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Passive frequency comb generation at
radiofrequency for ranging applications

Hussein M. E. Hussein 1,2,5, Seunghwi Kim 3,5, Matteo Rinaldi 1,2,
Andrea Alù 3,4 & Cristian Cassella 1,2

Optical frequency combs, featuring evenly spaced spectral lines, have been
extensively studied and applied to metrology, signal processing, and sensing.
Recently, frequency comb generation has been also extended to MHz fre-
quencies by harnessing nonlinearities in microelectromechanical membranes.
However, the generation of frequency combs at radio frequencies (RF) has
been less explored, together with their potential application in wireless tech-
nologies. In this work, we demonstrate an RF system able to wirelessly and
passively generate frequency combs. This circuit, which we name quasi-
harmonic tag (qHT), offers a battery-free solution for far-field ranging of
unmanned vehicles (UVs) in GPS-denied settings, and it enables a strong
immunity to multipath interference, providing better accuracy than other RF
approaches to far-field ranging. Here, we discuss the principle of operation,
design, implementation, and performance of qHTs used to remotely measure
the azimuthal distance of a UV flying in an uncontrolled electromagnetic
environment. We show that qHTs can wirelessly generate frequency combs
with μWatt-levels of incident power by leveraging the nonlinear interaction
between an RF parametric oscillator and a high quality factor piezoelectric
microacoustic resonator. Our technique for frequency combgenerationopens
new avenues for a wide range of RF applications beyond ranging, including
timing, computing and sensing.

Unmanned vehicles (UVs) have attracted growing attention in the
past decade, generating new opportunities in a variety of emerging
Internet of Things (IoT) applications, including precision farming1,
aerial imaging2, smart manufacturing3, maintenance in harsh
locations4, first response, and assisted living5,6. However, for UVs to
play a key role in all these applications, it is necessary to precisely
localize their positions in a variety of operational settings without
compromising their battery life. In this regard, the global positioning
system (GPS)7 has been a key resource in the last decades for navi-
gation and localization in outdoor settings. Nevertheless, GPS is
often unavailable in indoor and underground environments, and its

localization accuracy may exceed the size of today’s UVs by orders of
magnitude. Consequently, growing interest has been devoted to
alternative methodologies for the localization of UVs in GPS-denied
environments. In this regard, ranging techniques based on Light-
Detection-and-Ranging (LIDAR)8, ultrasound detection9 and
frequency-modulated-continuous-wave (FMCW) radars10 have been
extensively investigated, offering enhanced localization capabilities.
Nonetheless, these techniques are power-hungry, making them
unsuitable for low-power applications. Also, they require complex
designs for the interrogation nodes, in addition to sophisticated
pattern recognition algorithms11.
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Driven by the on-going Radio-Frequency-Identification (RFID)12

revolution, increased attention has been also paid lately to ranging
techniques based on radiofrequency (RF) passive tags. In particular,
the adoption of RF passive tags has been recently proposed for loca-
lizing UVs in GPS-denied environments through a low-costmonitoring
system not requiring any power from the targeted UVs13–16. A direc-
tionalwireless transceiver can interrogate anRFpassive tagonboardof
a UV with a continuous-wave (CW) signal and leverage the received
signal strength indicator (RSSI)17 or the phase18 of the backscattering
signal to retrieve the distance between the tag and the transceiver.
However, the RSSI of passive tags is inevitably distorted by multipath
interference affecting the backscattered signal, which can be strong in
indoor or underground settings as shown in Fig. 1a19. Such interference
causes ranging errors that can become severe, especially when elec-
trically small passive tags are used to fit into compact UVs. Relying on
the phase difference between the received backscattered signal and
the interrogation signal also leads to a low-ranging accuracy due to
multipath, as well as to cycle-ambiguity20. Cycle-ambiguity arises
because multiple distances between the tag and the transceiver can
yield to the same phase difference between interrogation and back-
scattered signals21. Furthermore, since conventional passive tags
operate in the linear regime, their backscattered signals have the same
frequency as the interrogation signals. As a result, significant ranging
inaccuracies can also be caused by electromagnetic clutter and by self-
interference at the reader22 as in Fig. 1b, c. In this context, a new
category of tags operating in the nonlinear regime and known as
harmonic-tags (HTs) has been recently proposed for ranging
applications13,21,23,24. Unlike linear passive tags, HTs can employ the
nonlinearities of varactors or diodes to generate backscattered signals
at twice the frequency of the interrogation signal as in Fig. 1d, e. This
feature provides HTs’ readers with an immunity to both electro-
magnetic clutter and self-interference, beyond the limits of conven-
tional linear passive tags23. Yet, the accuracy that a reader can
ultimately achieve when remotely monitoring its distance from an HT
in an indoor or underground setting remains inevitably limited by the
multipath interference24 affecting the HT’s backscattered signal (see
Fig. 1a)19. In fact, the only way for a reader to accurately assess its
distance from anHT is to rely on power-hungrywideband transmitters
and on intense signal processing21. Therefore, a new class of passive
tags is needed to overcome the limits of existing counterparts used for
ranging, enabling an accuracy insensitive to multipath interference
affecting its backscattered signal, as well as to readers’ self-
interference and clutter.

