitter (top), a discrete-time complex baseband signal
𝑠𝑏 [𝑛] =𝐴𝑒 𝑗2𝜋 𝑓𝑘𝑛 is generated, where 𝑓𝑏 denotes the baseband frequency, 𝑓𝑠 is the sampling rate, and 𝑓𝑘 = 𝑓𝑏/𝑓𝑠 is the corresponding normalized digital
frequency. The real (Real{𝑠𝑏 [𝑛]}) and imaginary (Imag{𝑠𝑏 [𝑛]}) components of the complex sinusoid are applied to separate DACs and mixed with a common
local oscillator at carrier frequency 𝑓𝑐 ≈ 900MHz using cos(2𝜋 𝑓𝑐𝑡 ) and − sin(2𝜋 𝑓𝑐𝑡 ) , respectively. The mixer outputs are summed to form a real RF passband
signal centered at 𝑓 = 𝑓𝑐 + 𝑓𝑏 , which is transmitted through the channel. At the receiver (bottom), the incoming RF signal is coherently downconverted
using synchronized in-phase and quadrature local oscillators. After low-pass filtering, the ADC samples the signal at a rate of 𝑓𝑠 , the discrete-time baseband
components I[n] and Q [n] are recovered, forming the received complex baseband signal 𝑠𝑏,rx [𝑛] = I[n] + 𝑗Q [n]. Finally, the received signal’s phase is
computed as 𝜙 [𝑛] = arg

(
𝑠𝑏,rx [𝑛]

)
.

After propagating to a scene point at distance 𝑑 and reflecting
back to the sensor, the received signal is an attenuated and time-
delayed version of the transmitted waveform,

𝐼rx (𝑡) = 𝜌𝐼0
[
1 + 𝛼 cos(2𝜋 𝑓 (𝑡 − 𝜏))

]
+ 𝑎, (2)

where 𝜌 captures geometric and photometric attenuation, 𝑎 denotes
ambient illumination, and

𝜏 =
2𝑑
𝑐

(3)

is the round-trip propagation delay, 𝑐 is the speed of light.
The propagation delay manifests as a phase shift between the

transmitted and received modulation signals,

𝜙 = 2𝜋 𝑓 𝜏 =
4𝜋 𝑓 𝑑
𝑐

. (4)

Consequently, estimating the phase shift 𝜙 directly yields the optical
path length and corresponding scene depth,

𝑑 =
𝑐 𝜙

4𝜋 𝑓
. (5)

Since 𝜙 is recoverable only modulo 2𝜋 , the depth recovered
in Eq. (5) is unambiguous only up to 𝑑max = 𝑐/(2𝑓 ). We discuss
this range limitation further in Sec. 6.4.

Conventional CW-ToF systems employ image sensors whose shut-
ter is temporally modulated during the integration interval, enabling
correlation between the received optical radiance and a reference
modulation waveform. By phase shifting exposure and sampling
the resulting correlation measurements, CW-ToFs encode the phase
delay between the transmitted and received optical signals.

In a standard CW-ToF demodulation scheme, four phase-shifted
correlation measurements are acquired using a reference modula-
tion signal with phase offsets of 0, 𝜋/2, 𝜋 , and 3𝜋/2, synchronized
with the transmitted illumination. These measurements allow the
received signal to be projected onto orthogonal sinusoidal basis
functions (sin(2𝜋 𝑓 𝑡) and cos(2𝜋 𝑓 𝑡)), yielding the in-phase (I) and
quadrature (Q) components [Texas Instruments 2014].

The phase of the received signal is then estimated as

𝜙 = atan2(Q , I), (6)

from which the scene depth 𝑑 is obtained [Lange 2000].
The four-phase correlation procedure described above is mathe-

matically equivalent to quadrature demodulation in the communica-
tions literature [Lyons 2008]. In CW-ToF, I and Q are formed from
discrete phase-shifted correlation measurements, whereas an SDR
obtains I/Q by mixing the received RF signal with cosine and sine
local oscillator references. Thus, both approaches recover the phase
of the modulated return through an equivalent in-phase/quadrature
representation, motivating the use of SDRs, which we detail next.

3.2 Software-defined radios
Software-defined radios (SDRs) refer to radio systems in which
most physical-layer functions are implemented in software rather
than hardware [Mitola 2002; Tuttlebee 2002]. A dedicated process-
ing platform performs traditional radio functions such as modula-
tion, demodulation, filtering, and decoding using DSP algorithms.
The hardware consists of an RF front end, including antennas, am-
plifiers, filters, and high-speed analog-to-digital/digital-to-analog
converters (ADCs/DACs), which generate and acquire wideband
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radio-frequency signals. In addition to the RF front end, SDRs con-
tain a field-programmable gate array (FPGA) that performs real-time
DSP tasks such as filtering, decimation, and up/downconversion
prior to data transfer to the host, offloading time-critical processing
from the software running on the host PC.
Radio transmission. In communication systems, information sig-
nals such as audio or control data occupy a frequency range from
DC up to some maximum bandwidth (typically MHz). Such un-
modulated signals are called baseband signals. Long-range radio
transmission, however, requires dedicated RF carriers whose center
frequencies typically lie in the GHz range. A baseband signal is
transmitted over an RF channel by modulating a high-frequency
carrier, shifting its spectral energy from DC to carrier frequency 𝑓𝑐 ,
yielding a passband signal. Fig. 2 (transmitter) illustrates this upshift
in the transmitter section of an SDR transceiver.
Quadrature amplitude modulation (QAM). Standard amplitude
modulation of a single baseband signal of bandwidth 𝑓𝑏 occupies 2𝑓𝑏
of RF spectrum, since modulation produces symmetric upper and
lower sidebands carrying identical information. Quadrature ampli-
tude modulation (QAM) recovers this factor of two by transmitting
two independent baseband signals on the same carrier simultane-
ously, exploiting the orthogonality of cosine and sine [Stewart et al.
2015].
Specifically, let 𝑠𝑏,1 (𝑡) and 𝑠𝑏,2 (𝑡) be two independent real base-

band signals, each of bandwidth 𝑓𝑏 Hz. Using complex notation,
these signals can together be represented as a complex baseband
signal 𝑠𝑏 (𝑡):

𝑠𝑏 (𝑡) = 𝑠𝑏,1 (𝑡) + 𝑗 𝑠𝑏,2 (𝑡), (7)

where the real and imaginary parts are referred to as the in-phase
(I) and quadrature (Q) components, respectively. Modulating 𝑠𝑏 (𝑡)
onto a carrier 𝑒 𝑗2𝜋 𝑓𝑐 𝑡 and transmitting the real part yields

𝑠tx (𝑡) = Re
{
𝑠𝑏 (𝑡) 𝑒 𝑗2𝜋 𝑓𝑐 𝑡

}
= 𝑠𝑏,1 (𝑡) cos(2𝜋 𝑓𝑐𝑡) − 𝑠𝑏,2 (𝑡) sin(2𝜋 𝑓𝑐𝑡),

(8)
which is the standard QAM passband signal: two independent base-
band signals riding on orthogonal carriers within the same 2𝑓𝑏
bandwidth. SDRs efficiently implement QAM and Fig. 2 (transmit-
ter) illustrates this process in the transmitter section of the SDR
transceiver.
Quadrature demodulation. At the receiver (Fig. 2, receiver), the
incoming RF signal is coherently downconverted to baseband by
multiplying with the complex exponential 𝑒− 𝑗2𝜋 𝑓𝑐 𝑡 , implemented
in hardware as simultaneous mixing with in-phase (cos 2𝜋 𝑓𝑐𝑡 ) and
quadrature (sin 2𝜋 𝑓𝑐𝑡 ) local-oscillator references.
Assuming ideal propagation i.e., a co-located transmitter and

receiver with no path loss and delay, 𝑠rx (𝑡) = 𝑠tx (𝑡) (rx and tx repre-
senting receiver and transmitter ends respectively), and substituting
Eq. (8),

