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Abstract—Wireless infrastructure is now ubiquitously deployed
indoors, and reusing it for sensing promises fine-grained physical
awareness with no new spectrum or dedicated hardware. However,
today’s indoor Wi-Fi deployments use access points which are
unsynchronized, meaning received channel measurements cannot
be effectively combined across multiple receivers, limiting sensing
performance. Realizing a full distributed aperture to provide
the maximum sensing performance demands tight time and
phase synchronization, which until now has required a dedicated
wired timing backbone connecting all infrastructure. We present
PHASOR (PHase-locked Aperture for Synchronization Over
Radio), a system that phase-synchronizes spatially separated
commodity Wi-Fi receivers entirely over the air. PHASOR pairs an
ESP32 with a controllable TCXO and uses measurements between
nodes to gradually align each receiver chain’s phase, effectively
building a distributed phased array using commodity Wi-Fi
chips. We demonstrate that PHASOR can achieve sub-nanosecond
time synchronization over a standard Wi-Fi link, and that this
synchronization can be used to build an accurate indoor location
system. PHASOR also provides a high-precision synchronized
clock source for external devices like network switches and SDRs.
We open-source the full hardware and software design of PHASOR
for the research community.

Index Terms—Wi-Fi sensing, integrated sensing and communi-
cation (ISAC), phase synchronization, distributed antenna systems,
time-difference-of-arrival (TDoA), CSI

I. INTRODUCTION

Many physical and digital tasks are no longer performed
by one device. Robots, sensors, edge computers, and personal
devices increasingly observe and act in the same environment,
exchanging measurements and commands over a network.
Collaborative robotics and Wi-Fi-assisted mapping already
illustrate how observations from multiple devices can be
combined [1], [2]. However, carrying data between devices does
not place their observations and actions in a common physical
frame. That physical frame has both a temporal component
and a spatial component. To determine whether observations
from different devices describe the same event, the devices
must know when the observations were made. To interact with,
navigate relative to, or reason about a transmitting device, they
may also need to know where that device is. These requirements
arise naturally when distributed networked devices interact in
the physical world: their measurements and actions must be
related in time, and often in space, before they can be combined.

Thus, a common space- and time-reference frame is critical
for networked systems. Tight time synchronization can improve
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Fig. 1: Overview of PHASOR. Independent clocks cause
spatially distributed commodity Wi-Fi receivers to make
noncoherent measurements of transmitted packets, making
them infeasible for localization. PHASOR nodes periodically
exchange standard FTM packets and phase-align their clocks.
Once synchronized, the receivers can provide a common time
and location source to everything on the network.

consensus and scheduling in a network, but can also enable
spatial awareness. When multiple receivers share a physical
timebase, they can make coherent channel measurements,
allowing the receivers to constrain the transmitter’s location
[3]-[6]. Thus, a shared timebase between nodes in a wireless
network enables physical awareness. Since 1 nanosecond of
timing error corresponds to ~ 30cm of ranging error, around
the state-of-the-art for indoor Wi-Fi positioning accuracy, we
identify sub-nanosecond timing errors as a suitable requirement
for precision wireless time synchronization.

In this work, we aim to build a precise time synchronization
system over Wi-Fi. To date, commodity Wi-Fi synchronization
works have focused primarily on software-visible clocks. PTP-
style systems and Wi-Fi synchronization protocols can estimate
and correct clock offset [7]-[9], but they do not necessarily
discipline the physical reference that drives packet timestamps,
sampling, and carrier generation. Systems that do provide
sub-nanosecond synchronization generally add a separate
synchronization facility. RFClock uses a specialized dual-tone
frequency signal and a separate UWB timing path [10]; Pulsar
combines UWB propagation measurements with specialized
stable clocks [11]; and AirSync uses dedicated over-the-air
reference transmissions with FPGA-class SDR front-ends



[12]. Some existing works have focused only on coherent
location sensing by using dedicated wired time-distribution
architecture [13]-[16]. To date, precise physical time at the
accuracy required for coherent sensing has required specialized
infrastructure which is difficult to deploy at network scale.

We present PHASOR (PHase-locked Aperture for Synchro-
nization Over Radio), a self-contained Wi-Fi synchronization
system that uses standard FTM exchanges and CSI as feedback
for disciplining each receiver’s common clock reference. PHA-
SOR uses an ESP32 receiver capable of measuring channel-
state information and hardware reception timestamps, clocked
by a controllable oscillator allowing fine-grained control of the
ESP32’s LO. Multiple PHASOR nodes repeatedly exchange
packets in order to estimate their mutual time and LO phase
offsets, and adjust their oscillator frequency to bring both
into alignment. PHASOR uses this synchronization to make
phase-coherent measurements of Wi-Fi packets to provide
a precise location, and additionally provides output timing
reference signals for use with other devices, such as network
switches or 5G RUs. The same Wi-Fi fabric can therefore
support synchronized operation and passive spatial awareness
without GPS, a wired timing backbone, or a specialized over-
the-air waveform. As an application-level validation, PHASOR
implements a Wi-Fi sensing scheme that demands tight time
synchronization, using time-difference-of-arrival to localize
unmodified transmitters from ordinary Wi-Fi packets with
median errors of 2.48-3.95 m across three environments.