Frequency combs have been extensively studied in the last 20
years as they provide robust and equally spaced spectral comb lines
that can be used as frequency references. Frequency combs can be
generated in nonlinear optical systems through mode-locking25, Kerr
nonlinearities26,27 and electro-opticmodulation28,29. In microresonator-
based frequency combs,which are amenable for integration, the comb
spacing is determined by the free spectral range of a certain resonator,
and its width extends over GHz levels or even THz levels when oper-
ating at optical frequencies30. Such frequency synthesizers have
opened several opportunities in the field of metrology, holding the
promise for extremely precise timing and sensing applications, as well
as for optical ranging31,32. Particularly, dual-comb systems can provide
unprecedented ranging resolutions at fast rates. However, they typi-
cally rely on power-hungry free-space lasers incident on targets, and
they are susceptible to large path losses, scattering losses and beam
dispersion33,34. Frequency combs in the microwave range have also
been recently demonstrated through strong light-matter interactions35

in optical microresonators, as well as in microelectromechanical sys-
tems (MEMS) utilizing nonlinear three-wave mixing36–39, nonlinear
friction forces40,41 and strong nonlinear electromechanical couplings42.
References 43,44 recently demonstrated comb generation in Josephson-
Junction circuits through three-wave mixing for quantum engineering

applications. However, to our knowledge, therehave beenno attempts
to generate and employ frequency combs in passive RF systems for
ranging applications. To this end, simultaneously leveraging the strong
nonlinearities of solid-state components and the large quality factor
Q>1,000ð Þ of microacoustic piezoelectric resonators45–48 offers an
ideal platform for low-power comb generation in the RF range.

In this Article we demonstrate a nonlinear RF passive tag engi-
neered to realize comb-based ranging with accuracy intrinsically
immune to both self and multipath interference affecting its back-
scattered signal. Such a passive tag, referred to as a quasi-Harmonic
Tag (qHT), receives an interrogation signal with frequency ωp and
power Pr , and it responds by passively generating a frequency comb
through its nonlinear behavior, as shown in Fig. 1f. The comb is sym-
metrically distributed around half the frequency of the interrogation
signal (i.e. ωp=2), with a comb line spacing Δfð Þ that is a function of Pr

as in Fig. 1g. This differs from frequency comb generation in optical
systems, where the comb-line spacing remains independent of the
input power level. The inverse proportionality between received
power (Pr) and its distance from the interrogating node dð Þ, described
by the Friis transmission relation plotted in Fig. 1h49, can be exploited
by qHTs to retrieve d. This can be done by simplymeasuring the comb
line spacing, as sketched in Fig. 1i. In this regard, any measured Δf
value univocallymaps onto one specific Pr level, and consequently to a
specific value of d. Therefore, readers with a directional transmitter
can remotely assess their distance from a qHT by simply extractingΔf ,
and the accuracy of such extraction is not degraded by multipath. In
fact, undesired scattering caused by multipath can distort both the
RSSI and the phase of the current RF passive tags’backscattered signal,
but they haveno effect onΔf in qHTs.Moreover, qHTs’ ability toutilize
separate bands for receiving the interrogation signal and transmitting
their backscattering signal confers immunity to electromagnetic clut-
ter. Also, it enhances the resilience of qHTs’ readers to their own self-
interference by allowing them to filter all the harmonics of the trans-
mitted interrogation signals that are generated due to nonlinearities in
the power amplifier of their transmitter. In turn, a minimum level of
received power, designated as Pth, is required to activate the genera-
tion of a frequency comb in qHTs. In this regard, the value of Pth

ultimately sets the maximum distance from which qHTs can be
remotely interrogated.

A typical application scenario leveraging the Δf � Pr dependence
characterizing the operation of qHTs is sketched in Fig. 1j, where we
envision a qHT mounted onboard of a drone that is sequentially
interrogated by different beacons located at predetermined positions.
The qHT generates unique frequency combpatterns corresponding to
its distance d from each interrogating beacon. Hence, by extractingΔf
from each one of the beacon’s received signals, and by using trila-
teration, we can identify the azimuthal position of the qHT within the
common area covered by the beacons.

Results
Model: frequency comb generation in qHTs
As mentioned previously, a fundamental characteristic of qHTs is the
generation of frequency combswith line spacing that varies according
to the received power level. This feature allows readers to accurately
determine their distance from a designated qHT. Consequently, it is
important to ascertain the key parameters that control the comb
generation in a qHT, as these parameters play a pivotal role in the
design of these tags.With no loss of generality, a qHT can be described
as a parametric oscillator (PO)50, coupled to a high quality factor Qð Þ
piezoelectric microacoustic resonator with resonance frequency
matching or closely matching the PO’s output frequency. We can
describe this system with a toy model formed by two electrical modes
and amechanical mode, as shown in Fig. 2a. The two electrical modes,
namely the signal mode a1 and the pumpmode a2, are parametrically
coupled via a nonlinearity, while the mechanical mode b is linearly
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Fig. 1 | Overview of challenges and proposed solution. aMiniaturized RF passive
tags radiate their backscattered signals omnidirectionally. Consequently, their
readers are prone to loss of accuracydue tomultipath interference, especiallywhen
operating in rich-multipath settings. b The receiver of RF transceivers may
experience loss of accuracy due to clutter when remotely sensing a parameter of
interest through a linear RF passive tag. TX: transmit, and RX: receive. c RF trans-
ceivers using the same frequency channel for both transmission and receptionmay
suffer from loss of accuracy due to self-interference (SI) when sensing a parameter
of interest through a linear passive tag; SI may be caused by limited isolation in the
circulator that such transceivers generally leverage to be able to transmit and
receive information with the same antenna. d–f Schematic representation

