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Demonstration of Optical Clock-Free Localization
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Abstract—Positioning, navigation, and timing (PNT) applica-
tions often rely on establishing synchronized clocks to achieve
accurate localizations. The accuracy of the measurement is compro-
mised due to clock drifts or inaccurate timing. In this manuscript,
we propose and demonstrate autonomous optical clock-free local-
ization and navigation (CLAN) system that eliminates the need for
synchronized clocks and uses free-running lasers at the transmitter
and receiver sites. Experimentally we show that a remote static or
dynamic receiver >1.8 km away from the transmitter determines
its relative location to the transmitter with a <1 cm uncertainty
and successfully identifies >2 cm incremental changes in distance
without using time information. The experimental results are also
verified by theoretical modeling and numerical simulations. The
proposed technology is proven to be suitable for long-range lo-
calizations, autonomous navigations, and timing distributions in
GPS-denied environments.

Index Terms—Lidar, microwave photonics, photonic locali-
zation, photonic navigation.

I. INTRODUCTION

OVER the years, global positioning systems (GPS), and
positioning, navigation, and timing (PNT) applications

have become a vital part of daily life [1]. Traditional radio
frequency (RF) based PNT architectures [2], [3] are dominat-
ing the industry by providing services to numerous areas of
applications, including transportation [4], autonomous vehicles
[5], geophysical exploration [6], indoor navigation [7], precision
agriculture [8], and defense applications [9], [10]. GPS works
by triangulating the user’s position based on the time it takes
to transmit signals from the satellites to the user’s GPS receiver
(Rx) [11]. Each satellite transmits a unique code at a precise
time, and the Rx uses this information to calculate its distance
from the satellite [12]. By measuring the distances from a mini-
mum of four satellites, the Rx can triangulate its exact location
in three-dimensional space [13]. As is clear, the heart of the
satellite-based GPS is the atomic reference clock that generates
a fundamental frequency of 10.23 MHz, and satellites transmit
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signals in the integer multiples of the employed clock [14]. Al-
ternatively, navigation by the signal of opportunities that utilize
existing RF radiation in the environment has been investigated
heavily to provide PNT in GPS-denied environments [15], [16],
[17], [18], [19].

Nowadays, optical chip-scale GPS and PNT systems are
emerging as a new approach for positioning [20], navigation,
and timing by using optical carriers [21] instead of the traditional
radio frequency (RF) signals. These systems have the potential to
provide more accurate, secure, and reliable location information
in a variety of environments, including indoors [22], [23], [24],
and in urban canyons [25], [26] where radio frequency signals
may be obstructed. Similarly, various autonomous optical navi-
gation methods were investigated for space missions for landing
and localization purposes [27], [28], [29]. Up to date, the opti-
cal navigation techniques relying on CCD cameras [30], [31],
frequency combs [32], and ultra-narrow linewidth lasers [33],
[34] were evaluated to achieve photonics-based localization.
As in RF-based methods, most optical PNT techniques rely on
synchronized atomic clocks [35].

In this article, we introduce an alternative optical clock-free
localization and navigation (CLAN), which eliminates the need
for any time synchronization between the optical transmitter
(Tx) and an Rx. Additionally, the proposed CLAN utilizes free-
running lasers as an optical source at Tx and local oscillators at
Rx without using a clock recovery circuit or photonic frequency
locking. To prove the concept, we present the experimental
demonstration of static or dynamic target localization at a 1.8
km distance with less than 1 cm uncertainty. We also show
that the optical CLAN technique can resolve a 2 cm incre-
mental change of target locations after a 1.8 km optical path
length. The proposed method utilizes an amplitude-modulated
continuous-wave (CW) laser by the combination of multiple
RF tones at the Tx side and a free-running local oscillator CW
laser at the Rx side for heterodyne detection. The RF tones are
selected to be harmonics of a common reference oscillator and
are phase-locked to each other at the Tx. Localization algorithms
[36], [37] utilize the phases of intermediate frequency (IF) tones
generated by the cross-beatings of the detected RF tones to
eliminate random phase noise and decoherence between the Tx
lasers and the free-running local oscillator.