The main contributions of this paper are as follows:

o We introduce a self-contained Wi-Fi synchronization ar-
chitecture that phase-aligns spatially separated commodity
receivers using only standards-compliant FTM exchanges,
delivering both a shared timebase and device localization
from the same infrastructure.

o« We build a commodity Wi-Fi node in which a single
reference oscillator driving packet timestamps, sampling,
and RF carrier generation, is physically steerable in
software, and which also exports standard 10MHz and
1PPS signals to discipline external devices such as network
switches and SDRs.

e We drive this hardware with a closed-loop controller
combining FTM-based Kalman acquisition of time and
fractional-frequency offset that is robust to dropped
and delayed exchanges, CSI-assisted fine phase tracking
for receiver LO alignment, and latency- and constraint-
aware physical clock control, together with controller-state
correction of residual time-varying phase in cross-receiver
CSIL

e« We implement and evaluate the complete PHASOR
prototype, demonstrating sub-nanosecond inter-node clock
alignment down to 15dB SNR, characterizing relative LO-
phase stability under missing observations and synchro-
nization outages, and validating the synchronized hardware
timestamps through passive reverse-TDoA localization of
unmodified transmitters from ordinary Wi-Fi packets.

II. RELATED WORK

A. Wireless Time Synchronization

Several existing works have explored wireless time and
frequency synchronization. These systems generally rely on
ultra-wideband (UWB) due to its high time-bandwidth product,
or custom waveforms. RFClock [10] distributes a dual-tone
carrier for frequency and a UWB pulse for a pulse-per-second
reference. Pulsar [11], [12] pairs UWB ranging with a chip-
scale atomic clock for propagation-aware synchronization
A larger family of UWB systems [3], [17], [18] treat syn-
chronization as a byproduct of localization; these achieve
fine time alignment but do not discipline the node’s own
frequency reference. All of these systems are additionally
limited to low ranges due to their employment of UWB. Some
effort has been made in over-the-air synchronization using
commodity Wi-Fi [7], [8], but since these systems use MAC-
layer timestamping, they do not provide the tight nanosecond-
level synchronization required for coherent reception. Since
PHASOR disciplines its oscillator at the hardware level, it can
provide nanosecond-accurate synchronization using standard
Wi-Fi packet.

B. Channel Measurement Tools

Several non-synchronized systems have been designed to
make Wi-Fi channel measurements for sensing. Similar to
PHASOR, these works all exploit Wi-Fi chipsets which expose
Channel-State Information (CSI) to the end user. ESPAR-
GOS [19] builds a single array of 8 ESP32s with a shared
clock to make a multi-antenna channel measurement. Other
works [20], [21] provide single-antenna CSI measurements
using the ESP32. Multi-antenna CSI can also be obtained from
other platforms including Intel [22], [23] and Broadcom [24]
chipsets. These systems can be used for non-coherent sensing
only, since they do not provide fine-grained synchronization
between receivers.

There are existing works that provide phase coherence across
receivers, at a higher price point. DICHASUS [13] builds a
large phased array using PlutoSDR receivers and synchronizes
several arrays over-the-air using a dedicated synchronization
signal. Sandra et al. [14] use USRP X410 receivers with GPS-
based phase synchronization to provide a coherent distributed
receiver testbed. Other testbeds [15], [16] use dedicated cabling
for synchronization between receivers. AirSync [12] uses an
FPGA-based Wi-Fi receiver to perform instantaneous carrier-
phase corrections, enabling coherent Wi-Fi transmission. These
works provide similar channel measurement capabilities to
PHASOR, but at significantly increased cost since they use
dedicated software-defined-radio (SDR) receivers. Additionally,
they require either a dedicated hardware backbone for synchro-
nization, further increasing deployment cost and complexity,
or a customized air-interface protocol. PHASOR obtains time
and phase synchronization using standard Wi-Fi packets and
commodity hardware.



C. TDoA Localization

We demonstrate PHASOR'’s practicality for time-sensitive
tasks by benchmarking TDoA localization, an algorithm which
requires nanosecond-accurate timestamping.

Several works have implemented TDoA localization over
Wi-Fi [4], [5], however these works implement the receiver on
SDR-based hardware using an FPGA for signal processing, and
synchronize the receivers by listening to packets broadcast from
known, static reference devices. While these systems establish
that Wi-Fi TDoA is feasible, they rely on wired synchronization
backbones to cancel receiver offset.