describing the spectral characteristics of interrogation and backscattered signals
for linear RF passive tags, harmonic tags and quasi-harmonic tags (qHTs).
g Dependance of qHTs’ comb line spacing Δf on their received power level Pr .
hDependenceof Pr on the distanced of a qHT. i Flowchart illustrating the required
steps to read-out d from Δf . j A typical application scenario for qHTs, wherein the
position of a qHT onboard of a drone is resolved by extracting the Δf values
producedby theqHTafter interrogating it sequentiallywith three separate beacons
located at three known positions. The extraction of the drone distance from each
beacon allows the localization of the drone with high accuracy, even in GPS-denied
settings.

Article https://doi.org/10.1038/s41467-024-46940-2

Nature Communications |         (2024) 15:2844 3



coupled to the signalmodewith electromechanical coupling rateG51,52.
The pumpmode a2, is driven by amicrowave pump signal atωp, which
indirectly excites the signal mode a1 through parametric down-
conversion (Fig. 2b-left). This interaction ismade possible by a second-
order nonlinearity χ 2ð Þ� �

, leading to ω2 = 2ω1, where ω1 and ω2 denote
the natural resonant angular frequencies of a1 and a2, respectively

53.
Since the loss rate of a2 is larger than the one of a1, we adiabatically
eliminate the pump mode a2 from the equations of motion, reducing
them to a single equation for the nonlinear interaction (see detailed
analysis in Supplementary Section I). The mechanical mode, with
resonant frequency close to the frequency of a1 ωb ≈ω1

� �
, is linearly

coupled to a1 as shown in (Fig. 2b-right). Hence, we can rewrite the
equations of motion as shown in Fig. 2c:

_a1 = � κ1
2 + iΔa

� �
a1 � iGb� r1 a1

�� ��2a1 � ir2a
*
1,

_b= � Γ
2 + iΔb

� �
b� iGa1,

ð1Þ

where r1 is the gain saturation coefficient and r2 is the small-signal gain
due to parametric amplification. Additionally, the detuning coeffi-
cients are given by Δa =ω1 � ωp=2 and Δb =ωb � ωp=2, while κ1 and Γ
are the loss rates of a1 and b; hence, the mechanical quality factor is
Q � ωb=Γ. We can simplify Eq. (1), combining them into a single
equation by integrating the coupling term:

_a1 = � κ1
2

+ iΔa

� �
a1 � r1 a1

�� ��2a1 � ir2a
*
1 + F tð Þ, ð2Þ

where F tð Þ � �G2R t
0dτf τð Þa1 t � τð Þ represents the external stimuli

applied toa1, and f τð Þ � e�
Γ
2 + iΔbð Þτ is the linear response function of the

mechanical mode43. The stimuli F tð Þ plays a crucial role in the

generation of frequency combs, with comb generation contingent
upon the strength of the coupling rate G as discussed below.

In theweak electromechanical coupling rate regime G≪ Γ=2
� �

, the

last term in Eq. (2) simplifies to F tð Þ≈ � G2

Γ=2 + iΔB
a1 tð Þ. Thus, Eq. (2) is

characterized by an effective loss �κ1 = κ1 +
G2

Γ=2ð Þ2 +Δ2
b

Γ and an effective

detuning �4a =Δa � G2

Γ=2ð Þ2 +Δ2
b

Δb. Linear stability theory can be utilized

to further analyze Eq. (2) by using the perturbative series a1 tð Þ !
α+δa1 tð Þ to derive the pole of the system (see Supplementary Sec-

tion II). For large pump power levels, i.e., r21 αj j4 + r2>�4a
2, the real part

of the pole is Re s½ �= � �κ1
2 � 2r1 αj j2 ±

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r21 αj j4 + r2
� �2 � �4a

2
q

while the

imaginary part is zero. Consequently, a single-frequency oscillation is
observed atωp=2, as shown in Fig. 2(d-left). The synchronization of the
signal mode a1 at half frequency of the pump results from the typical
response of degenerate parametric systems, which do not exhibit
multiple oscillations at frequencies uncorrelated from their pump
frequency50. Thus, frequency combs cannot be generated by our sys-
tem for G≪ Γ=2.