𝑠rx (𝑡) 𝑒− 𝑗2𝜋 𝑓𝑐 𝑡 = Re
{
𝑠𝑏 (𝑡) 𝑒 𝑗2𝜋 𝑓𝑐 𝑡

}
𝑒− 𝑗2𝜋 𝑓𝑐 𝑡

= 1
2

(
𝑠𝑏 (𝑡) 𝑒 𝑗2𝜋 𝑓𝑐 𝑡 + 𝑠∗

𝑏
(𝑡) 𝑒− 𝑗2𝜋 𝑓𝑐 𝑡

)
𝑒− 𝑗2𝜋 𝑓𝑐 𝑡

= 1
2 𝑠𝑏 (𝑡) +

1
2 𝑠

∗
𝑏
(𝑡) 𝑒− 𝑗4𝜋 𝑓𝑐 𝑡 .︸             ︷︷             ︸

removed by low-pass filtering

(9)
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(a) schematic diagram
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vibrating surfaceRx
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galvo
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Fig. 3. Prototype overview. (a)We use a full-duplex SDR to simultaneously
modulate the laser intensity and demodulate the photodetector output on
the same board. The vibrating surface introduces a time-varying phase shift,
Φ(𝑡 ) , along the optical path, which the APD captures and the SDR extracts
through the demodulation process in Fig. 2 (receiver). (b) Our hardware
prototype shows the software-defined radio (SDR), laser, beam-splitter (BS),
bias-tee, APD receiver, and vibrating surface used to close the sensing loop,
all connected with standard RF cables.

Low-pass filtering (LPF) suppresses the conjugate image term
centered at −2𝑓𝑐 , recovering

𝑠𝑏,rx (𝑡) = 1
2 𝑠𝑏 (𝑡) =

1
2
[
𝑠𝑏,1 (𝑡) + 𝑗 𝑠𝑏,2 (𝑡)

]
, (10)

from which 𝑠𝑏,1 (𝑡) and 𝑠𝑏,2 (𝑡) are read off as the real and imaginary
parts, respectively. The factor of 1

2 is a fixed amplitude scaling
absorbed into the receiver gain.

In the frequency domain interpretation, multiplication by 𝑒 𝑗2𝜋 𝑓𝑐 𝑡
at the transmitter shifts the complex baseband spectrum from DC to
𝑓𝑐 . Because 𝑠tx (𝑡) is real-valued, its spectrum is Hermitian, producing
a conjugate image at −𝑓𝑐 . At the receiver, multiplication by 𝑒− 𝑗2𝜋 𝑓𝑐 𝑡

shifts the desired component back to DC and the image to −2𝑓𝑐 ; the
LPF removes the image, leaving 𝑠𝑏,rx (𝑡).
Sampling and phase retrieval. From the quadrature demodulation,
the recovered baseband signals are sampled at rate 𝑓𝑠 using high
speed ADCs, producing discrete-time sequences in the I and Q
channels (I[𝑛] and Q [𝑛]), or equivalently 𝑠𝑏,rx [𝑛] = I[𝑛] + 𝑗Q [𝑛].
An instantaneous phase can be obtained as

𝜙 [𝑛] = atan2(Q [𝑛], I[𝑛]) = arg{𝑠𝑏,rx [𝑛]}. (11)

4 PROPOSED TECHNIQUE & MEASUREMENT MODEL
Having established the principles of time-of-flight sensing and SDRs
in Secs. 3.1 and 3.2, we now describe how these concepts are com-
bined in SDR-ToF.

4.1 CW-ToF principle and limitation
CW-ToF systems estimate depth from the phase shift of an intensity-
modulated optical signal, as reviewed in Sec. 3.1. Conventional CW-
ToF cameras recover this phase using correlation measurements
acquired at multiple relative phase offsets, typically requiring a four-
phase-offset exposure cycle [Gutierrez-Barragan et al. 2021; Li et al.
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2014]. Thus, while CW-ToF provides a compact way to measure
phase-based depth, its conventional sensor implementation is not
well suited for high-bandwidth phase tracking.

4.2 SDR-driven optical modulation
SDR-ToF preserves the same phase-sensing principle as CW-ToF,
but replaces the multi-phase exposure cycle with quadrature am-
plitude modulation and coherent quadrature demodulation. The
optical source is modulated at an RF frequency 𝑓 , similar to con-
ventional CW-ToF, but we generate this modulation using an SDR.
Here, the SDR synthesizes a complex baseband tone at frequency 𝑓𝑏
and upconverts it to an RF carrier 𝑓𝑐 :

𝑠𝑏 (𝑡) = 𝑎tx𝑒
𝑗2𝜋 𝑓𝑏𝑡 , (12)

𝑠tx (𝑡) = Re
{
𝑠𝑏 (𝑡)𝑒 𝑗2𝜋 𝑓𝑐 𝑡

}
= 𝑎tx cos(2𝜋 (𝑓𝑐 + 𝑓𝑏 )𝑡) . (13)

The resulting optical intensity modulation frequency is therefore

𝑓 = 𝑓𝑐 + 𝑓𝑏 . (14)

A nonzero baseband tone 𝑓𝑏 is intentionally chosen so that, after
coherent downconversion at 𝑓𝑐 , the phase-bearing return appears
at a known intermediate frequency (IF) rather than directly at DC.
Direct-conversion SDR receivers are particularly susceptible to im-
pairments concentrated near DC, including local oscillator (LO)
leakage, self-mixing-induced DC offsets, flicker noise, and slow gain
or bias drifts [Abidi 2002].
By intentionally offsetting the received signal to a nonzero IF

at 𝑓𝑏 , the desired phase-bearing component is separated from low-
frequency spurious content and DC artifacts within the receiver
chain. The known frequency offset is subsequently removed digitally
through the digital downconversion step described in Eq. (21). This
effectively implements a low-IF heterodyne architecture in which
the signal of interest is translated away from DC prior to phase
extraction.

The use of an SDR is not strictly required for generating the opti-
cal modulation: a conventional RF waveform generator could also
drive the laser or optical modulator at 𝑓 . The key role of the SDR in
SDR-ToF lies in the coherent receive chain. Because the transmit and
receive chains share a common frequency reference, they remain
coherent, enabling direct software-based IQ demodulation of the
returned optical modulation and recovery of its absolute phase. In
practice, residual slow phase drift remains due to thermal instabili-
ties in the SDR hardware, a known limitation of commodity SDR
platforms. We digitally compensate for this in the calibration step
described in Sec. 5.2.
After propagation to the scene and back, the reflected intensity

incident on the photodetector contains the same modulation fre-
quency 𝑓 = 𝑓𝑐 + 𝑓𝑏 , but with a propagation-induced phase shift.
Following the CW-ToF model in Sec. 3.1, the received optical inten-
sity can be written as

𝐼rx (𝑡) = 𝜌𝐼0 [1 + 𝛼 cos(2𝜋 𝑓 𝑡 + 𝜙 (𝑡))] + 𝑎, (15)

where 𝜌 captures optical attenuation and receiver gain, 𝛼 is the
modulation contrast, 𝑎 represents ambient illumination or slow
background terms, and 𝜙 (𝑡) is the propagation-induced phase of
the intensity modulation. For a static target, 𝜙 is converted to depth

using Eq. (5); for dynamic targets, changes in 𝜙 (𝑡) encode displace-
ment changes.