Several works attempt to estimate receiver clock offset and
device position simultaneously. Golden et al. [6] combine
both of Wi-Fi’s timing modalities on an FPGA receiver,
implementing FTM’s two-way ranging alongside passive TDoA
and using the FTM exchanges to calibrate the inter-receiver
time offset for TDoA-only receivers. [25], [26] assume that
clock offsets are relatively stable over short periods of time, and
perform explicit joint estimation of receiver clock offsets and
target position over time. These works either require explicit
cooperation at the UE, or make assumptions that UEs transmit
continuously for long periods of time and dynamically move
through the environment.

A recent parallel line of work performs passive localization
directly on the user device, now standardized as the passive
ranging mode of IEEE 802.11az [27]. Here the device estimates
its own position by overhearing synchronized transmissions
exchanged between fixed base stations, whether through
cooperative FTM among anchors [28] or by passively listening
to the round-trip FTM exchange [29]. Because these schemes
recover only per-link range estimates rather than an entire phase-
synchronized channel, they are likely to achieve lower accuracy;
moreover, they depend on every access point meeting tight
timing requirements exactly, which requires tight coordination
between access points at the PHY layer. PHASOR instead
disciplines each receiver’s oscillator to deliver a coherent, phase-
synchronized channel measurement of arbitrary transmitters.

III. SYSTEM MODEL

A. Network Model

PHASOR'’s goal is to establish a network of time- and
phase-synchronized Wi-Fi receivers. Each PHASOR node is
a Wi-Fi transceiver distributed throughout the environment,
and PHASOR nodes synchronize to each other by making
periodic two-way FTM (802.11mc [30]) packet exchanges to
accurately measure their clock and LO phase offset. We adopt a
leader-follower architecture in which one node leaves its clock
free-running, and all other nodes exchange with it periodically.
PHASOR nodes localize devices on the network by sniffing for
transmitted Wi-Fi packets and measuring the reception time and
Channel State Information (CSI). We provide a brief model for
time offset measurement with FTM and the wireless channel
below. Throughout, 7 indexes a receiver, j a transmitter, k a
subcarrier, and n a packet.

B. Two-Way Timestamp Exchange

PHASOR uses a two-way packet exchange between nodes
to measure timing offsets. Node j transmits at local time %1;
node ¢ receives at local to, replies at local t3, and j receives
at local t4. Under reciprocal propagation delay 7,

6y = (t2 —t1) . (ts t3)7 RTT = (L —t1)— (fs— ta).

ey
This exchange is implemented by Wi-Fi’s FTM standard, in
which ¢1-t4 are captured in hardware at the PHY layer, giving
them very high accuracy. However, measuring the time offset
with high accuracy is not enough, as each device’s oscillator
will continuously drift due to thermal noise. Thus, we must
continuously estimate both the time offset and its drift to fully
phase-align two receivers. PHASOR additionally notes that
the CSI recorded from FTM exchanges themselves provides
further information about the time offsets.

C. Channel Measurement Model

Receiver ¢ estimates the channel from transmitter j on each
received packet n. Writing the complex baseband channel
estimate as a function of baseband frequency f from the carrier
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Where o, are per-path complex gains. We can see 3 error
terms which corrupt our ability to measure the true channel:
A constant bias term e?(?s~%!) caused by the receiver and
transmitter’s initial PLL lock phase, a packet-dependent phase
bias /274 fiitn caused by residual CFO A fij, and a sampling
time offset caused by clock mismatch between ¢ and j, d;;(n) =
0;(tn) —0;(t,). Note that, on the ESP32 H;;( f,n) is measured
with respect to the reception timestamp measured in hardware.
PHASOR must remove all of these factors in order to make
phase-coherent receptions across multiple receivers.

D. Clock Model and Derived References

We model each node’s local clock by its time offset d;(¢)
and fractional frequency offset ¢;(t) relative to the leader. Over

an interval A,
-lo 6] )

0;(t+A)
Li (H—A):|

where ws and w, capture white and random-walk frequency

noise.

Critically, because all clocks used in PHASOR are derived
from the same reference oscillator, both the radio’s LO and
sampling clock inherit the same fractional error ¢;, scaled by
fixed ratios:

3)

Afi= feei, AfP = fse. “4)



where f. is the carrier frequency and f; is the sampling
frequency, and Af; and Af? are the carrier frequency offset
(CFO) and sampling frequency offset (SFO), respectively. Thus,
PHASOR can change only the reference oscillator’s frequency
to discipline both the radio’s CFO and SFO simultaneously, and
furthermore, we can use the LO phase between two PHASOR
nodes to provide a fine-grained measurement of their time
offset. We exploit this fact in §IV-D to estimate J; at a finer
resolution than can be provided by hardware timestamps.

IV. SYSTEM DESIGN

A. Overview

PHASOR’s goal is to synchronize multiple radio receivers
throughout the environment to within Ins. PHASOR accom-
plishes this synchronization using two-way FTM exchanges
coupled with signal processing and control techniques discussed
below. Once the nodes are synchronized, each node can listen
and receive sensing packets, reports the resulting channel
estimates to a backend server over a separate wireless link. The
nodes stop listening and send a new set of FTM exchanges
every Ty seconds to measure the clock offset and iteratively
cancel clock drift, maintaining synchronization. For deployment
simplicity, in this work one node is designated as the leader,
and all other nodes attempt to synchronize to it. Figure
2 demonstrates the flow of data through the system and
PHASOR'’s clock control loop.