On the other hand, when the system is operated in the strong
coupling regime G> Γ=2

� �
, the investigation of its stability requires

applying the Laplace transform to Eq. (2) after its linearization. This
allows to verify that frequency combs are generated at Re s½ �=0, with a

maximum comb spacing Δfmax = 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G2 � Γ=2

� �2
q

obtained when the

pump reaches the threshold for comb generation (i.e., when Pr =Pth).
Such combs cannot be observed in the weak coupling regime. Fig-
ure 2d illustrates the numerically evaluated spectrum of a1 at Re ½s�=0
where the comb starts emerging, and the analytically calculated
maximum spacing is remarkably close to the corresponding

Fig. 2 | Analytical toy model of the qHT. a Schematic of the analytical model we
developed to identify the origin of the frequency combgeneration in qHTs. The toy
model consists of triply resonant modes, with two electrical modes (a1 and a2)
coupled by nonlinearity via the chi-2 process, and the signal mode a1 coupled to a
mechanical mode b. The impinging pump is resonant at the pump mode a2.
b Energy levels for the chi-2 process, where the signal mode a1 is indirectly excited
by thepumpvia theparametric downconversionω2 = 2ω1, and the frequencyof the

bmode is close to the frequency of the a1 mode ωb ≈ω1

� �
. These relationships are

visually illustrated on the right in the frequency distribution. c Schematic of the
‘simplified model’ used in our analytical treatment, where the a1 and b modes are

‘linearly’ coupled via the electromechanical coupling rate G. The a1 mode under-

goes additional nonlinearities, including the gain saturation r1
� �

and small-signal

gain r2
� �

terms due to the parametric process. d Frequency spectrum for the weak

(left) and strong coupling (right) regimes at Re s½ �=0 obtained from our numerical
analysis. Frequency-combs are only observed when the coupling is larger than the
mechanical loss rate Γ , and the comb spacing right after the comb emerges is given

by Δfmax = 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðG2 � ðΓ=2Þ2Þ

q
, which matches well with the maximum comb spacing

from our numerical analysis.
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numerically extracted value. By increasing the small signal gain r2, the
pole can be further pushed above the real axis, causing the comb
spacing to decrease and progressively driving the system into a syn-
chronized period-doubling regime. In other words, the synchroniza-
tion is frustrated for a wide range of r2 under the strong coupling
regime54,55 (See detailed discussion in Supplementary Material Sec-
tion II). In this range, frequency combs are observed and the comb-line
spacing is a monotonic function of r2, which is the key feature to
produce ranging measurements without ambiguities. More details on
our analytical model are provided in Supplementary Section II.

Experimental results
To showcase the functionalities of qHTs, we have developed a proto-
type based on off-the-shelf components assembled onto a printed
circuit board (see Fig. 3a). This qHT consists of an input mesh and an
output mesh, each containing a set of lumped electronic components
and one antenna. The two meshes share a solid-state varactor and an
inductor L3

� �
, forming a two-port degenerate parametric circuit for

subharmonic generation. The input mesh has an LC-notch filter with a
resonant frequency ω1=2π= 1=

ffiffiffiffiffiffiffiffiffiffi
L1C1

p
≈418MHz, which is approxi-

mately half of the resonant frequency of the LC notch filter placed in
the output mesh (ω2=2π= 1=

ffiffiffiffiffiffiffiffiffiffiffi
L1 C1

p
≈836MHz). The presence of these

two LC-filters ensures that the interrogation signal (i.e., the “pump”),
with angular frequency equal toω2, is fully confined in the inputmesh,
while its parametrically generated output signal, at or around ω1, is
constrained in the output mesh. In addition, a lumped impedance
transformation stage, consisting of an inductor Lout

� �
and a capacitor

Cout

� �
, is included in the qHT’s output mesh to reduce the impact of

the antenna loading on the lowest achievable Pth value.
As described in the previous section, the generation of frequency

combs in qHTs is enabled by the introduction of a high-Q piezoelectric
microacoustic resonator, with a natural resonant frequency ωb, cou-
pled to the a1-mode through the electromechanical coupling rate
(G=

ffiffiffi
2

p
k2
tωb, where k2

t is the electromechanical coupling
coefficient56,57, see Supplementary Material Section III). In this regard,
themicroacoustic resonatormust be coupled to the a1 mode strongly,
which requires that its k2

t is larger than 1ffiffi
2

p
Q
. In order to address this

requirement and enable frequency comb generation in our qHT, we
employ a Surface Acoustic Wave (SAW) resonator in the qHT’s output
mesh. Such a SAW device has its resonant frequency at ωb=2π≈418
MHz and a k2

t ð∼ 10�3Þ larger than the inverse of its quality factor (104).
Such Q and k2

t values permit to enter the strong coupling regime
required for comb generation, as further discussed in Supplementary
Section II. It is worth mentioning that using a high-Q resonator is
essential for the generation of frequency combs in our system. In fact,
as verified through simulations (see Supplementary Material Sec-
tion III.E), it is impossible to generate a frequency comb inour system if
the quality factor is lower than ~60 or the resonator’s equivalent
inductance is in the µH-range or lower (which is the case for any
available inductors with self-resonance higher than 900MHz). More
details on the design procedure, on the component selection criteria
and on the operation of the qHT are provided in Supplementary Sec-
tions II and III.