Foremost, the proposed signal processing technique, which
can be performed in the digital or analog domain, eliminates
the common phase noise of lasers and hence provides ultra-
long-range localization capability to the proposed CLAN tech-
nique regardless of the coherence length of lasers, as well as
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the necessity of synchronized clocks. The existing localization
techniques are clock-based ranging methods. In general, the
range is measured based on the propagation time of the signal.
If one can measure the propagation time, as the speed of light
is constant, the distance is measured from the propagation time
[38]. Similar techniques have been used for many ground-based
applications, such as cooperative localization and navigation, as
well [9]. Although they offer numerous benefits, they differ from
CLAN as they require clocks at the transmitter and receiver or
bidirectional signal exchange for time verification. The proposed
CLAN technique does not use any time information at all for
distance measurement. Localization is performed according to
the relative phase variations on the RF sidebands. Moreover,
bidirectional signal exchange between the transmitter and re-
ceiver is also not required. Therefore, the CLAN technique
paves the way for clock-free high-resolution localization and
navigation for applications that require cm-level precision in
positioning without the time information. The technique can be
an ideal solution for the localization and navigation of drones,
unmanned or manned aerial vehicles (UAVs), rovers for space
missions, inter-satellite navigation for CubeSats, indoor navi-
gation, etc. Lastly, it is important to state that the experimental
study showcased herein employs optical carriers, which offer
enhanced directionality and security. However, it is worth noting
that the CLAN system is equally capable of functioning with RF
carriers.

This article’s organization is as follows. First, we introduce
the concept and present the theoretical model of optical clock-
free navigation and localization. Then, we show the numerical
simulation results to demonstrate the triangulation algorithm.
Finally, we present the experimental setup and the results of the
proof-of-concept experiments for static and dynamic targets at
an optical path length of ∼1.8 km.

II. CONCEPT

Fig. 1 illustrates the concept of the proposed CLAN technique,
where Tx is represented by the ground station, and the target Rx
is depicted as a flying drone unit. The CLAN methodology is
inspired by the previously developed phase-based multi-tone
continuous-wave lidar [36], [37], [39], [40] that can perform
ranging and velocimetry measurements at distances far beyond
the coherence length of lasers. However, in the CLAN technique,
a remote user can measure its relative distance to a Tx terminal
from relative phase transformations and navigate by using a con-
stant broadcast of the signal from a known transmitter through
a coherent detection system the CLAN uses. Additionally, it
is shown that the proposed approach can be realized because
the implemented signal processing algorithms can eliminate the
decoherence between the local oscillator at the receiver and the
carrier oscillator at Tx. Hence, the need for an optical PLL
to fix the phase and frequency of the laser at the receiver is
eliminated. In this illustration, a CW laser is modulated with
three frequencies of f1, f2, and f3 to generate stable RF sidebands.
The collimators (CL) at the Rx and Tx represent the transmitter
and receiver antennas. The multi-tone modulated laser beam
propagates a distance of ΔL to the Rx antenna. The heterodyne

Fig. 1. Illustration of the CLAN concept, where the transmitter is located at
the ground station and receiver architecture is embedded into a drone unit on
flight. The spectrum indicates the stable phase-locked RF sidebands for three
frequencies (f1, f2, and f3) on the transmitter side, where ft and fr are the Tx and
Rx carrier frequencies, respectively. The digital signal processing (DSP) flow
on the receiver side is given for three static RF tones to perform localization via
triangulation algorithms.

detection system mixes the received signal with a free-running
local CW laser before a balanced photodetector (BPD). It should
be noted that the Tx and Rx lasers need to operate at similar
frequencies so that the frequency difference is less than the
detection bandwidth to capture the sidebands. To satisfy this,
the operating temperatures of the lasers are controlled in the
proof-of-concept experiments. Utilizing existing technologies
such as a pair of frequency-locked ITU-grid telecom lasers
operating at similar frequencies removes the necessity for such
temperature monitoring.