Concretely, each PHASOR node is built on a software-
steerable physical clock (§V-B) and closes a control loop around
it that acquires a coarse time-and-frequency offset from FTM
hardware timestamps via a drop-tolerant Kalman filter (§1V-B),
actuates the oscillator with a latency- and excursion-aware
model-predictive controller (§IV-C), sharpens this estimate
below the hardware-timestamp floor using CSI carrier phase
(§IV-D), and calibrates the residual lock-phase bias to deliver
phase-coherent measurements across nodes (§IV-E).

B. Clock Offset Estimation

PHASOR performs FTM exchanges to synchronize each
node, but these exchanges can occasionally be delayed or fail,
and are subject to measurement noise. We therefore explicitly
model the clock’s state using a Kalman filter in order to
optimally control it.

Follower node 7 maintains the state

Xi = [5¢ Ei]T, 5
the time and fractional frequency offset relative to leader 0,
which propagates according to the clock model of (3). The
elapsed interval between measurements can vary due to dropped
packets or networking delays, which, without being handled,
would cause model mismatch and suboptimal control. Thus,
we define the inter-measurement time A, = ¢, — t,,_1 and
explicitly include it in the system model and noise covariance

matrices. The state update equation for the Kalman filter at
node ¢ is then:

Xi(tn) = A(AR) Xi(tn_1) + B(An, 7€) Aug(n) +wp
W, ~ N(O, Q(An)),

1 A,
A(An) = |:0 1 :| )
_ (580 +¢A} /3 g.AL)2
QAn) = [ qEA?l/Q qAn

(6)

Where Q(A,,) is the process noise covariance, for which
we adopt the standard clock-servo noise model from [31]
with g5, ¢ chosen based on oscillator quality. B(A,,, 71:%)
and Aw;(n) are control inputs described below. Each FTM
exchange supplies an observation of the state:
vn ~ N(0,07),

en = Cxi(tn) + VUn,

7
cC=1[1 0. @

with 03 being the FTM measurement variance, chosen
empirically.

The Kalman filter updates its estimate x; (¢, ), and uses this
estimate to update each node’s internal clock bias, described
below in §IV-C. However, due to processing latency and latency
in the communication between the CPU and the clock, this
update is not applied immediately at the measurement time,
instead only taking effect at time ¢, + 7.¢ and this must be
accounted for in the state model. Let u;(t,,) denote this applied
tuning word, applied 7,2 seconds after ¢,. Since £io(tn_1)
already includes the effect of u;(t,—1), only the difference in
control inputs Awu;(n) enters the state model:

|:An - Trlfg:|

B(A,, ) = 1

®)

A standard linear Kalman update with (6) gives the posterior.
If an FTM measurement fails, n is simply not updated, so ¢,
only measures the times of successful measurements. Since the
process and noise models explicitly include the time difference
between measurements, the Kalman filter’s model remains
consistent.

C. Disciplining the Oscillator

Given the Kalman filter’s estimate of X;, the node must drive
both components to zero. PHASOR performs this by using a
controllable oscillator, for which we can add a fractional bias
i (tn):
©

Our goal is to choose a controller which programs u; to
synchronize each node’s clock. There are two key constraints
for this controller: First, the controller must be capable of
handling non-uniform measurement intervals. Second, and most
importantly, changing ¢ to cancel a time offset injects a phase
ramp into the received channel measurements; the cost function
must therefore trade time convergence rate against the frequency
excursion used to achieve it.

ei(u) = e +upy  |ug] < Umax,
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Fig. 2: PHASOR data flow. The central board consists of an ESP32 clocked from a high-precision oscillator. Each node makes
periodic FTM exchanges with other PHASOR nodes, measuring an instantaneous time offset. These measurements are fed into
a Kalman filter (§IV-B) and used to synchronize each board’s oscillator in time and frequency (§IV-C). Channel phase between
nodes is used to refine timestamp accuracy (§1V-D) and make phase-coherent measurements of sensing packets (§1V-E)

A standard controller like PI cannot meet these constraints,
as it does not consider a varying measurement interval or
limit frequency excursions. However, since the state space
update equation (6) is relatively simple, we can directly invert
it in order to drive x; to 0, a so-called Model-Predictive
Controller (MPC), allowing PHASOR to directly account for
the measurement interval and frequency excursion.

The posterior estimate is referenced to the FTM epoch ¢,
whereas a frequency update command reaches the oscillator
only after processing and SPI delay, meaning the oscillator is
actually updated at t, = t, + 7%, Let u;(t,) be the tuning
word already applied at ¢,, and let €. be a candidate frequency
offset we wish to apply. Assuming a constant rate of FTM
exchanges T}, our goal at each step is to choose a control
input which drives %; to 0 at the next exchange. Thus, the
predicted time offset at ¢, + T}, is 5; (ta) + The.. Motivated
by the required balance between time and frequency offset
mentioned above, we choose the following criterion to decide
the optimal control input:

R 2

gs = argmin [51-(15@) + Thsc} + Ay (Thsc)2

Ec ———
—_——

. f . Frequency excursion
Residual time offset 1 ?