To characterize the electrical response of the qHT, we first per-
formed a wired experiment where we directly connected the input and
output ports of thedevice to a signal generator and a spectrumanalyzer
respectively (see Supplementary Section III). We set the operating
interrogation frequency for frequency comb generation to 836MHz,
which is approximately twice the resonant frequency of the resonator.
Afterwards, we identified Pth (-13 dBm) by gradually increasing Pr .
Extracting this value is crucial as Pth directly relates to the read-range of
the qHT, i.e., the maximum allowed distance of the qHT from its wire-
less transmitter. Then, we studied the dependance of the measured Δf
values on Pr , which is the key feature allowing to wirelessly and reliably
extrapolate the distance of the qHT from a wireless interrogating node.
To this end,we analyzed themeasured output spectrum for different Pr

values (Fig. 3b, c), followedby the extractionofΔf for the same rangeof
Pr values (Fig. 3d). Consistently with our theoretical analysis, we found
Δf to vary monotonically with Pr , which is a necessary condition to
avoid ambiguities when correlating an extracted Δf value to only one
specific Pr value and, consequently, to only one d value. We also
detected the presence of a subcritical bifurcation58 for Pr≈� 8:5 dBm.
This bifurcation is attributed to higher order nonlinearities in the var-
actor’s capacitance vs. voltage characteristic, which are significantwhen
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Fig. 3 |Measuredandanalytical results of theqHT.aCircuit schematic of the qHT
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generated by the built qHT for different input power levels. The inductors L1,L2,L3
and Lout were selected to have inductances equal to 61 nH, 63 nH, 36nH and 3.6 nH,
respectively. The capacitors C1,C2,C3 and Cout were selected to have capacitances
equal to 2.3 pF, 0.6 pF, 2.3 pF and 103pF, respectively.
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the varactor exhibits a voltage across its terminal approaching its built-
in potential ðVbjÞ, as it occurs in this case. Further discussion regarding
this subcritical bifurcation is provided in Supplementary Section III. It is
worth emphasizing that themeasuredoutput spectrumof thebuilt qHT
closely matches what expected based on our analytical model, as illu-
strated in Fig. 3b–d.

After building theΔf � Pr mapping plot (see Fig. 3d), we validated
our proposed readout technique as sketched in Fig. 1f. We performed
an experiment with the built qHT placed onboard of a drone flying in a
hall of the Interdisciplinary Science and Engineering Complex (ISEC) at
Northeastern University (see Fig. 4a). A signal generator was con-
nected to a directional Yagi antenna (A1) to generate a CW
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Fig. 4 |Measured results of theqHTwhen localizing a drone. a Schematic viewof
the experimental setup we used to assess the azimuthal distance of a drone at
different distances from our interrogation node. The qHT is mounted on top of the
drone and a signal generator connected to a power amplifier is used to remotely
interrogate the qHT. The qHT respondswith a frequency comb that is received by a
spectrum analyzer. Measured frequencies for the strongest tones of the generated
frequency comb vs. the corresponding extracted Pr values when the distance is

spanned by the drone while flying (b) or when the drone is manually moved (d).
c, e The extracted drone’s distance from the interrogating node vs. the distance
measured with the ruler. The extracted distance is found by: (i) extracting Δf ; (ii)
using the extracted Δf value to find Pr ; (iii) using the found Pr value and the Friis
space propagation model to determine d. The reported values of d have been
extracted from Δf for both the case in which the drone is flying (c) and the case in
which it is manually moved (e).
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interrogation signal at ωp. Also, we relied on a spectrum analyzer
connected to an off-the-shelf dipole antenna to wirelessly receive a
portion of the backscattered signal generated by the qHT while
remotelymoving thedrone along the directionofmaximumgain of A1.
A detailed description of the measurement setup is given in Supple-
mentarySection III, togetherwith a videoof theperformedexperiment
in Supplementary Video 1. During this experiment, we collected the
receivedΔf value formultiple pointswithin the qHT’s read-rangewhile
simultaneously measuring the actual distance by using a ruler. From
these Δf values, we extracted the corresponding Pr values based on
the Δf � Pr mapping plot discussed in Fig. 3d, as shown in Fig. 4b.
Finally, we evaluated the distance of the drone for each investigated
position directly from the corresponding extracted Pr value by lever-
aging the Friis transmission equation. All the extracted d values are
compared with thosemeasuredwith the ruler in Fig. 4c.We found that
the error between the actual measured distances and the distances
extracted through the collected Δf values does not exceed ± 57 cm
across a broad range of distances up to 13 meters. Interestingly, the
maximum error measured at the farthest distance was found to be ±
cm, which is less than the maximum error found across the entire
measurement range. It is worth noting that the accuracy of our mea-
surements has been degraded by the inherently unstable nature of the
drone while hovering. To better assess the intrinsic accuracy of the
qHT, we performed an additional ranging experiment wherein the
drone was manually moved. In particular, we utilized the same setup
used in the previous experiment, and wemeasured the distance of the
drone after moving it manually to several stationary positions away
from A1. We rebuilt the Δf � Pr mapping plot extracted from the
previous experiment in Fig. 4b, as shown in Fig. 4d. Because of the
absence of the drone’s hovering fluctuations, we were able to obtain a
better accuracy, with a ranging error lower than ±16 cm across the
same 13 meters operational range [see Fig. 4d, e]. Such measured
accuracy is better than what achievable when relying on state-of-the-
art passive tags21,59–61 for measuring the distance of assets deployed >4
meters away from an interrogating node in an uncontrolled electro-
magnetic setting. Moreover, the qHT introduced in this work shows
the lowest relative error among the passive tags demonstrated for far-
field ranging (see Supplementary Table 3), equal to the ratio of the
maximum error value to the maximum range value. The relative error
demonstrated in this work is even lower thanwhat previously achieved
using state-of-the-art passive tags in an anechoic chamber. Also, our
qHT just requires a single-tone interrogation signal. As a result, the
demonstrated qHT allows employing readers equipped with narrow-
band low-power transceivers for the interrogation, and enables an
accurate extraction of ranging information without running intense
signal processing operations. Furthermore, being able to extract ran-
ging information by only using a single-tone interrogation signal,
makes it possible to envision the interrogation of future qHTs through
existing communication signals, a technique often referred to as
“integrated communication and sensing”62 that has becoming more
and more popular in the last few years.