A Fast Fourier Transform (FFT) is performed on the resulting
photocurrent to obtain the corresponding spectrum. In the spec-
trum, the expected frequency with the maximum peak power is
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Fig. 2. Schematic of the CLAN architecture to demonstrate the working principle by indicating the corresponding electric fields, and optical and electrical
frequencies for Tx and Rx.

attributed to the frequency difference between the Tx and Rx
sources, which is indicated as ft - fr, where ft and fr denote the
center frequency of the optical carrier of the Tx and the Rx,
respectively. Since the modulation frequencies are predefined,
it is possible to locate the frequency-shifted RF sidebands in the
spectrum by referencing the maximum frequency peak. After
tone localization, bandpass filtering is performed for each tone,
including the frequency of ft - fr. All resultant phase noise
elements due to Tx and Rx lasers are present in the filtered
frequencies, including the modulation tones. The filtered fre-
quency of ft - fr is further RF mixed with the shifted sidebands
with the purpose of not only down-shifting the spectrum back
to the baseband but also clearing all the common noise terms
over the sidebands. In this configuration, the phase-noise-free
f1, f2, and f3 frequencies accumulate phases proportional to
Lm and their corresponding frequencies as φ1, φ2, and φ3,
respectively. By utilizing the phase information embedded into
multiple frequencies, it is possible to triangulate the relative
position of the target Rx with respect to the Tx.

III. THEORETICAL MODEL

The experimental model used to present the theory of CLAN
is shown in Fig. 2. On the transmitter side, a CW laser operating
at a frequency of ωt = 2πft is modulated via an MZM that
is biased at the quadrature voltage. A total of N phase-locked
RF frequencies (fi) are synthesized and fed to the input port
of the MZM after an RF combiner. The modulation yields
sidebands stationed near the optical carrier frequency at the
selected frequencies of ωt ± ωi, where ωi = 2πfi. Since the
phase has a 2π cyclic nature, we employ a sub-carrier modula-
tion technique by adding another low-frequency phase-locked
low-frequency signal in the kHz range on RF tones. Here, the
low-frequency term, ωlow = 2πflow, is RF mixed with one
or multiple high-frequency modulations to have a longer unam-
biguous range and perform localization with higher accuracy and
resolution. For instance, the first modulation frequency after RF
mixing with ωlow generates tones at ωt ± ω1 ± ωlow. Therefore,
the time window in the Rx should be selected accordingly
to resolve the flow. The modulated signal is further pulsated
by an additional electro-optic modulator (EOM) with a high
extinction ratio to realize higher peak powers in a quasi-CW
configuration.

Then, the multi-frequency modulated signal is amplified via
an Erbium-doped fiber amplifier (EDFA) and transferred to the
free space via a CL. The electric field equation of the propagating
beam after a time-of-flight of τ = ΔL / c is given in(1), where
c is the speed of light. Here, At is the field amplitude of the
transmitted light, m is the modulation index, αt is the linear
attenuation realized on the beam path, φRF

i , φt
0, and φt

n(t− τ)
are the initial RF phase, initial carrier phase, and the Tx laser
phase noise after, respectively. The CL of the Rx side collects
the transmitted light after propagating a distance ΔL with the
speed of light c/n, where is the refractive index of the propagation
medium.

Et=
At√
2
αt exp

[
jωtt+jφt

0+jωt
ΔL

c
+jφt

n(t−τ)

]

−mAt

4
√
2
αt

N∑
i=1

⎛
⎜⎜⎝
exp

[
j(ωt + ωi)t+ jφt

0 + jφRF
i

+j(ωt + ωi)
ΔL
c + jφt

n(t− τ)

]

+exp

[
j(ωt − ωi)t+ jφt

0 − jφRF
i

+j(ωt − ωi)
ΔL
c − jφt

n(t− τ)

]
⎞
⎟⎟⎠
(1)

Then the beam is combined with the laser on the receiver side
with a local oscillator frequency ofωr to strengthen the collected
modulation tones through an optical heterodyne detection so that
the detection scheme is shot noise limited. The electric field of
the local oscillator laser in the receiver can be formalized as in
(2), where Ar, φr

0 and φr
n(t) are the amplitude, initial phase of

the CW laser, and the laser phase noise, respectively.