+ AT [ee — &i(ta)].

Frequency change

(10)

Here Ay > 0 weights the frequency excursion and Ap > 0
weights the change from the currently estimated frequency
offset. Since (10) is scalar and quadratic, its unconstrained
minimizer is

o —0ita) F AaThé(ts)

= . 11
T T (L Ar + M) (n

Using (9), the corresponding nominal tuning word is
ﬂi = uz(ta) —+ 6: — é‘?(ta) (12)

Before being issued, u; is clipped to the TCXO range, slew-
limited, and quantized.

D. Fine-grained Phase Control

The FTM loop of § IV-B resolves ;; only to the hardware
timestamp quantization (~ 0.5 ns), yet a far finer observation of
the same quantity is already present in the channel measurement.
Isolating the clock term of (3) at the carrier, the received phase
rotates as e 727/ %i(") o the clock offset appears scaled by
the full carrier frequency. One carrier cycle corresponds to
T. =1/f. ~ 406 ps at 2.462 GHz, giving an observation of
d;; whose resolution lies well below the FTM floor. The price
is ambiguity: phase is known only modulo 7, and the constant
lock-phase bias e?(%i=%i) together with the propagation and
RF-chain delays in (3) are indistinguishable from clock offset
on a single link. The carrier-phase loop therefore observes
changes in d;; at high resolution rather than its absolute value.

Within one FTM burst, several packets arrive from the same
peer over a static channel. At each follower ¢, we take the first
received CSI from the leader Hy,(f, ng) as a reference and, for
each later packet n, form the per-subcarrier conjugate product,
unit-normalize, and sum coherently over the used subcarriers

kekK:
Hoi(fr,n) Hg; (fi,n0)
= [Hoi(fr,n) H, (frmo)|

The static channel ) ape 927U+ )7 and the constant bias
el(#i=%0) of (3) are common to both packets and cancel in the
product, leaving only the clock-driven rotation:

Yp = argV¥,, = _27ch[6i(n)_5i(n0)]

Converting to time, 22 = —1),, /(27 f.) is an observation of
di(n) — 6;(0), sharing the same measurement matrix as for
time offset C = [1 0]. The cycle ambiguity is resolved by
unwrapping z¢ against the Kalman prediction 6; and rounding
to the nearest multiple of 7. In order to avoid an unwrapping
error, the rounded value is trusted only when 3o of the predicted
offset plus a small guard is below T, /2, otherwise the loop re-
anchors rather than risk a cycle slip. When valid, z¢ enters the
Kalman update from equation 6 with variance O’i derived from
R,, and the phase spread, tightening X; beyond the FTM floor.
Section VI-C1 evaluates the additional phase observation’s
effect on timing accuracy.

v, = 13)

(14)



E. Received Phase Calibration

Although PHASOR provides a common time reference
across all receivers, the per-receiver lock-phase bias e?? of (2)
remains: each node’s PLL acquires an arbitrary initial phase,
and this bias is indistinguishable from propagation phase on any
single link. Coherent combination of channel measurements
across nodes requires knowing the relative bias (¢; — ¢;)
between each pair of receivers.

We estimate it in-band using a reciprocal exchange between
the two PHASOR nodes themselves. Node ¢ transmits to j and
7 replies to ¢ within the same burst, and we form the conjugate
product of the two directions’ channel estimates at a common
subcarrier. Applying (2),

arg(Hij (fv nl) H]*z(fv nQ)) ~
2(¢; — ¢i) — 27 fe[6i5(n1) + 655 (n2)].

By reciprocity, the propagation terms form |C(f)|?, which is
real and positive at every subcarrier, so the channel drops out
entirely. The lock phases, in contrast, add rather than cancel,
leaving twice the bias. The remaining clock term is small and is
known from the synchronization controller’s own state (§1V-D),
so it can be subtracted directly. Dividing by two then recovers
(¢s — ¢;) up to a half-cycle ambiguity, which must be resolved
by measuring a packet from a known location.

Because the calibration exchange runs between PHASOR
nodes over the air and reuses controller state, relative receiver
phase is recovered with no wired reference and no cooperation
from external transmitters. The estimate remains valid until
either PLL re-locks, at which point the exchange is simply
repeated. §VI-C3 evaluates the stability of the calibrated inter-
node phase for a static transmitter.

15)
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V. HARDWARE DESIGN

A. Prototype Architecture and Clock Domains

A PHASOR node integrates an ESP32-S2 Wi-Fi receiver, an
SiT5501 digitally controlled temperature-compensated crystal
oscillator (DCTCXO), an Si5338L clock generator, and an
STM32F746 control MCU. Figure 3 shows the corresponding
processing, clock, and control paths. The ESP32-S2 performs
all runtime synchronization processing and CSI acquisition.
The STM32F746 initializes the ESP32-S2 at boot and, during
runtime, serves as a low-level interface between the ESP32-S2
and the SiT5501.