Discussion
In this article, we have introduced quasi-Harmonic tags (qHTs), and we
demonstrated their application for ranging measurements of a UV
operating in a rich-multipath environment. Our demonstration
encompasses both theoretical analysis and experimental validation,
revealing a distinctive property: the comb-line spacing of qHTs exhi-
bits an inverse relationship with the received input power level. This
feature offers a valuable opportunity to achieve ranging capabilities
with accuracy surpassing existing RF passive tags. In fact, by encoding
the ranging information into the comb line spacing, and not into the
amplitudeorphaseof the backscattered signals like in conventionalRF
passive tags, qHTs avoid ranging inaccuracies caused by multipath
affecting their backscattered signal. Our experiments illustrate that it

is possible to measure the distance of a qHT located up to 13 meters
away from a CW transmitter, in an uncontrolled electromagnetic
environment, with an accuracy not exceeding ±16 cm. In the future, by
recurring to a single-antenna circuit architecture63 and to a micro-
acoustic resonator exhibiting lower losses than the SAWdevice used in
this work, we expect to be able to significantly extend the maximum
achievableoperational range beyond 13meters. The ability to generate
frequency combs inRF systemsnotonlyprovides newways tomitigate
multipath distortion in wireless sensing systems relying on passive
tags, but also opens exciting opportunities for leveragingRF frequency
combs in next-generation timing, computing, and sensing systems.

Methods
Design and fabrication
We followed the design procedure we reported in50 for designing
parametric frequency divider circuits with the lowest possible power
threshold Pth. With the proper optimization of the circuit around the
frequency of operation of the pump signal at 836MHz, the optimal
values of inductors L1,L2,L3 and Lout are found to be equal to 61 nH, 63
nH, 36 nH and 3.6 nH, respectively. Meanwhile, the optimal values for
the capacitance of the capacitors C1,C2,C3 and Cout are found to be
equal to 2.3 pF, 0.6 pF, 2.3 pF and 103 pF, respectively.

We built the circuit on a printed circuit board (PCB) with a stan-
dard FR-4 substrate relying on off-the-shelf lumped components. The
employed varactor diode used in our circuit is a skyworks diode with
model number SMV1405, while the SAW resonator is a commercial
Abracon resonator with resonance frequency of 418MHz and model
number ASR418S2. We connected commercial off-the-shelf antennas
at the input and output of the circuit with model numbers
AEACAC054010-S915 and 712-ANT-433-CW-QW, respectively.

Comb measurements
In order to characterize the change of the generated frequency comb
with respect to the change in the input power level reported in Fig. 3d,
we connected a signal generator Tektronix TSG 4104A to the input of
our qHT to feed it with a CW signal at frequency 836.1MHz while we
monitored the output spectrum through connecting the output of the
qHT to a signal analyzer Keysight N9010A EXA. We programmatically
swept the signal generator power level and recorded the corre-
sponding generated frequency comb at every single power level to
generate the plot reported in Fig. 3d. For the drone experimental
setup, we replaced all the cables with the antennas, and we connected
a Yagi-Uda antenna to the signal generator and power amplifier ZHL-
1000-3W+ . The power level of the signal generator was fixed and
mounted the qHT on the top of a drone and we manually swept the
flying drone position away from the interrogating antenna while
simultaneously recording the backscattered frequency combresponse
at every single position point.

Data availability
All the data supporting the findings of this study are available within
the main text and the Supplementary Information. The source data
used in generating the measured results in Fig. 3 is provided in the
Source Data file. All other data that support the findings of this study
are available from the corresponding author upon request. Source
data are provided with this paper.

References
1. Candiago, S., Remondino, F., DeGiglio,M., Dubbini,M. &Gattelli,M.

Evaluating multispectral images and vegetation indices for preci-
sion farming applications from UAV images. Remote Sens-Basel 7,
4026–4047 (2015).

2. Ezequiel, C. A. F. et al. UAV aerial imaging applications for post-
disaster assessment, environmental management and infra-
structure development, 2014 International Conference on

Article https://doi.org/10.1038/s41467-024-46940-2

Nature Communications |         (2024) 15:2844 7



Unmanned Aircraft Systems (ICUAS), 274–283 (IEEE, Orlando, FL,
USA, 2014) https://doi.org/10.1109/ICUAS.2014.6842266.

3. Orgeira-Crespo P., Ulloa C., Rey-Gonzalez G. & Garcia, J. A. P.
Methodology for indoor positioning and landing of an unmanned
aerial vehicle in a smart manufacturing plant for light part delivery.
Electronics-Switz 9, 1680 (2020).

4. La Scalea, R. et al. Opportunities for autonomous UAV in harsh
environments, 2019 16th International Symposium on Wireless
Communication Systems (ISWCS), 227–232 (IEEE, Oulu, Finland,
2019) https://doi.org/10.1109/ISWCS.2019.8877114.