Er = Ar exp(jωrt+ jφr
0 + jφr

n(t)) (2)

the local oscillator is a free-running laser without any frequency
and phase locking to the remote transmitter. The only constraint,
as mentioned earlier, is the maintaining frequency difference
within the detector bandwidth, which can be easily achieved by
using standard telecom lasers. Hence, time synchronization is
not necessary to position the Rx. The resultant beam is transmit-
ted to the photodetector (PD) with a responsivity of R to generate
the photocurrent (Ipd) as given in (3), where IDC is the DC
portion of the photocurrent, and the self-beating terms are ne-
glected for simplicity. The amplitudes areA′ = 2RAtArαt/

√
2

and A′′ = mRAtArαt/2
√
2. Also, the initial phase difference
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between the Tx and Rx lasers is defined as Φ = φt
0 − φr

0.

Ipd = IDC +A′ cos
(
(ωt − ωr) t

+ ωt
ΔL

c
+Φ+ φt

n(t− τ)− φr
n(t)

)

−A′′

⎡
⎢⎢⎣

N∑
i=1

cos

(
(ωt − ωr + ωi) t+ (ωt + ωi)

ΔL
c

+Φ+ φRF
i + φt

n(t− τ)− φr
n(t)

)

+
N∑
i=1

cos

(
(ωt − ωr − ωi) t− (ωt − ωi)

ΔL
c

+Φ−φRF
i −φt

n(t−τ)−φr
n(t)

)
⎤
⎥⎥⎦

(3)

In the resultant spectrum, the highest peak power will be
realized at ft - fr, and it is possible to use this peak as a reference
to locate the modulation tones by using the apriori knowledge of
the preselected tone frequencies. Then, digital bandpass filters
near the RF tones can be employed to generate the filtered
waveforms of the individual tones, including the peak at ft -
fr. As can be seen in (3), all frequency components, including
the sidebands possess the same phase noise and Φ due to Tx
and Rx lasers. To cancel the common noise terms and shift the
spectrum back to the baseband, the filtered ft - fr signal is RF
mixed with the Ipd spectrum. The intermediate frequency (IF)
term of the RF sidebands is given in (4), where AIF represents the
amplitude of the IF signal. After RF mixing, the common noise
terms are canceled, and the remaining φRF

i can be eliminated
with pre-calibration of the phases of the RF tones through RF
synthesizers.

IIF = AIF

N∑
i=1

[
cos

(
ωit+ ωi

ΔL

c
+ φRF

i

)]
(4)

The phase-noise-free filtered sidebands store the information
about ΔL in the phase of each modulation tone. By utilizing
the relative phase and frequencies of the tones, it is possible to
acquire the target displacement. To do so, the refined sidebands
in (4) are RF mixed, which yields AiAj cos(Δωi,jt±Δφi,j),
where Ai, Aj, Δφi,j, and Δωi,j are the amplitudes, phase dif-
ferences, and frequency differences of ith and jth tones, respec-
tively. As a result, the target location can be estimated using
(5), where n is an integer. By using the results generated by
multiple tones, it is possible to triangulate the ΔL by sweeping
the potential n values and seeking a global solution that satisfies
the phase results of all Δωi,j.

Moreover, the unambiguous range (Lu) is a well-known pa-
rameter in lidars that refers to the maximum range a target can
be located with the known system parameters such as pulse
repetition rate or frequency sweep period [41]. For CLAN, Lu

corresponds to the furthest distance of the target receiver, while
n = 1 for the lowest frequency. The repetitive nature of the
phase will yieldLu = c/fgcd, where fgcd is the greatest common
divisor of the selected fi or the reference clock frequency of
the synchronized RF synthesizers. Mixing the RF tones with a
low-frequency modulation paves the way to enhance the range
of the system by lowering the fgcd to kHz levels. In such a
configuration, where one of the tones is RF mixed with a kHz
level flow, the unambiguous range will be determined by the
flow, and the new Lu will be defined as Lu = c/2flow. Here, up

and down-shifted mixed frequencies (fi ± flow) are evaluated
separately by filtering and RF mixing fi + flow with fi - flow to
acquire the coarse range information using (5). Then, the fine
ranging is performed using all theωt − ωr + ωi orωt − ωr − ωi

depending on the availability of the bandwidth.