The SiT5501 generates a nominal 10-MHz reference and
is configured with a pull range of +6.25 ppm. Under this
configuration, it accepts a signed 26-bit two’s-complement
frequency-control word with a nominal fractional-frequency
resolution of 5 x 107'2, Runtime frequency corrections are
applied to the SiT5501, and the Si5338 synthesizes the 40-
MHz external reference required by the ESP32-S2 from the
adjusted 10-MHz signal. Because the ESP32-S2 derives both
its RF synthesizer and sampling subsystem from the 40-MHz
reference, steering the SiT5501 jointly affects the CFO and
SFO modeled in Section III-D.

40MHz
Wi-Fi SoC CLK PLL
ESP32-S2 Si5338

csI

SPI | Timestamp

Tuning command
MCU DCTCXO

STM32F746 | 12C tuning SiT5501

word

10MHz
CLK

CSI
Timestamp

USB 2.0 PHY
TUSB1210
csI
Timestamp
To PHASOR Server

Fig. 3: PHASOR node hardware, clock, and control architec-
ture. The ESP32-S2 executes the FTM-based synchronization
estimator and controller and sends oscillator commands to
the STM32F746. The STM32F746 applies these commands
to the SiT5501 over I2C, and the Si5338 synthesizes the 40-
MHz ESP32-S2 reference from the frequency-adjusted 10-MHz
output. Spatially separated nodes synchronize through over-
the-air IEEE 802.11mc FTM exchanges and share no wired
timing reference.

The component-only bill of materials for one prototype board
is approximately $151, including $71 for the SiT5501, $24 for
the Si5338, $17 for the STM32F746, and $3 for the ESP32-
S2. The cost of this BoM is dominated by the controllable
oscillator, a relatively rarely-used part, which could become
significantly cheaper as time-synchronized networking becomes
more prevalent. This estimate excludes PCB fabrication, as-
sembly, optional host-side collection hardware, external power
supplies, and cables.

B. Closed-Loop Clock-Control Realization

All synchronization processing runs on the ESP32-S2,
including FTM handling, mode-specific bias correction, Kalman
filtering, MPC, and oscillator-command generation. The
STM32F746 performs no estimation or control optimization;
it receives each command from the ESP32-S2 and writes the
corresponding 26-bit control word to the SiT5501 over I2C. It
is required because the TCXO and PLL must be programmed
at boot to generate the ESP32’s 40MHz clock; the ESP32
cannot bootstrap itself.

During runtime, the STM32F746 relays the ESP32-S2’s
oscillator commands to the SiT5501. For each update, the
STM32F746 writes the corresponding 26-bit frequency-control
value to the SiT5501 over I2C. The lower 16-bit word is
written first, followed by the upper 10-bit word; loading
the upper word initiates the frequency change. The resulting
adjustment propagates through the Si5338 to the 40-MHz
reference supplied to the ESP32-S2, closing the loop from
an FTM observation to a physical change in the receiver’s
common clock source.



In order to accurately model the clock state, it is necessary
to estimate the time at which the STM32 actually applies
the frequency-change command to the controller in the ESP’s
reference frame. This is accomplished by having the ESP32
measure the total round-trip time between sending a SPI
command and receiving a ’write complete’ message from
the STM32, with the STM32 measuring its own receive and
transmit times as well as the time it wrote the command to
the SiT5501. This permits estimation of the write time in the

, lag - .
ESP’s reference frame, 7,° in equation 8.

C. Synchronization and Sensing Pipeline

PHASOR uses the leader—follower topology defined in
Section IV, with one FTM session per follower in each synchro-
nization round. Between synchronization updates, each ESP32-
S2 acquires CSI together with the associated hardware reception
timestamps and packet metadata. Each PHASOR node exports
these records over USB to a host-side collection endpoint. In
a compact deployment, the node may be connected directly
to the central server. For spatially distributed deployments, an
optional Raspberry Pi may instead receive the USB stream
and relay it over Ethernet to the central server. The choice of
data-transport path does not affect synchronization: all FTM
processing, clock-state estimation, MPC, and oscillator control
remain local to the ESP32-S2 and STM32F746, and neither
USB nor Ethernet carries a timing reference.

The central server associates reports from different ESP32-
S2 receivers with the same over-the-air packet, computes
channel impulse responses from the received CSI, and estimates
the inter-node channel phase and residual phase bias. For
PDoA processing, the server compares CSI across the relevant
links and applies the phase-calibration method described in
Section IV-E. The server then constructs the cross-node channel
observations used by the TDoA and PDoA applications in
Section VI. Section VI-C2 evaluates the airtime and sensing
interruption introduced by periodic FTM exchanges, together
with the tradeoff between synchronization frequency and
residual clock drift. A synchronization interval is performed
every 10 seconds by default, in which all follower nodes
perform one FTM exchange to the leader node.