4.3 SDR-driven quadrature demodulation
The reflected optical signal is detected by an APD, which converts
optical intensity variations into an electrical photocurrent. After
AC coupling and analog conditioning, the phase-bearing electrical
signal can be written as

𝑖rx (𝑡) = 𝐴rx cos(2𝜋 𝑓 𝑡 + 𝜙 (𝑡)) , (16)

where 𝐴rx ∝ 𝜌𝛼𝐼0 absorbs detector responsivity, optical path loss,
and receiver gain.
As illustrated in Fig. 2 (receiver), the SDR coherently demodu-

lates this photocurrent using the same carrier frequency 𝑓𝑐 used for
transmission. Because the transmit and receive chains share a clock,
the receiver local oscillator remains phase-locked to the transmitted
carrier [Stewart et al. 2015]. The received electrical signal is mixed
against two quadrature reference tones and low-pass filtered:

𝑟I (𝑡) = LPF[2𝑖rx (𝑡) cos(2𝜋 𝑓𝑐𝑡)] , (17)
𝑟Q (𝑡) = LPF[−2𝑖rx (𝑡) sin(2𝜋 𝑓𝑐𝑡)] . (18)

Since 𝑓 = 𝑓𝑐 + 𝑓𝑏 , mixing at 𝑓𝑐 shifts the phase-bearing modu-
lation term from 𝑓 down to the intermediate frequency 𝑓𝑏 , while
high-frequency sum terms are removed by the low-pass filters. The
resulting complex baseband signal is

𝑠𝑏,rx (𝑡) = 𝑟I (𝑡) + 𝑗𝑟Q (𝑡) = 𝐴𝑒 𝑗 (2𝜋 𝑓𝑏𝑡+𝜙 (𝑡 ) ) , (19)

where 𝐴 absorbs constant gain factors.
After analog-to-digital conversion at sampling rate 𝑓𝑠 , the re-

ceived complex baseband samples are

𝑠𝑏,rx [𝑛] = 𝐴𝑒
𝑗

(
2𝜋 𝑓𝑏

𝑓𝑠
𝑛+𝜙 [𝑛]

)
, (20)

where 𝜙 [𝑛] = 𝜙 (𝑛/𝑓𝑠 ). A subsequent digital downconversion by the
known offset 𝑓𝑏 removes the residual carrier:

𝑠𝜙 [𝑛] = 𝑠𝑏,rx [𝑛] 𝑒
− 𝑗2𝜋 𝑓𝑏

𝑓𝑠
𝑛
= 𝐴𝑒 𝑗𝜙 [𝑛] . (21)

Because the 𝑓𝑏 term is set by the transmitted waveform rather than
by propagation, removing it leaves the scene-dependent phase 𝜙 [𝑛].

The phase is then recovered as

𝜙 [𝑛] = arg
{
𝑠𝜙 [𝑛]

}
, (22)

and depth or displacement is obtained using the CW-ToF phase-to-
depth relation in Eq. (5).
Coherent demodulation Directly digitizing the received RF pho-
tocurrent at the SDRs modulation frequency 𝑓 would require GHz
rate samplers. Coherent demodulation avoids this bottleneck by
shifting the phase measurement to a much lower frequency before
sampling. Prior systems achieve this in different domains: Mirde-
hghan et al. [2024] performs coherent mixing optically, using the
optical beam as a local-oscillator reference, while Baek et al. [2023]
performs RF-domain coherent processing using electro-optic modu-
lation.

SDR-ToF is complementary: it also performs coherent demodula-
tion in the RF domain, but uses commodity SDR hardware rather
than specialized electro-optic or coherent optical instrumentation,
thereby reducing the optical engineering burden. After the APD
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Fig. 4. IQ imbalance compensation using 1ms capture. Quadrature de-
modulation involves mixing received RF signal with local oscillator signals in
the orthogonal I and Q channels. Mismatch in phase or amplitude between
these channels manifests as an imbalance in the supposedly orthogonal IQ
data (sin and cos). (a) amplitude imbalance in IQ resulting in axis-aligned
ellipse and phase imbalance causing tilt, along with DC offset causing non
zero centered ellipse. (b) blind IQ compensation [Windisch and Fettweis
2004] correcting for offset, gain and phase imbalances in our calibration
pipeline. Notice the change in axis limits between (a) and (b); the reduced
range in (b) reflects Q-channel gain correction normalizing to the lower
I-channel amplitude.

converts the optical return to an RF electrical signal, the remaining
pipeline uses standard RF interconnects and software-defined digital
downconversion, filtering, and phase extraction. This makes high-
bandwidth coherent depth sensing accessible without multi-GS/s
digitization or specialized optical demodulation infrastructure, as
summarized in Tab. 1.
Temporal resolution. The phase is sampled at the SDR ADC
rate, 𝑓𝑠 . In our prototype, 𝑓𝑠 = 10MS/s, corresponding to one raw
phase/depth sample every 0.1 µs—i.e., millions of raw depth samples
per second (Contribution C1). In applications that do not require
MHz measurement bandwidth, we can apply decimation filtering –
a programmable bandwidth–precision tradeoff technique that we
introduce to improve SNR (more in Sec. 5.2). By choosing the deci-
mation factor and measurement bandwidth, the system can trade
temporal bandwidth for depth precision. This enables applications
that require higher precision and lower measurement bandwidth.
These applications include vibration sensing, structural damping
measurements, equipment calibration, and, when combined with
beam steering, LiDAR-like scanned depth imaging.

5 IMPLEMENTATION DETAILS
We present the benchtop prototype of SDR-ToF in Sec. 5.1, inte-
grating the SDR platform with the optical components. Commodity
SDRs natively suffer from RF front-end artifacts and Sec. 5.2 de-
scribes the calibration process to mitigate these factors. In Sec. 5.3,
we experimentally characterize the depth measurement perfor-
mance of SDR-ToF.

5.1 Hardware Prototype
Fig. 3(a) illustrates the block design of SDR-ToF systemwhile Fig. 3(b)
presents an equivalent benchtop prototype. The system indicates
signal flow in an RF-to-optical-to-RF path: a full-duplex SDR device

generates the RF modulation signal, drives the optical transmitter,
and simultaneously receives the photodetector output for quadra-
ture demodulation and phase recovery.
Transmit chain. We use a USRP N210 with a WBX daughterboard
as the SDR platform.1 The USRP generates a 900MHz RF carrier,
which is combined with the DC laser bias through a Mini-Circuits
ZFBT-4R2G+ bias-tee. This signal directly modulates a free-space
Thorlabs LP638P150 laser diode2 emitting at 638 nm with 10mW
to 15mW optical power3. We use direct laser modulation to sup-
port higher RF modulation frequencies than standard laser diode
modules.
Optical path. The modulated beam passes through a Thorlabs
CCM1-BS013 non-polarizing beam splitter, which creates a coaxial
transmit–receive path. The beam splitter directs the outgoing beam
to the target and redirects the reflected light toward the receiver.
This shared optical axis keeps the illuminated point aligned with
the receive path and reduces alignment effort. For spatial scanning
experiments, we place a Thorlabs GVS012 two-axis galvanometer
in the outgoing path to steer the beam across the scene.
Receive chain. The returned light is focused by a Thorlabs LA1612-
A lens onto a Menlo Systems APD210 avalanche photodetector. The
APD converts the reflected intensity-modulated light back into an RF
signal, which is attenuated by 30 dB and fed to the USRP receive port.
The USRP quadrature downconverts the signal to an intermediate
frequency (IF) of 𝑓𝑏 = 10 kHz, digitizes the complex samples, and
streams them to the host computer at 10MS/s for phase estimation.
We selected an IF of 10 kHz empirically as a practical operating
point away from DC, reducing sensitivity to DC offset, LO leakage,
and 1/𝑓 noise while maintaining stable phase estimation. Higher
IF frequencies can increase the phase rotation caused by residual
frequency offsets and therefore place greater demands on phase
tracking (Secs. A.2 and 5.2).
Overall, the prototype only requires standard RF cabling and