ΔL =
(2πn+Δφi,j) c

Δωi,j
(5)

In the case of a dynamic target, the optical carrier and the
sidebands will realize a Doppler frequency shift proportional to
the target’s velocity in the direction of beam propagation. The
Doppler shift on the carrier will manifest itself as an additional
frequency shift to the resultant spectrum. Hence, the expected
photocurrent, Ipd, with Doppler shift, ωd = (2v/c) × ωt [42], is
given in (6). Here, v is the target’s velocity and ωi

d is the Doppler
shift realized by the tone frequency, ωi. Since tone frequencies
are much smaller than the carrier frequencies, ωi << ω0, the
relative Doppler shift between tones is negligible. Therefore,
we assume all tones have the same Doppler shift and define
the resultant Ipd spectrum with a ±fd (ωd = 2πfd) frequency
shift. However, after RF mixing the Ipd with the isolated ft – fr
± fd peak, the spectrum will down-shift back to the baseband.
Moreover, since the frequency resolution is limited by the time
window, a record length of 1 ms leads to about 1 kHz frequency
resolution. In such record lengths, it is challenging to extract
the relative Doppler shifts between different tones in the CLAN
configuration. Therefore, the velocity of the target Rx can be
computed by comparing the displacement between multiple
frames using v = dx/dt. However, increasing the record length
may allow the detection of relative Doppler shifts between tones
and single-shot velocity measurements.

To verify the CLAN concept and give a clear explanation
of the triangulation algorithm as well as to assess the system
performance and validity of the experimental results, we have
conducted a series of numerical simulations. Firstly, the behavior
of the modulated light is transferred to the software domain by
using (1) and (2). Then, the time window is set to 1024 μs with
222 samples per run, yielding a time resolution of 244 ps. The
time domain values translate to the frequency domain as 2 GHz
bandwidth and ∼1 kHz frequency resolution. The system’s cen-
tral wavelength is 1064 nm, and the lasers used as Tx and Rx were
set to have a randomly selected arbitrary frequency difference
of 677 MHz, which is within the detection bandwidth. The laser
output is modulated on the Tx side by an MZM with m = 0.01.
4 RF modulation frequencies are selected to be 500, 700, 890,
and 950 MHz (matching the experiment) and are phase-locked
to modulate the optical carrier. The considerations behind select-
ing RF tones are to prevent the anticipated cross-beatings and
second harmonics. Furthermore, an additional 500 kHz (as in
the experiment) is employed as a low-frequency component to
achieve coarse ranging. This flow is RF-mixed with the 500 MHz
tone to realize a subcarrier modulation. The received signal is
then coupled with the modulation-free Rx laser and converted to
the photocurrent Ipd at the photodetector. Noise components of
the detector including shot noise, thermal noise, and dark current
are omitted for simplicity. The subcarrier modulation with the
low-frequency signal results in an unambiguous range of 300
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Fig. 3. Simulation results. (a) The resultant photocurrent spectrum. The sub-
carrier modulation is indicated in the inset for coarse ranging. (b) The result of
the triangulation algorithm for three consecutive distances.

m and the number of cycles is set to six to match the target
range for a target at >1.8 km distance. Based on the simulation
parameters, the Rx is distanced from the Tx at three arbitrarily
chosen in-range locations with a 50 cm of increment, which are
1826 m, 1826.5 m, and 1827 m, respectively.

Ipd = IDC +A′ cos((ωt − ωr ± ωd)t

+ ωt
ΔL

c
+Φ+ φt

n(t− τ)− φr
n(t))

−A′′

⎡
⎢⎢⎣

N∑
i=1

cos

((
ωt−ωr ± ωd+ωi ± ωi

d

)
t+(ωt+ωi)

ΔL
c

+Φ+φRF
i +φt

n(t−τ)−φr
n(t)

)

+
N∑
i=1

cos

((
ωt−ωr ± ωd−ωi ± ωi

d

)
t−(ωt−ωi)

ΔL
c

+Φ−φRF
i −φt

n(t−τ)−φr
n(t)

)
⎤
⎥⎥⎦

(6)