D. Clock Outputs

PHASOR also provides a synchronized 10MHz frequency
reference and 1PPS clock output, the standard timing reference
signals, to provide to other devices and for verification purposes.
The 10MHz signal is generated directly from the Si5338 PLL
and output via a U.FL port, as its purpose is only to be
frequency-accurate and is not phase-aligned. Generation of
the 1Hz 1PPS signal is slightly more complex, as it must be
phase-locked between receivers. PHASOR only synchronizes
the ESP32’s internal MAC clock, and generating a 1PPS edge
from it is nontrivial: the MAC clock is readable only through
a software register and cannot drive any pin or peripheral
directly. The CPU cycle counter (CCOUNT), however, derives
from the same disciplined reference at a fixed ratio (160
cycles per MAC microsecond at the 160-MHz CPU clock),

so it serves as a hardware bridge. At initialization, PHASOR
calibrates the MAC-to-CCOUNT mapping by bracketing MAC
microsecond transitions with CCOUNT reads and taking the
median transition midpoint over 256 samples. A timed interrupt
is then used to generate the 1PPS output signal based on the
CCOUNT value. This method allows PHASOR to produce
a high-accuracy PPS output from software without using an
FPGA.

VI. EVALUATION

We test PHASOR across a variety of indoor and outdoor
scenarios demonstrated in figure 5. We perform 3-node tests
of PHASOR’s sensing capability by moving a transmitter
throughout the space and predicting its position, and we
verify PHASOR’s synchronization accuracy by making wired
measurements of its clock outputs using long cables.

A. Core Time-Sync Performance

We verify PHASOR’s performance by measuring the varia-
tion of each board’s 10MHz and 1PPS phase offset over time
on a common timebase. We accomplish this by connecting
each node’s 10MHz/1PPS outputs to a Calnex Sentinel [32]
which measures the relative phase offset of each signal. We
quantify synchronization stability using the overlapping Allan
deviation o, (), the standard metric for fractional-frequency
stability [31]. It is computed from the fractional frequency
y = Af/fo averaged over successive intervals of length 7 as

oy(7) = \/é (G = 50)*),

Because a lower o, (7) at a given 7 means two nodes’ clocks
stay more tightly aligned over that averaging interval, it
directly captures the coherence PHASOR must maintain for
cross-receiver channel combination. Since PHASOR actively
disciplines its oscillators, the phase error cannot walk arbitrarily
far from zero, and the Allan deviation decreases as the interval
increases.

In figures 4b and 4c, we plot the Allan deviation of the
10MHz and 1PPS outputs with varying SNR levels at the
receiver, demonstrating timestamping performance down to
15dB SNR. The 10MHz oscillator has an error less than 1ns
over the entire experiment, degrading slightly at low SNR. In
figure 4a, we plot the phase difference between two PHASOR
nodes’ LOs over a 1 minute period, demonstrating that they stay
within 2 radians of each other over the entire period. Figure
6 plots a time-series of the 1PPS output over 10 minutes,
demonstrating that the 1PPS remains tightly synchronized.

(16)

B. End-to-End: TDoA Localization

As described in Section I, once PHASOR’s receivers share
a common timebase, the arrival times of a single ordinary
Wi-Fi packet at different receivers become a direct geometric
constraint on the transmitter’s location. This is the principle
of time-difference-of-arrival (TDoA): because all receivers are
synchronized, the difference between the timestamps recorded
at two receivers depends only on the difference in their distances
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Fig. 4: Core time-sync performance. (a) Estimated LO phase offset using CSI at the leader and follower, phase does not drift
by more than 2 radians over the 1 minute. (b) 10 MHz Allan deviation across SNR levels; (c) 1 PPS Allan deviation across the
same sweep. Note that the 1PPS’s deviation is higher, around the 10ns mark, due to CPU latency in the ESP. Allan deviation
of the 10MHz LO is also reported with a constant phase bias subtracted as it is impossible to
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Fig. 5: Environments for 3 TDoA Location datasets. DS1 is an indoor scenario with continuous line-of-sight to all 3 PHASOR
nodes, spanning 9x7 meters. DS2 is a long-range outdoor scenario with LoS occasionally obstructed by light-posts and trees.
DS3 is an indoor scenario with LoS to at most one node at a time.
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Fig. 6: Time-series error between PPS outputs measured by
the sentinel. The PPS converges to within 1-2 nanoseconds,
but 12.5ns of noise is added by CPU cycle latency on some
pulses.

to the transmitter, not on any unknown transmit time. For a
transmitter at unknown position p observed by receivers i
and ¢ at known positions r; and r,, the measured timestamp
difference satisfies

c(ti —te) = llp = rill = [lp —rell, (17)

where ¢ is the speed of light and #; is the synchronized
reception timestamp at receiver ¢. Each receiver pair defines
a hyperbola (in 2-D) on which the transmitter must lie, and
the intersection of constraints from multiple pairs yields the
transmitter’s position. With 3 synchronized receivers, we can
uniquely solve for p using the reception timestamp at all 3
receivers.