5. Pahlavan, K., Li, X. R. &Makela, J. P. Indoor geolocation science and
technology. IEEE Commun. Mag. 40, 112–118 (2002).

6. Xiao, J., Zhou, Z. M., Yi, Y. W. & Ni, L. M. A survey on wireless indoor
localization from the device perspective, ACM Comput. Surv. 49,
1–31 (2016).

7. Chu, J. Introduction to GPS: The global positioning system. IEEE
Micro. Mag. 21, 88–89 (2020).

8. Chen, X., Vizzo, I., Labe, T., Behley, J. & Stachniss, C. Range Image-
based LiDAR localization for autonomous vehicles, 2021 IEEE
International Conference on Robotics and Automation (ICRA),
5802–5808 (IEEE, Xi’an, China, 2021) https://doi.org/10.1109/
ICRA48506.2021.9561335.

9. Carotenuto, R., Merenda, M., Iero, D. & Della Corte, F. G. Ranging
RFID tags with ultrasound. IEEE Sens J. 18, 2967–2975 (2018).

10. Sorrentino, R. et al. Accurate FMCW radar-based indoor localization
system, 2012 IEEE International Conference on Rfid-Technologies
and Applications (Rfid-Ta), (2012).

11. Stojkoska B. R., Palikrushev J., Trivodaliev K. & Kalajdziski S. Indoor
localization of unmanned aerial vehicles based on RSSI, 17th IEEE
InternationalConferenceonSmart Technologies - IEEEEurocon2017
Conference Proceedings, pp. 120-125, (2017).

12. Domdouzis, K., Kumar, B. & Anumba, C. Radio-frequency identifi-
cation (RFID) applications: A brief introduction. Adv. Eng. Inf. 21,
350–355 (2007).

13. Hui, X. N. &Kan, E.C. Radio rangingwith ultrahigh resolutionusing a
harmonic radio-frequency identification system. Nat. Electron 2,
125–131 (2019).

14. Zhang, J. et al. Robust RFID based 6-DoF localization for unmanned
aerial vehicles. IEEE Access 7, 77348–77361 (2019).

15. Zhang, J., Lyu, Y. B., Patton, J., Periaswamy, S. C. G. & Roppel, T.
BFVP: A probabilistic UHF RFID tag localization algorithm using
bayesian filter and a variable power RFIDmodel. IEEE T Ind. Electron
65, 8250–8259 (2018).

16. Bu, Y. L. et al. 3-dimensional reconstruction on tagged packages via
RFID systems, IEEE Int Conf Sens, pp. 55-63, (2017).

17. Barsocchi, P., Lenzi, S., Chessa, S., & Giunta, G. A novel approach to
indoor RSSI localization by automatic calibration of the wireless
propagation model, Veh Technol Confe, pp. 644-+, (2009).

18. Hekimian-Williams, C., Grant, B., Xiuwen, L., Zhenghao, Z., & Kumar,
P. Accurate localization of RFID tags using phase difference, in 2010
IEEE International Conference on RFID (IEEE RFID 2010), 14-16, pp.
89-96 (2010).

19. Copa, E. I. P. et al. Radar fusion for multipath mitigation in indoor
environments, IEEE Rad Conf, (2020).

20. Martinelli, F. Robot localization using the phase of passiveUHF-RFID
signals under uncertain tag coordinates. J. Intell. Robot Syst. 82,
577–593 (2016).

21. Dardari, D. Detection andaccurate localizationof harmonic chipless
tags, Eurasip. J. Adv. Sig. Pr., (2015).

22. Pahlavan, P., Aslam, S. Z., & Ebrahimi, N. A novel dual-band and
bidirectional nonlinear RFID transponder circuitry, 2022 IEEE/Mtt-S
International Microwave Symposium (Ims 2022), pp. 44-47, (2022).

23. Mondal, S., Kumar, D. & Chahal, P. Recent advances and applica-
tions of passive harmonic RFID systems: A review. Micromachines-
Basel 12, 420 (2021).

24. Ma, Y. F. & Kan, E. C. Accurate indoor ranging by broadband har-
monic generation in passive NLTL backscatter tags. IEEE T Micro.
Theory 62, 1249–1261 (2014).

25. Holzwarth, R. et al. Optical frequency synthesizer for precision
spectroscopy. Phys. Rev. Lett. 85, 2264–2267 (2000).

26. Del’Haye, P. et al. Optical frequency comb generation from a
monolithic microresonator. Nature 450, 1214–1217 (2007).

27. Savchenkov, A. A. et al. Tunable optical frequency comb with a
crystalline whispering gallery mode resonator. Phys. Rev. Lett. 101,
093902 (2008).

28. Zhang, M. et al. Broadband electro-optic frequency comb genera-
tion in a lithium niobate microring resonator. Nature 568,
373–377 (2019).

29. Rueda, A., Sedlmeir, F., Kumari, M., Leuchs, G. & Schwefel, H. G. L.
Resonant electro-optic frequency comb. Nature 568,
378–381 (2019).