Fig. 3(a) demonstrates the Ipd spectrum with the indicated
frequencies. The highest power peak is attributed to the fre-
quency difference between Rx and Tx lasers, which is 677
MHz as expected. In the inset, the subcarrier modulation on the
500 MHz tone (f1) with the flow is indicated and the frequency
difference between ft − fr + f1 ± flow is found as 1MHz. These
two terms are filtered and the phase and frequency information
of the subcarriers are used as in (5) to compute the coarse
range by setting n = 6 (as in the experiment). Then, within
a ±15 m range around the coarse position, possible integer
values of n are calculated for each IF term using the known
frequencies of preselected RF sidebands. After determining the
potential n values, (5) is employed and all solutions of ΔL are
computed for all IF values within the predefined ranges of the
corresponding n. For each Δωi,j, the results are stored inside
the corresponding column of a data matrix, and the standard

deviation of each row of the calculated potential distances is
computed by the algorithm. As a result, the mean value of the row
with the lowest standard deviation indicates the measured ΔL.
In other words, the solutions of (5) for each Δωi,j for different
n values should converge to the same ΔL, which corresponds to
the output with the lowest standard deviation. The details about
the triangulation process and the complete methodology can be
found in [36], [37]. The results of the triangulation operation for
three consecutive Rx positions are displayed in Fig. 3(b). The
points at which the minimum standard deviations are marked
with yellow circles. The corresponding L values are 1826.0 m,
1826.5 m, and 1827 m, respectively.

Moreover, the phase resolution of the system, which is de-
termined by the time resolution (dt), defines the measurement
resolution (δL). Here, dt is 244 ps and based on δL = c × dt, the
minimum theoretical resolution the CLAN approach provides is
7.3 cm for this simulation. By performing a Spline interpolation,
it is possible to further enhance the resolution of the system [43].
The accuracy of the measurements on the other hand depends
on additional factors such as sampling rate, jitter, total noises
in the system, etc. Furthermore, the precision of the CLAN
is determined by the SNR of the system architecture which is
directly related to the detection electronics [36], [41].

IV. EXPERIMENTAL VERIFICATION

Fig. 4 illustrates the experimental setup to test the capabilities
of the CLAN. Tx and Rx lasers used in the system have <100
kHz linewidth (RPMC Lasers). The central wavelengths are del-
icately adjusted by fine-tuning the operating temperature of both
lasers to have a frequency difference of <2 GHz to stay within
the bandwidth of detection electronics. The Tx laser operates at
30.7 mW, while the Rx side output power is set to 21.76 mW.
An MZM (iXblue) with 10GHz modulation bandwidth and 30
dB extinction ratio is placed after the Tx laser and biased at
the quadrature point. 4-phase locked RF frequencies which are
generated by phase-locked RF synthesizers (Windfreak Tech-
nologies) at 500, 700, 890, and 950 MHz with the same 10
MHz reference clock utilized for modulation. The modulation
depth is <0.1 based on the RF voltage values. To perform the
coarse ranging, an additional 500 kHz low-frequency signal is
also RF mixed with the 500 MHz tone. A subharmonic of the
10 MHz reference clock is also employed to phase-lock the
low-frequency component with the main tones. To mimic the
free space propagation of light in long distances and to test the
system’s capability at long ranges, a ∼1.2 km long fiber spool
(HI-1060) corresponds to about 1.8 km optical path length in
free space, is introduced to the system. A motorized translational
stage controls the positioning of the target. The target reflector
is moved to four different locations with a 10 cm separation and
at each location 10 measurements are performed for static target
ranging. The collection of the echo signal from the reflector is
achieved by using a beam splitter (BS) placed in the optical path.
After the BS, returning signal is transmitted to the Rx collimator
(CL), which further couples into a fiber. It is important to note
that the fiber coupling is an experiment-specific operation for
the introduced all-fiber system. For more complicated systems,
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Fig. 4. Experimental setup for proof-of-concept experiments to test the CLAN technique.

it can be done in free space as was previously demonstrated
for a CubeSat system [44]. Finally, the signal interferes with
the free-running Rx laser via a fiber coupler. The resultant
interference signal is fed to a balanced photodetector (BPD)
(Thorlabs PDB-482C-AC) with ∼2.5 GHz bandwidth.

A digital storage oscilloscope (Tektronix – TDS7704B) which
has a 7 GHz bandwidth with a 20 GSa/s sampling rate is used
for data collection. The time window of the measurements is
set to 100 μs and the time resolution is selected as 100 ps
corresponding to a 5 GHz measurement bandwidth with a 10 kHz
frequency resolution. Initially, data is interpolated to achieve a
higher time resolution of 23.8 ps. In addition, to impede any
potential distortions caused by the residual RF phases due to the
synthesizers and optical path to the Tx CL, Tx is calibrated prior
to the measurements.