coarse optical alignment: the USRP output drives the bias-tee and
laser, the beam splitter co-locates the transmit and receive optical
paths, and the APD output returns to the USRP. This full-duplex
structure lets us recover the target-induced phase variation using
the same SDR platform that generates the modulation signal.
The RF bandwidth of our SDR supports up to 2.2 GHz modula-

tion rate. While we can modulate at maximum possible SDR RF
carrier frequency (2.2 GHz) to further improve our depth resolution,
we chose a modulation frequency of 900MHz as sensitivity of the
APD210 falls off after 900MHz.

5.2 Calibration
Direct-conversion receivers, which demodulate directly to base-
band, such as the USRP N210 employed here, exhibit two primary
RF front-end impairments: IQ gain and phase imbalance, which in-
troduce unequal scaling across the quadrature channels, and phase
noise, which manifests as low-frequency phase drift [Schenk 2008;
Tarighat et al. 2005]. Left uncorrected, both corrupt phase-based

1The WBX daughterboard supports operation from 50MHz to 2.2GHz.
2LP638P150 laser diode has a maximum output power of 150mW.
3Class IIIB laser, not eye-safe, so proper lab safety protocols (eyewear, beam enclosure,
restricted access) were followed when testing the prototype.
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Fig. 5. Drift compensation using a digital phase-locked loop (PLL). (a)
Raw phase measurements showing low-frequency drift in the SDR receiver.
(b) Drift-compensated phase after applying the digital PLL, reducing phase
standard deviation (𝜎) by approximately 10× over a 140 s window. (c) Digital
PLL schematic; the loop tracks slow oscillator drift while preserving higher-
frequency phase variations from scene displacement.

depth estimates directly. We address each, along with digital filter-
ing, through the DSP pipeline described below (Contributions C2
and C3).
IQ imbalance compensation. The SDR receiver requires the local
oscillator to produce sine and cosine waveforms that are precisely
orthogonal and of equal amplitude. Synthesizing such waveforms at
GHz carrier frequencies in silicon is challenging, and any mismatch
manifests as IQ imbalance in the downconverted baseband sig-
nal [Abidi 2002]. In the IQ plane, where the in-phase (I = cos(2𝜋 𝑓𝑏𝑡 ))
and quadrature-phase (Q = sin(2𝜋 𝑓𝑏𝑡)) components of the signal
are plotted against each other, a complex sinusoid at a fixed fre-
quency (𝑓𝑏 ) traces a circle. Imbalance distorts this into an ellipse
(Fig. 4a), introducing a systematic phase error that maps directly to
depth bias. We apply the blind estimation method of Windisch and
Fettweis [2004] to estimate and correct gain and phase imbalance
from the statistical properties of the received signal itself, requiring
no pilot tones or known reference. Fig. 4(b) shows the corrected
result; details are in supplementary.
Drift compensation. In SDR-ToF, oscillator phase noise and resid-
ual frequency mismatch between the transmit and receive channels
introduce a slow time-varying phase trend in the recovered phase
signal Δ𝜙 [𝑛]. Although Tx and Rx share the same onboard refer-
ence clock, the analog PLLs operate independently on each channel,
introducing residual drift that does not cancel in a differential mea-
surement (phase noise is not common between Tx and Rx).

As shown in Fig. 5(a), this drift produces millimeter-scale baseline
errors over long observation windows despite its millihertz rate.

To suppress this, we employ a digital PLL, shown in Fig. 5(c), that
continuously tracks and removes the slow phase trend [Gardner
2005; Stewart et al. 2015]. The loop uses a proportional-integral (PI)
controller to jointly estimate phase and frequency offset. Referring

to Eq. (21), the PLL multiplies 𝑠𝑏 [𝑛] with a numerically controlled
oscillator (NCO) signal whose phase is continuously corrected by
the loop error, yielding the drift-compensated signal 𝑠𝑏 [𝑛]:

Δ𝜙 [𝑛] = arg(𝑠𝑏 [𝑛]) . (23)

As shown in Fig. 5(b), the PLL reduces phase standard deviation
by approximately 10× over a 140 s observation window. The loop
bandwidth of 5Hz is a tunable parameter: it is set low enough to
track only slow drift while leaving higher-frequency phase varia-
tions encoding scene displacement intact. Applications requiring
tracking of faster dynamics can widen the bandwidth, at the cost
of reduced drift rejection; narrowing it improves suppression but
increases lock acquisition time. Implementation details are given in
the appendix Sec. A.2.
Decimation filtering. SDR-ToF acquires IQ samples at 10MS/s,
providing a raw measurement bandwidth of 5MHz. Most applica-
tions require far less: audio recovery demands up to 20 kHz (see
Fig. 7), and high-speed actuation sensing typically falls within a
few kilohertz (see Fig. 8). The excess bandwidth represents redun-
dant samples that can be exchanged for measurement precision
through decimation. As shown in Fig. 6, SNR improves predictably
with bandwidth reduction, motivating a deliberate tradeoff between
sample rate and depth precision.
We implement a multi-stage decimation filter chain on the com-

plex IQ signal rather than on the extracted phase. There are two
practical reasons for this. First, phase is extracted via atan2(Q , I),
a nonlinear operation whose output is sensitive to noise in I and
Q individually, so filtering IQ first suppresses this noise before the
nonlinear step to produce a more accurate phase estimate. Second,
deferring phase extraction to the decimated output rate reduces the
number of arctangent computations by the factor of decimation,
improving the computation speed.

Each decimation stage low-pass filters the signal before downsam-
pling to suppress aliasing. Compared to a moving average decimator,
the multi-stage FIR chain provides sharper stopband attenuation
and lower per-output-sample arithmetic cost [Harris 2022].

The decimated IQ signal is passed to the digital PLL for drift com-
pensation, which operates at a reduced sampling rate. Following
drift correction, a digital downconversion step shifts the baseband
frequency 𝑓𝑏 to DC, after which phase, and consequently depth, is
extracted from the complex baseband samples at a reduced mea-
surement bandwidth.

5.3 Characterization
We characterize the noise performance of the proposed sensing
system using an optical loopback experiment (Fig. 6(a)), where SDR-
ToF measures the displacement of a static target continuously over
150 seconds. From the raw phase samples, we compute the dis-
placement power spectral density (PSD) and report the cumulative
root-mean-square (RMS) displacement noise as a function of mea-
surement bandwidth. This representation captures the fundamental
precision–bandwidth trade-off of the instrument: increasing mea-
surement bandwidth increases the integrated noise, while operating
at lower bandwidth enables improved depth precision through tem-
poral averaging of the high-rate phase samples.
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Fig. 6. Depth resolution of SDR-ToF. (a) Optical loopback test to measure
the intrinsic noise of the electro–optical sensing chain by observing a static
target. (b) Depth precision as a function of measurement bandwidth, com-
puted as the cumulative RMS displacement. As bandwidth increases, noise
at all frequencies accumulate. The dashed lines indicate an RMS depth noise
of ≈20 µm, ≈56 µm, and ≈123 µm at 100Hz, 20 kHz, and 1MHz of measure-
ment bandwidths, respectively. Step-like increments in the curve correspond
to narrowband spectral spurs in the system.