30. Gaeta, A. L., Lipson, M. & Kippenberg, T. J. Photonic-chip-based
frequency combs. Nat. Photonics 13, 158–169 (2019).

31. Udem, T., Holzwarth, R. & Hänsch, T. W. Optical frequency
metrology. Nature 416, 233–237 (2002).

32. Picqué, N. & Hänsch, T. W. Frequency comb spectroscopy. Nat.
Photonics 13, 146–157 (2019).

33. Coddington, I., Swann, W. C., Nenadovic, L. & Newbury, N. R. Rapid
and precise absolute distance measurements at long range. Nat.
Photonics 3, 351–356 (2009).

34. Trocha, P. et al. Ultrafast optical ranging using microresonator
soliton frequency combs. Science 359, 887–891 (2018).

35. Zhang, J. et al. Optomechanical dissipative solitons. Nature 600,
75–80 (2021).

36. Cao, L. S., Qi, D. X., Peng, R. W., Wang, M. & Schmelcher, P. Pho-
nonic frequency combs through nonlinear resonances. Phys. Rev.
Lett. 112, 075505 (2014).

37. Ganesan, A., Do, C. & Seshia, A. Phononc frequency comb via
intrinsic three-wave mixing. Phys. Rev. Lett. 118, 033903
(2017).

38. Mahboob, I., Wilmart, Q., Nishiguchi, K., Fujiwara, A. & Yamaguchi,
H. Tuneable electromechanical comb generation. Appl Phys. Lett.
100, 113109 (2012).

39. Czaplewski, D. A. et al. Bifurcationgeneratedmechanical frequency
comb. Phys. Rev. Lett. 121, 244302 (2018).

40. Dykman, M. I., Rastelli, G., Roukes, M. L. & Weig, E. M. Resonantly
induced friction and frequency combs in driven nanomechanical
systems. Phys. Rev. Lett. 122, 254301 (2019).

41. Ochs, J. S. et al. Frequency comb from a single driven nonlinear
nanomechanical mode. Phys. Rev. X 12, 041019 (2022).

42. Shin, J. et al. On-chip microwavefrequency combs in a super-
conducting nanoelectromechanical device. Nano Lett. 22,
5459–5465 (2022).

43. Khan, S. & Türeci, H. E. Frequency combs in a lumped-element
Josephson-Junction circuit. Phys. Rev. Lett. 120, 153601 (2018).

44. Lu, P. et al. Nearly quantum-limited Josephson-junction frequency-
comb synthesizer. Phys. Rev. Appl. 15, 044031 (2021).

45. Cassella, C. & Piazza, G. AlN two-dimensional-mode resonators for
ultra-high frequency applications. IEEE Electr. Device L 36,
1192–1194 (2015).

46. Gokhale, V. J. et al. Epitaxial bulk acousticwave resonators as highly
coherent multi-phonon sources for quantum acoustodynamics.
Nat. Commun. 11, 2314 (2020).

47. Gokhale, V. J. & Gorman, J. J. Approaching the intrinsic quality
factor limit for micromechanical bulk acoustic resonators using
phononic crystal tethers. Appl. Phys. Lett. 111, 013501
(2017).

48. Zheng, X. Q. et al. High quality factors in superlattice ferroelectric
Hf0.5Zr0.5O2 nanoelectromechanical resonators. ACS Appl Mater.
Inter 14, 36807–36814 (2022).

Article https://doi.org/10.1038/s41467-024-46940-2

Nature Communications |         (2024) 15:2844 8

https://doi.org/10.1109/ICUAS.2014.6842266
https://doi.org/10.1109/ISWCS.2019.8877114
https://doi.org/10.1109/ICRA48506.2021.9561335
https://doi.org/10.1109/ICRA48506.2021.9561335


49. Shaw, J. A. Radiometry and the Friis transmission equation. Am. J.
Phys. 81, 33–37 (2013).

50. Hussein, H. M. E. et al. Systematic synthesis and design of ultralow
threshold 2:1 parametric frequency dividers. IEEE T Micro. Theory
68, 3497–3509 (2020).

51. Hashimoto, K.-y. RF Bulk acoustic wave filters for communications
(ArtechHousemicrowave library). Norwood,Mass.; London: (Artech
House, 2009), pp. xii, 275.

52. Aspelmeyer, M., Kippenberg, T. J. & Marquardt, F. Cavity opto-
mechanics. Rev. Mod. Phys. 86, 1391–1452 (2014).

53. Boyd, R. W. Nonlinear optics. Academic Press, (2020).
54. Pikovsky, A., Rosenblum,M. &Kurths, J.Synchronization: a universal

concept in nonlinear sciences (The Cambridge nonlinear science
series, no. 12). Cambridge: (Cambridge University Press, 2001), pp.
xix, 411 p.

55. Strogatz, S. H. Nonlinear dynamics and chaos: with applications to
physics, biology, chemistry, and engineering, Second edition. ed.
Boulder, CO: Westview Press, a member of the Perseus Books
Group, pp. xiii, 513 2015

56. Chen, Q. M. & Wang, Q. M. The effective electromechanical cou-
pling coefficient of piezoelectric thin-film resonators. Appl. Phys.
Lett. 86, 022904 (2005).

57. Cassella, C. & Segovia-Fernandez, J. High k(t)(2) exceeding 6.4%
through metal frames in aluminum nitride 2-D mode resonators.
IEEE T Ultrason Ferr. 66, 958–964 (2019).
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