The spectrum of the raw Ipd data for the measurement, while
the target is at P1, is presented in Fig. 5(a). Here, the ft - fr peak is
indicated with the red dot on the spectrum and it corresponds to
593 MHz. Hence, the modulation sidebands are shifted as much
as ft - fr. A 20 MHz Butterworth bandpass filter center at 593
MHz is utilized to isolate the ft – fr peak. Using this peak and
the apriori-knowledge of the static tone frequencies, the tones
are located on the RF spectrum and marked as black dots on
the spectrum. The 700 MHz tone is portrayed in the inset of
Fig. 5(a). This tone is shifted to ∼1293 MHz and accumulates
the phase noise generated by both Tx and Rx lasers. To eliminate
the common noise terms on the sidebands, the entire spectrum
is RF mixed with the filtered ft – fr peak (red dot). The resultant
IF spectrum is depicted in Fig. 5(b), in which the sidebands shift
back to the baseband. Hence, the corresponding peaks are now
stationed at their original preset frequencies. The 700 MHz tone
after RF mixing is given in the inset of Fig. 5(b). When both
insets of Fig. 5 are compared, it is evident that the phase noise
induced by the Tx and Rx lasers diminishes after RF mixing of
the Ipd with filtered ft – fr signal. The phase-noise-free RF tones
possess the distance information in their phases to be used in
triangulation algorithms.

The measurements are performed for 4 positions, P1, P2, P3,
and P4. Each position has a∼10 cm separation, and 10 measure-
ments are performed at each location. The 10 cm displacement
corresponds to a ∼20 cm light propagation considering the
roundtrip from the target to the BS. The actual optical propa-
gation is ∼1800 m due to the ∼1.2 km fiber. To understand the

Fig. 5. (a) RF spectrum of the raw data. The inset shows the shifted 700 MHz
tone at 1293 MHz after Tx and Rx beating. (b) RF spectrum of the IF signal after
RF mixing the data with the laser peak. Inset represents the phase noise-free 700
MHz tone at the baseband after RF mixing.

actual path traveled by the light, we employed a 5 ns pulse with
a 10 kHz repetition rate to perform a pulsed time-of-flight (ToF)
measurement. The laser source is split into two, one branch is
used as a reference, and the other is connected to the MZM as in
Fig. 4 to compute the ToF. The average of 15 pulse measurements
yields 1826.35 ± 0.15 m of total propagation distance.

We used the±500 kHz subcarrier modulation on the 500 MHz
RF tone to compute the coarse ranging. As discussed earlier, the
unambiguous range corresponds to ∼300 m. Since ΔL > Lu

we considered a priori knowledge of the target’s whereabouts,
meaning that the signal will complete 6 full cycles (n = 6) for
the low-frequency components. The coarse ranging narrows the
target position to a 30 m range (fgcd = 10 MHz) to be estimated
with the high-frequency sidebands. As a result, the subcarrier
modulation indicated a position between 1810–1840 m. It is pos-
sible to further improve the Lu by introducing lower frequency

Authorized licensed use limited to: Access paid by The UC Irvine Libraries. Downloaded on December 18,2023 at 02:44:35 UTC from IEEE Xplore.  Restrictions apply. 



BAYER et al.: DEMONSTRATION OF OPTICAL CLOCK-FREE LOCALIZATION AND NAVIGATION (CLAN) 6463

Fig. 6. (a) Triangulation results of the proof-of-concept experiments for 10
trials at 4 different positions separated by 10 cm displacements at ∼1.8 km
distance. (b) High-resolution measurement results with the target being separated
by 1 cm displacements at ∼1.8 km distance.

terms and increasing the time window of the measurement based
on the target application ranges.