The resulting curve (Fig. 6(b)) shows that achievable depth preci-
sion degrades gradually with increasing measurement bandwidth.
Several step-like increments correspond to narrowband spectral
spurs in the system, including oscillator leakage near 10 kHz and
its harmonics (e.g., 80 kHz), as well as environmental interference
near 60Hz and 300Hz. Refer to Sec. A.1 for details.

6 EXPERIMENTAL EVALUATION
This section presents applications of our SDR-ToF prototype for
sensing audio frequencies (Sec. 6.1), optical velocimetry (Sec. 6.2),
galvo-based spatial depth scanning (Sec. 6.3), and phase unwrapping
for extended-range depth recovery (Sec. 6.4).
The phenomena of interest in these experiments, audio and me-

chanical vibrations, occupy frequencies well below the 10MHz
depth sampling rate of the system. Audio recovery requires at most
20 kHz of measurement bandwidth, and mechanical motions of
interest are typically far below this. Retaining the full sampling
bandwidth admits high-frequency noise into the measurements. We
therefore apply a multi-stage decimation filter to the IQ samples,
reducing the sampling rate from 10MS/s to 156.25 kS/s through
successive decimation stages of factors [8, 4, 2], giving a total deci-
mation factor of 64. Each stage low-pass filters and downsamples
the IQ signal, suppressing out-of-band noise and concentrating the
available SNR into the retained bandwidth. The achievable depth
resolution as a function of measurement bandwidth is presented
in Fig. 6. The target rate of 156.25 kS/s provides approximately 8×
oversampling of the 20 kHz band, ensuring faithful reconstruction
of the highest frequency of interest. A final FIR filter with a 20 kHz
cutoff is then applied to suppress residual out-of-band noise before
phase is computed at the decimated rate. The complete filter chain
is described in Sec. A.1.

6.1 Visual microphone: sensing audio frequencies
Surface vibrations appear as fast temporal variations in the recov-
ered depth signal. Tracking these variations reconstructs the acous-
tic waveform of the vibrating surface, analogous to a microphone.
Instead of converting sound pressure to voltage, the system recovers

audible frequencies from optical path length changes, which we
refer to as a visual microphone (coined by Davis et al. [2014]). Unlike
speckle-based approaches such as Sheinin et al. [2022], reconstruc-
tion arises directly from depth measurements. In communication
terms, the surface displacement acts as a baseband signal modulating
the RF carrier.
Fig. 7 summarizes three experiments.
(a) Tuning fork. A mechanically excited tuning fork provides a
controlled monotone vibration. The recovered displacement shows
exponential decay from mechanical damping. The spectrum reveals
a dominant fundamental at 426Hz together with higher-order clang
mode at 2.585 kHz (second vibrational mode [Russell 2000]), whose
excitation varies with the strike location.
(b) Speaker diaphragm. A speaker driven by audio signals pro-
vides broadband excitation. The recovered displacement follows the
diaphragm motion, and the measured spectrum closely matches the
input audio, demonstrating non-contact optical audio reconstruc-
tion.
(c) Indirect acoustic reconstruction. Finally, we measure a sec-
ondary surface excited indirectly by sound from a single speaker.
Despite weaker vibration amplitude, dominant spectral components
of the driving audio remain identifiable, demonstrating sensitivity
to indirectly induced motion.

6.2 Optical velocimetry
We next evaluate SDR-ToF for large-displacement kinematic track-
ing under realistic mechanical motion. Because SDR-ToF directly
recovers displacement from high-rate phase measurements, the
measured depth signal can be numerically differentiated with high-
accuracy to estimate instantaneous velocity, enabling optical ve-
locimetry without heterodyne or Doppler-based measurement sys-
tems.

We first measure a commercial Multitool4 operating at maximum
power. As shown in Fig. 8(a), a laser spot is placed on the tool hous-
ing near the blade mount. The recovered displacement waveform
(Fig. 8(b)) shows periodic oscillatory motion with a peak cutting
displacement of approximately 3.5mm. The corresponding velocity
trace (Fig. 8(c)) captures the non-sinusoidal delivery of cutting speed
at the tool tip. The displacement spectrum (Fig. 8(d)) exhibits a dom-
inant peak near 300Hz, corresponding to 18 000 oscillations/min
(OPM), with additional harmonics indicating non-sinusoidal tool
kinematics.
Second, we measure a Hackzall5 reciprocating saw operated at

maximum power. The laser spot is placed near the blade mount,
as shown in Fig. 8(e). The recovered displacement signal (Fig. 8(f))
captures the full reciprocating stroke, with an amplitude consistent
with the manufacturer-specified stroke length of approximately
22mm. Differentiating the displacement yields the instantaneous tip
velocity (Fig. 8(g)). The depth spectrum (Fig. 8(h)) shows a dominant
peak near 50Hz, consistent with the specified operating speed of
3000 strokes/min, and higher harmonics arising from crank-driven,
non-sinusoidal motion.

4Milwaukee M18 FUEL™ Oscillating Multi-Tool (accessed May-12-2026)
5Milwaukee M18 FUEL™ Hackzall®(accessed May-12-2026)
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Fig. 7. Vibration sensing and visual microphone. (a) Tuning fork excited at the tip (X) and middle (Y). Both measurements recover the fundamental
frequency (426Hz), while striking the middle additionally excites a clang mode at 2.585 kHz [Russell 2000]. (b) Audio reconstruction from speaker-driven
vibrations (guitar mel-spectrogram and spectrogram of spoken verse), similar to Sheinin et al. [2022]. (c) We also demonstrate indirect audio recovery from
sound reflected off a chip bag. As in Sheinin et al. [2022], we compare spectral structure relative to the microphone recordings and report Perceptual Evaluation
of SpeechQuality (PESQ) metric [Rix et al. 2001] for both the capture scenarios. Audio examples are included in the supplementary material.

Note that in Fig. 8(b) and (f), we applied a lowpass Butterworth
filter with a cutoff frequency of 2 kHz to filter the depth signal.
Fig. 8(c) and (g) indicate the velocities computed from corresponding
filtered depth signals.

6.3 Scanning with a galvo system
Figs. 9 to 11 show depth imaging with a Thorlabs GVS012 two-axis
galvo scanner in three scan modes: 1D, static 2D, and dynamic 2D.
Because SDR-ToF measures depth only at a single spot, we scan
the beam with sinusoidal drives on the two galvo axes, forming a
Lissajous pattern (commonly performed with galvo imaging sys-
tems [Liu et al. 2021; Tilmon et al. 2020]) . We reconstruct depth by
splatting each measurement 𝑧𝑖 at scan position x𝑖 onto the image
grid with a Gaussian weight𝑤𝑖 (x) = exp(−∥x − x𝑖 ∥2/2𝜎2), giving
𝐷 (x) =

∑
𝑖 𝑤𝑖 (x)𝑧𝑖/

∑
𝑖 𝑤𝑖 (x), where 𝜎 sets the splat size. As the

Lissajous trajectories do not fully cover the pixel grid, we use a
Gaussian splatting kernel with 2 px standard deviation to spread
each sample’s contribution and reduce gaps.

(a) Dynamic 1D spatial scan. We measure a fan blade rotating
at 70 rpm using a one-dimensional scan line aligned with the blade,
with the second galvo axis switched off (Fig. 9). The galvo performs
a sinusoidal scan at 200Hz. Plotting the recovered depth along the
scan line over time produces a spiral pattern showing blade rotation
during scans.