We emphasize that any residual synchronization error d;¢
between receivers maps directly into a ranging error of ¢ d;s;
motivating PHASOR’s tight synchronization target.

We evaluate localization across 3 datasets, described in figure
5. In each dataset a small wheeled robot with a planar LiDAR
is used to collect ground-truth position estimates. Wi-Fi packets
are sent from an ESP32 mounted to the robot and received at
every node. Figure 7 plots a CDF of X-Y localization error
for each dataset. PHASOR obtains a 2.48 meter median error
in the best-case scenario, with performance degrading under
non-line-of-sight conditions, as the propagation delay no longer
accurately reflects the distance.



Empirical CDF

P50/ Pgp(m)
— DS1: 2.48/4.58
== DS2:2.67/6.407]

DS3: 3.95/9.20

3000

2000

1000

—-1000

Relative clock offset (ps)

26.5% 10ss

89.5% loss

6 8 10
Localization error (m)
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= N Phase control

b>: A -o- Off (static)

=] -#- On (static)

o 10-10 b On (pedestrian motion)J

T

=

Q

]

<] 10711 -

ot

< | | ~q
1071 100 10! 102

Averaging time T (s)

Fig. 8: I0OMHz Allan deviation plots with/without the phase
controller (§IV-D) enabled, tested under line-of-sight conditions.
Since the phase controller assumes channel stability, we test
the effect of typical indoor dynamic multipath by having
a human walk back and forth across the link over the
10 minute experiment period, obstructing the line-of-sight.
Disabling phase control results in larger deviations in between
FTM measurement exchanges (1-10 second region), while not
significantly affecting phase noise (<1 second region.)

C. Ablations

1) Disabling Phase Control: To evaluate the impact of the
LO phase measurements on the synchronization performance,
in figure 8§ we perform the 10MHz offset experiment in §VI-A
with phase synchronization disabled.

2) Robustness to Communication Drops: In figure 9 we
demonstrate the 10MHz phase offset over time under several
adverse channel contention effects. Occasional packet drops
are induced in software at a 25% and 90% rate, as well as
occasional outages. PHASOR can maintain nanosecond-level
sync even with most FTM exchanges failing, but an extended
outage causes significant phase deviation as the oscillator begins
to drift.

3) Static PDoA Stability: PHASOR provides a full phase-
coherent distributed aperture, allowing for sensing techniques
that take into account channel phase as well as delay. We
demonstrate this by plotting relative channel phase between two
PHASOR nodes over time for a static transmitter. The phase
correction in section IV-E ensures that the phase difference
remains constant over a long period. In this work, we do

200 400 600
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800 1000

Fig. 9: 10MHz phase drift measured at the Sentinel under
various communication drops. The system is robust to small
drop rates, while a 90% packet loss rate causes large deviations
around 1ns, and occasional hard outages cause significant
excursions.
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Fig. 10: Phase difference on arrival from a static transmitter
measured at two PHASOR nodes. The raw measurement
without LO phase removal from §IV-E (blue) drifts due to the
action of the controller; estimating this drift by combining the
bidirectional phase offset between nodes cancels it effectively
(green).

not fully exploit this phase offset, as using it for localization
requires centimeter-accurate knowledge of the position of each
node to much less than 1 wavelength of the carrier frequency.

VII. DISCUSSION & FUTURE WORK

PHASOR demonstrates that precise time and phase syn-
chronization, previously available only through wired timing
backbones or specialized radios, can be obtained entirely over
the air on commodity Wi-Fi hardware. This synchronization
infrastructure enables new sensing applications such as reverse-
TDoA localization of unmodified transmitters, requiring no
cooperation from the device being located. We identify several
areas of interest for future research:

A. Distributed Control

In this work, one node is designated the leader and all
followers steer to it. A natural extension is fully distributed
control, in which nodes run pairwise FTM exchanges with
their neighbors and estimate a consensus clock state, in the
style of distributed clock-servo protocols. This removes the
single point of failure and allows the synchronization graph,



rather than a fixed star, to follow deployment geometry. In a
distributed setting every node is simultaneously steered and
steering, so the estimator must account for coupled dynamics
across the graph.

B. Exploiting Phase Synchronization

PHASOR’s fine loop aligns receiver LOs to within a fraction
of a carrier cycle, effectively creating a distributed aperture
whose elements are separated by meters rather than half-
wavelengths. Fully exploiting this aperture is nontrivial. Phase-
difference-of-arrival (PDoA) techniques resolve angle, and
hence position, from inter-receiver carrier phase, but phase
is observed only modulo 27; unambiguous operation requires
element spacing below A/2 ~ 6 cm at 2.4 GHz. Real distributed
apertures exceed this significantly, so PDoA observations are
heavily aliased. Resolving this ambiguity requires significant
future work.
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