The complete position triangulation results for 10 trials at
each position are presented in Fig. 6(a). Here, black, blue,
red, and green colors correspond to P1, P2, P3, and P4. The
minimum standard deviation points indicated with yellow circles
correspond to the measured ΔL of a given trial. The average
measured distances are 1826.30 m, 1826.50 m, 1826.71 m, and
1827.91 m, respectively. Similarly, the displacement between
each position is measured as 20.3 cm, 21.1 cm, and 19.4 cm,
respectively. The errors in the displacement can be attributed to
potential thermal variations in the long fiber spool and human
error during the target placement. Moreover, the precision of
the localization is found by calculating the standard deviation of
10 trials at each position. The measured precisions are 1.1 cm,
1.3 cm, 1.5 cm, and 0.9 cm, respectively, at a distance of >1.8
km. The system’s precision depends on the SNR, and the SNR
depends not only on the bandwidth of the detection electronics
but also on many factors that vary with the system design and
application purposes such as wavefront distortion, divergence
angle, aberrations, etc. For this reason, these potential variations
are left out of the SNR analysis and the received optical power
is kept as the only determining factor. In this proof-of-concept
experiment, the coupled Tx signal power before the detector
is <10 µW for the trials. It is also possible to utilize narrow
bandpass filters around the tones to further enhance the SNR
of the system [36]. The phase prediction is determined by
the SNR and the number of cycles captured in a single time
window. Based on our numerical analysis, we observe that the
phase prediction works accurately if the SNR>10 dB. The

Fig. 7. Dynamic target localization at three positions.

positioning resolution δL depends on the phase resolution of
the system, which also depends on the time resolution (dt)
asδL ∼ dφi × c/ωi = dt× c. Here, the dt is reduced by data
interpolation to 23.8 ps, which yields a <1 cm theoretical δL.
To test this, the target moved with 1 cm increments on the stage,
which corresponds to a total of 2 cm displacement between each
position at∼1.8 km. The results are presented in Fig. 6(b), where
P0 is the first position, and all other positions are referenced
to P0 with 2 cm displacements consecutively. The error bars
represent the standard deviation of 10 measurements at each
step, and expected displacements are represented with red dots.
The measured distances are within the measurement precision
range, indicating CLAN’s high-resolution localization capabil-
ity over long distances. Therefore, CLAN has the capability
to resolve <2 cm displacements at a range of ∼2 km. The
time-based systems such as GPS and cooperative localization
also provide reliable navigation and localization information.
However, a timing error might result in large-ranging errors.
The clock-independent CLAN is mainly limited by the SNR of
the system. Hence, the desired architecture can be utilized based
on the requirements and specifications of the system.

As the last proof-of-concept experiment, we performed lo-
calization of a dynamic target with the CLAN. The motorized
stage is set to operate at the maximum speed of ∼21 cm/s,
which is also measured with the photonic Doppler velocimetry
technique [42], and a Doppler shift of 393.3±32 kHz is measured
over 20 trials. Three P1, P2, and P3 locations are selected with
20 cm consecutive displacements corresponding to a ∼40 cm
light propagation difference. The data is captured with a manual
trigger while the target is passing the predetermined locations.
For convenience, 10 trials are performed at each position, and 4
results are displayed in Fig. 7. The mean of the measurements is
1826.29 m, 1826.76 m, and 1827.28 m, respectively. The preci-
sions are computed as 3.2 cm, 2.1 cm, and 2.5 cm, respectively,
which are attributed to the manual trigger that causes minor
position variations. As a result, it is possible to locate a dynamic
Rx with respect to a Tx using the CLAN technique. At the same
time, the comparison of multiple frames with a certain frame
rate can also yield the velocity of the target.
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V. CONCLUSION

In this article, we demonstrate the capabilities of clock-free
photonics positioning and localization, namely CLAN. The Tx
and Rx have separate free-running lasers to enhance the SNR by
employing optical heterodyne detection. Phase and frequency
information of multiple preselected phase-locked RF tones on
the optical carrier is employed for Rx localization. We demon-
strate the CLAN’s concept, theoretical background, and working
principle. Moreover, we performed proof-of-concept experi-
ments over a >1.8 km optical path length and showed <2 cm
localization precision. Furthermore, we demonstrated the high-
resolution capability of CLAN by resolving 2 cm increments
over a 1.8 km optical path. Finally, we performed positioning of a
dynamic target with respect to Tx and showed that it is possible to
perform velocimetry along with the localization of a given target.
Results indicate that the CLAN has the potential to pave the way
for high-resolution and high-precision photonic localization and
navigation, where conventional navigation methods are limited,
restricted, or denied.
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