(b) Static 2D spatial scan. We use the 2D scan to image a static
target, as shown in Fig. 1(e) and Fig. 10. The beam follows a Lissajous
trajectory with 100Hz horizontal and 1Hz vertical drive frequencies;
the vertical sweep gives an effective frame rate of 2 fps. We recover
the depth of the bulbasaur-figurine (Fig. 1(e)) on a 300 px×300 px
grid. At a sampling rate of 10MS/s, this gives roughly 56 samples per
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Fig. 8. High-speed displacement sensing and optical velocimetry of
commercial cutting tools. (a) Laser spot placement on a Milwaukee Multi-
Tool near the blade mount with a reflective marker. (b) The recovered depth
profile shows periodic oscillatory cuttingmotionwith a peak displacement of
approximately 3.5mm. (c) Instantaneous tip velocity is obtained by differen-
tiating the displacement signal. (d) The displacement spectrum shows a dom-
inant peak near 300Hz, corresponding to 18 000 oscillations/min (OPM),
with higher harmonics from non-sinusoidal tool motion. (e) Laser spot place-
ment on a Milwaukee Hackzall reciprocating saw near the blade mount.
(f) The recovered depth profile shows periodic reciprocating motion with
a stroke length of approximately 22mm. (g) Instantaneous tip velocity is
obtained by differentiating the displacement signal. (h) The depth spectrum
shows a dominant peak near 50Hz, consistent with an operating speed of
3000 strokes/min, with harmonics from crank-driven motion.

pixel, or an effective exposure time of 5.6 µs. We also scan two chess-
piece scenes against a planar background using the same Lissajous
pattern (Fig. 10). For the pawn scene, we recover a 225 px×250 px
depth map over a 4.5 cm depth range, with roughly 89 samples per
pixel, or 8.9 µs effective exposure. For the queen placed in front
of the king, we recover a 300 px×400 px depth map over a 2.2 cm
depth range, with roughly 42 samples per pixel, or 4.2 µs effective
exposure.

(c) Dynamic 2D scan. Fig. 11 shows dynamic reconstruction of a
scene with a rotating fan and other static objects, using a Lissajous
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Fig. 9. Temporal view of one-dimensional scans of a rotating blade. A
scan line intersects a fan blade rotating at 70 rpm. Plotting depth over time
produces a spiral structure with a period of ≈0.43 s as expected. We attach
a retroreflective marker across the blade length.
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Fig. 10. Spatial depth scanning of static scenes using a 2D galvo sys-
tem. Because SDR-ToF is a point-based sensor, we use a 2D galvo system to
scan the scene with a sinusoidal Lissajous trajectory at 100Hz horizontally
and 1Hz vertically. Top: reference RGB image, recovered intensity, and depth
frames for a chess pawn placed in front of a planar background. Bottom:
RGB reference, recovered intensity and depth frames for a scene with the
queen placed in front of the king. The recovered intensity and depth maps
show the respective measurements arranged in a 2D grid. We obtain depth
measurements from atan2(Q , I) and intensity measurements from |IQ | .

scan with 100Hz horizontal and 2Hz vertical frequencies, producing
frames at 4 fps. Depth samples are splatted into image space to form a
250 px×85 px reconstruction. Approximately 118 samples contribute
to each pixel, corresponding to an effective exposure time of about
11.8 µs.
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depth estimates. (f) Final depth reconstruction obtained by identifying the coincident solutions across the two frequencies, thereby resolving the phase
ambiguity and recovering the true object depths.

6.4 Phase unwrapping
SDR-ToF measures depth from the phase of an intensity-modulated
optical signal. Because phase measurements are periodic and con-
strained to the principal interval [−𝜋 ,𝜋], the measured phase cor-
responds to distance only modulo the ambiguity range of the modu-
lation frequency. For a modulation frequency of 900MHz, this am-
biguity range is 16.65 cm, meaning that depths separated by integer
multiples of this distance produce identical phase measurements.
To recover distances beyond this limit, the phase must be un-

wrapped. Fig. 12(a–c) illustrates a point-scan experiment in which

continuous target motion enables temporal phase unwrapping. Al-
though the measured phase exhibits abrupt discontinuities when
crossing the ±𝜋 boundary (Fig. 12(b)), enforcing phase continuity
recovers the true displacement trajectory (Fig. 12(c)).
In static scenes where temporal continuity is unavailable, am-

biguity can instead be resolved using multi-frequency measure-
ments, a strategy widely used in CW-ToF sensing [Gupta et al. 2015;
Järemo Lawin et al. 2016; Vasisht et al. 2016].We demonstrate this ap-
proach using two modulation frequencies, 900MHz and 1000MHz,
while scanning three reflectors located at different depths (Fig. 12(d)).
Because each frequency produces periodic distance estimates, the
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measured phase corresponds to multiple possible depth candidates
(Fig. 12(e)). By jointly considering the candidates from both fre-
quencies, the correct depth is obtained at the locations where the
candidate sets coincide.
Applying this procedure recovers the true reflector depths at

approximately 63.5 cm, 61.5 cm, and 40 cm centimeters for reflectors
R1, R2, and R3, respectively, as shown in Fig. 12(f).

7 DISCUSSION
Calibration for absolute depth. Although the Tx and Rx synthe-
sizers are locked to a common reference clock, we observe a slow
residual phase drift over time (See Fig. 5). This behavior originates
from independent analog PLLs on the Tx and Rx chains of the SDR
as well as thermal variations. The drift manifests as a low-frequency
error that gradually perturbs the recovered depth when below the
implemented digital PLL’s loop bandwidth. To maintain stable depth
estimates, we require a reference target and periodic recalibration,
which is a limitation of the current prototype.

Performance under reduced SNR. Aswith conventional CW-ToF
systems, our depth precision degrades under reduced-SNR condi-
tions. Sanmartin-Vich et al. [2024] show that phase-estimation error
in CW-ToF increases with background illumination and decreases
with the amplitude of the received modulated signal. Thus, low-
albedo surfaces, which produce weaker returns, and strong ambi-
ent illumination both increase phase uncertainty and consequently
depth variance. These effects are fundamental SNR limitations of
CW-ToF sensing and are therefore also inherited by our SDR-based
implementation.

Design choices and cost reduction. Intensity modulation so-
lutions currently available on the market, such as the Thorlabs
LDM56/90, restrictmodulation frequencies to approximately 600MHz.
To address this limitation, we used a traditional low-cost DC power
supply to bias the laser diode above threshold and an inexpensive
Mini-Circuits ZFBT-4R2G+ wideband bias–tee to modulate the in-
tensity waveform. The measured optical power reaching the scene
averaged approximately 10mW to 15mW. After reflection, the APD
received approximately 150 µW of optical power from retroreflec-
tive targets and only 10 µW of power from non-retroreflective white
targets. This low received power constrains our system to use a
photodetector with gain. In this implementation, we used a Menlo
Systems APD210, which costs approximately $3000 and represents
most expensive component in our system. If we drive the laser at
higher power, we can significantly reduce the system cost by using
a low-cost photo-diode (Thorlabs DET25A at $2706) while enabling
a broader range of LiDAR applications.

Noise modeling and priors. Our sensing architecture provides a
large temporal measurement bandwidth that can be exploited to im-
prove depth precision through improved noise modeling and signal
processing. In this work, we partially leverage this bandwidth by ag-
gregating measurements over short temporal windows to improve
estimation accuracy. Developing more accurate statistical models

6Thorlabs DET25A - a 2GHz Si free-space photodetector (accessed May-12-2026)

of measurement noise and jointly estimating depth over longer
temporal windows could further improve SNR and robustness.
In addition, many practical scenarios provide useful prior infor-

mation such as scene sparsity, geometric constraints, or known
frequency range of vibrations that could be incorporated into the
depth estimation process. Leveraging such priors through model-
based or learning-based approaches could further improve accuracy
without requiring changes to the sensing hardware.

Signal processing. Our choice to stabilize phase drift in DSP rather
than in hardware reflects a tradeoff between system cost and com-
ponent complexity. Alternative approaches include disciplining the
USRP’s internal clock with an external GPS-disciplined reference
clock, or characterizing phase response directly with a vector net-
work analyzer (VNA). External oscillators improve frequency sta-
bility but add hardware cost and system complexity. VNAs offer an
alternative route to phase characterization: handheld units are rela-
tively inexpensive but limited to low sampling rates (e.g., 48 kHz),
while high-bandwidth benchtop VNAs capable of sub-6GHz op-
eration cost substantially more than our USRP and require offline
processing rather than real-time correction. Our digital PLL achieves
micron-level depth resolution (Fig. 6) using only the USRP’s internal
clock, minimizing the hardware footprint needed to reproduce SDR-
ToF. Lowering phase noise using external clocks and offline VNA
characterization are complementary directions for future work.

Throughput and latency. SDRs generate millions of samples per
second, and transferring these samples off-board can become a
communication bottleneck. Our experiments use the USRP N210 at
10MS/s, although its 14-bit ADC samples at a nominal 100MS/s and
its Gigabit Ethernet interface can theoretically stream up to 25MS/s
full-precision I/Q samples. In practice, higher sustained streaming
rates were unstable in our prototype and led to packet drops during
continuous acquisition. Future work canmove phase extraction onto
the FPGA to exploit more of the ADC rate while avoiding the host-
streaming bottleneck. Signal processing techniques to reconstruct
depth from dropped samples is also an exciting direction.

Noise sources. Commercial SDR platforms are designed primarily
for wireless communication and introduce several RF noise sources
that affect precision phase sensing. As shown in Fig. 6, spurious spec-
tral components appear at 60Hz and its harmonics, originating from
power-line coupling into the RF front-end. Additional narrowband
spurs appear near 10 kHz and its harmonics (e.g., 80 kHz), which
we attribute to oscillator leakage in the RF synthesizer chain. Our
current calibration pipeline (Sec. 5.2) addresses systematic phase bi-
ases but does not model or suppress these narrowband interference
sources. Developing interference-aware calibration or employing
shielded, low-spurious SDR platforms represents a meaningful di-
rection for improving depth precision in future work.

Spatial resolution and frame rates in 2D scans. Two factors
limit the spatial resolution of our 2D scans. The collimated beam
diameter of approximately 2mm sets a floor on lateral resolution,
and motor vibrations in the galvo scanner introduce depth errors
during scanning that are absent in stationary point measurements.
Both are hardware limitations of the current prototype rather than
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fundamental constraints of the approach. Narrower beam optics
would improve lateral resolution directly; replacing the galvo with
a faster, lower-vibration steering mirror (e.g. the Optotune scan-
ning mirror) would improve frame rates (10 fps to 20 fps) while also
reducing motion-induced depth errors.

8 CONCLUSION
Perceiving high-frequency, low-amplitude motion is challenging
yet important for many scientific and engineering applications. We
presented SDR-ToF, a computational time-of-flight imaging sys-
tem that leverages a commercially available software-defined ra-
dio (SDR) to enable high-rate, phase-based depth sensing. By per-
forming quadrature demodulation at near-GHz carrier frequencies
and processing millions of depth samples per second, the system
achieves sub-millimeter precision. We quantitatively characterized
the system and demonstrated applications in motion sensing, optical
velocimetry, and depth scanning, illustrating its ability to recover
high-bandwidth displacement signals.
More broadly, SDR-driven computational ToF sensing opens a

pathway toward a new class of cost-effective, high-bandwidth imag-
ing systems. Such systems could enable applications including struc-
tural monitoring in aerospace and civil infrastructure, acoustic and
vibration analysis, surgical and machine-tool calibration, remote
speech recovery, and bandwidth-limited 3D sensing.
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A Digital signal processing pipeline

A.1 Filter design
The USRP N210 provides dual-channel ADC measurements which
we configure to stream 16-bit complex IQ samples at a sampling rate
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of 10MS/s7. The physical information of interest is encoded in the
slowly varying phase of this complex envelope, and therefore, the
full input sampling rate is not required for subsequent processing.

We process the complex signal using a multistage causal decima-
tion chain shown in Fig. 13. The discrete-time IQ signal sampled
at 10MS/s is passed through a sequence of anti-aliasing low-pass
filters followed by downsampling stages with factors [8, 4, 2], pro-
ducing intermediate sampling rates of 1250, 312.5, and a final rate
of 156.25 kS/s.
Each stage employs a Kaiser-window finite impulse response

(FIR) low-pass filter designed to preserve the measurement band-
width while suppressing spectral components that would alias after
decimation. The filters retain a passband up to 25 kHz with a 5 kHz
transition band to ensure that themeasurement bandwidth of 20 kHz
remains unaffected.
A multistage architecture significantly reduces computational

complexity compared to single-stage decimation [Ramchander Rao
2025; Smith 2007]. Directly filtering the 10MS/s stream to the final
bandwidth would require extremely long FIR filters due to the nar-
row normalized transition width. By progressively reducing the sam-
pling rate, each stage operates with a wider normalized transition
band, enabling practical filter lengths and efficient implementation.
All filtering operations are implemented causally using FIR con-

volution followed by integer-rate downsampling, making the ar-
chitecture suitable for real-time streaming and embedded deploy-
ment. After the final decimation stage, an additional FIR filter at
156.25 kS/s enforces the desired measurement bandwidth prior to
phase extraction.

Overall, the chain reduces the sample rate by a factor of 64 while
preserving the phase dynamics within the 20 kHz measurement
bandwidth. The final sampling rate of 156.25 kS/s corresponds to
approximately 7.8 samples per cycle at the highest measurement
frequency, providing sufficient temporal resolution for stable phase
tracking and reconstruction of audio-band phase variations.

After this stage removes high-frequency noise from the IQ sam-
ples, the remaining phase signal primarily exhibits low-frequency
drift introduced by oscillator mismatch in the SDR demodulation
chain. We address this drift using the compensation method de-
scribed next.

A.2 Digital phase-locked loop
The phase recovered from coherent demodulation contains the dis-
placement information of target. However, in practice, the measured
phase exhibits a slowly varying drift. This drift arises from residual
frequency mismatch between the transmit and receive oscillators
as well as oscillator phase noise.
Let the recovered phase be

𝜙 [𝑛] = 𝜙motion [𝑛] + 𝜙drift [𝑛] (24)

where 𝜙motion [𝑛] represents the phase dynamics caused by displace-
ment and 𝜙drift [𝑛] is a slow varying phase trend due to oscillator
mismatch.
Although the nominal frequency accuracy of the commercial

SDRs are on the order of a few parts per million, even small offsets

7ADC precision is 14-bits, USRP packets 16-bit wide.

produce significant phase drift over time. For example, a frequency
offset Δ𝑓 produces a phase ramp of 𝜙drift [𝑛] = 2𝜙Δ𝑓 𝑛𝑇𝑠 (𝑛 - sample
index and 𝑇𝑠 is sampling period).
In practice, the observed drift is not strictly linear. Temperature

variations, oscillator instability, and phase noise introduce nonlinear
low-frequency phase fluctuations that cannot be accurately removed
by fitting and subtracting a linear ramp.

Consequently, a more robust approach is required to continuously
estimate and remove this slow phase evolution while preserving
higher-frequency phase variations corresponding to the physical
motion.

To accomplish this, we employ a digital phase-locked loop (PLL).

A.2.1 PLL architecture. A PLL is a closed-loop feedback control
system that continuously adjusts the phase of a locally generated
oscillator to match the phase of an incoming signal [Gardner 2005].
In this work, the PLL is configured with a very low loop band-
width so that it tracks only the slow oscillator drift while leaving
higher-frequency phase components unchanged. The block design
is outlined in Fig. 14.

A.2.2 Signal model. Described previously in Fig. 2, the SDR re-
ceiver produces digital samples of the complex baseband signal (𝑓𝑏 ).
Consider the received complex baseband signal be 𝑠𝑏 [𝑛]

𝑠𝑏 [𝑛] = 𝑎tx𝑒
𝑗 (2𝜋 𝑓𝑏𝑛𝑇𝑠+𝜙 [𝑛] ) . (25)

The goal of the PLL is to estimate the slowly varying component of
𝜙 [𝑛] which contains both motion information and drift.

A.2.3 Numerically controlled oscillator (NCO).. The NCO generates
a complex reference signal

𝑙 [𝑛] = 𝑒− 𝑗 (2𝜋 𝑓𝑏𝑛𝑇𝑠+𝜙 [𝑛] ) , (26)

where 𝜙 [𝑛] is the phase estimate produced by the PLL.
The NCO is essentially a digital oscillator whose phase can be

continuously adjusted by the feedback loop. By modifying 𝜙 [𝑛], the
PLL can align the local oscillator phase with the incoming signal.

A.2.4 Digital downconversion. The received signal is multiplied by
the NCO output:

𝑠𝑏 [𝑛] = 𝑠𝑏 [𝑛]𝑙 [𝑛]. (27)
Substituting the expression from Eq. (26) in Eq. (27),

𝑠𝑏 [𝑛] = 𝑒 𝑗 (𝜙 [𝑛]−𝜙 [𝑛] ) , (28)

the output phase becomes

Δ𝜙 [𝑛] = 𝜙 [𝑛] − 𝜙 [𝑛]. (29)

If the PLL successfully tracks the drift component, 𝜙 [𝑛] ≈ 𝜙drift [𝑛],
and the residual phase Δ𝜙 [𝑛] contains only the motion dynamics.

A.2.5 Phase detector. The phase detector estimates the phase dif-
ference between the incoming samples and the samples locally
produced by the NCO. For a complex downconverted signal 𝑠𝑏 [𝑛],
the phase error 𝑒 [𝑛] is modeled using the normalized quadrature
component

𝑒 [𝑛] = Imag
( 𝑠𝑏 [𝑛]
|𝑠𝑏 [𝑛] |

)
, (30)

ACM Trans. Graph., Vol. 44, No. 400, Article 400. Publication date: December 2026.



400:18 • Ramchander Bhaskara, Dhawal Sirikonda, Omkar Vengurlekar, Juhyeon Kim, Joseph Lazarro, Suren Jayasuriya, and Adithya Pediredla
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Fig. 14. Digital phase-locked loop (PLL) used for drift compensation.
The received baseband signal 𝑠𝑏 [𝑛] is mixed with a numerically controlled
oscillator (NCO) to obtain the downconverted signal 𝑠𝑏 [𝑛]. A quadrature
phase detector computes the phase error 𝑒 [𝑛], which is filtered by a propor-
tional–integral (PI) loop filter to update the NCO phase estimate 𝜙 [𝑛]. The
loop tracks slow oscillator drift while preserving higher-frequency phase
variations corresponding to physical motion, which are obtained from the
residual phase Δ𝜙 [𝑛] = arg{𝑠𝑏 [𝑛] }. The results are captured in Fig. 5 of
the paper.

which turns out to be 𝑒 [𝑛] = sin(Δ𝜙 [𝑛]) and for small phase errors,
we know that sin(Δ𝜙) ≈ Δ𝜙 .

So the phase detector output provides a measure of the instanta-
neous phase error between the incoming signal and the NCO. This
phase error forms the input to the feedback controller.

A.2.6 Loop filter (PI controller). The loop filter provides control
actuation in correcting the phase and frequency differences to lock
on to the incoming samples. The filter performs two functions: (1)
the proportional term corrects instantaneous phase differences, (2)
the integral term accumulates error to compensate frequency offsets.
The loop update equations are

𝑠𝑝 [𝑛] = 𝜅𝑝𝑒 [𝑛] (proportional action),
(31)

𝑠𝑖 [𝑛] = 𝑠𝑖 [𝑛 − 1] + 𝜅𝑖𝑒 [𝑛] (integral action),
(32)

𝜙 [𝑛] = 𝜙 [𝑛 − 1] + 𝑠𝑝 [𝑛] + 𝑠𝑖 [𝑛], (phase correction)
(33)

where 𝜅𝑝 ,𝜅𝑖 are the proportional and integral gains, respectively.
𝑠𝑝 [𝑛], 𝑠𝑖 [𝑛] denote the signals from the proportional and integral
sections of the loop filter, respectively. We select the loop filter
parameters to achieve a desired loop bandwidth and damping factor,
which together determine the dynamic response of the PLL.

A.2.7 Loop bandwidth. The loop bandwidth (𝐵𝐿) determines which
phase variations are tracked by the PLL: components below 𝐵𝐿
are tracked by the loop while components above 𝐵𝐿 remain in the
residual phase output.
The digital PLL implemented in this work follows a second-

order type-II control loop. Gardner [Gardner 2005] covers a detailed
overview of digital PLLs. The continuous-time closed-loop transfer
function of a second-order PLL, in Laplace domain, can be written
as

𝐻 (𝑠) = 2𝜁𝜔𝑛𝑠 + 𝜔2
𝑛

𝑠2 + 2𝜁𝜔𝑛𝑠 + 𝜔2
𝑛

, (34)

where𝜔𝑛 , the natural frequency of the loop, determines how quickly
the loop can correct phase and frequency errors, 𝜁 is the damping
factor that determines the transient behavior of the loop, governing
the loop behavior in correcting phase errors. In practice, PLLs are
commonly designed with 𝜁 ≈ 0.707 to achieve a stable and well-
damped response.
As shown in [Stewart et al. 2015], for a digital PLL operating at

sampling frequency 𝑓𝑠 , the loop parameters are expressed in terms
of the normalized bandwidth 𝜃 = 𝐵𝐿/𝑓𝑠 .
The proportional and integral gains of the loop filter are then

obtained from the standard discretization of the second-order loop
dynamics. The gains used in the implementation (Eqs. (31) to (33))
are

𝜅𝑝 =
4𝜁𝜃

1 + 2𝜁𝜃 + 𝜃 2
, (35)

𝜅𝑖 =
4𝜃 2

1 + 2𝜁𝜃 + 𝜃 2
. (36)

A.2.8 Phase readout. After PLL locks onto the phase and frequency
of the incoming signals, the residual phase is

Δ𝜙 [𝑛] = 𝜙 [𝑛] − 𝜙 [𝑛], (37)

which corresponds to the drift compensated phase.
We compute the final phase readout as 𝜙out [𝑛] = arg{𝑦 [𝑛]}. This

signal contains the desired displacement-induced phase variations
with the slow oscillator drift removed.
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