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Figure 1: An overview of MilliSign, a passive sign-to-UAV communication system based on spatial coding-chipless
RFID technology and off-the-shelf mmWave radars. (a) Application scenarios of MilliSign. (b) Slant range readout
procedure from the UAV. (¢c) mmWave radar mounted on the UAV. (d) Our developed tag encoding “11000101””

ABSTRACT of more than 30° in elevation and azimuth. Moreover, its
performance remains stable in poor visibility conditions and

This paper presents MilliSign, a guidance system based on
multipath-rich environments.

a batteryless tag to support unmanned aerial vehicles in
all-weather conditions. Conventional batteryless guidance
systems using visual signs fail to work in inclement weather CCS CONCEPTS

due to poor visibility. The need for all-weather operation « Hardware — Sensor applications and deployments.
with long-range readability encourages the use of millimeter

wave (mmWave) radar, which poses challenges in providing KEYWORDS

a wide 3-D read range and low-cost operation. To address Chipless RFID, Millimeter wave radar, UAV

these challenges, we introduce a corner reflector (CR) array-
based chipless RFID tag and a one-shot slant range reading
procedure with COTS mmWave radar. We establish a novel
design method for the shape and alignment of CR units to
decrease the tag’s size and expand the 3-D read range. Addi-
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demonstrates that the tag, measuring 292 mm X 600 mm X
19 mm and storing 8 bits, can be read by mmWave radar
from a distance of more than 10 m with a viewing angle 1 INTRODUCTION

Unmanned aerial vehicles (UAVs) can perform complex tasks
in hard-to-reach places, making them a promising technol-
BY ogy to serve as a future infrastructure by automating various
This work is licensed under a Creative Commons Attribution International outdoor tasks in fields such as logistics [42], environmental
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RTK [17]. For instance, UAVs must be able to recognize the
type of cargo they are carrying and carefully deliver fragile
items to trucks, or autonomously land on the deck of a ship
once their atmospheric observation task over the ocean is
complete. Such functions basically rely on cameras to read
conventional visual tags such as barcodes and alcomarkers,
which guide UAVs with supportive information embedded.
However, relying on cameras directly creates problems in
inclement weather (e.g., heavy rain) or at nighttime due to
poor visibility. In practice, UAVs flying in such conditions
are strictly limited by law due to the risk of incorrect flight
control [34]. Therefore, guidance tags that can be read even
in poor visibility conditions would enable UAVs to perform
advanced missions under all-day and all-weather conditions
in order to fully realize their potential as infrastructure.

The need for all-weather operation encourages the use
of mmWave radars as reader devices, as automobiles have
equipped them for recognizing vehicular spacing with all-
weather tolerance. When designing tags to support UAV
missions in locations with a high cost of access, such as ur-
ban high-altitude buildings and marine and mountainous
regions, the tags must be batteryless to reduce maintenance
cost. For vehicles on the ground, batteryless tags based on
mmWave radars have performed roadside-to-vehicle com-
munication [33]. These tags, which use 2-D retroreflectors
called Van Atta array antennas and spatial chipless RFID
techniques, can be read out as a bit sequence by a passing
radar using synthetic aperture radar (SAR). However, these
techniques cannot be applied to UAVs, which have a 3-D
operating range and short operation time due to strictly lim-
ited battery capacity. Specifically, tags consisting of a Van
Atta array antenna do not have a wide 3-D read range prop-
erty, and SAR cannot achieve high-resolution readout and
localization by a one-shot measurement.

This paper presents MilliSign, a passive sign-to-UAV com-
munication system that (i) operates in all-weather conditions,
(ii) works with batteryless tags, (iii) offers a wide 3-D read
range, and (iv) achieves localization with a one-shot readout.
As shown in Figure 1, our system employs CR array-based
chipless RFID tags to achieve a wide 3-D read range. It also
uses slant range reading methodology to enable one-shot
readout and localization with COTS mmWave frequency-
modulated continuous-wave (FMCW) radar. While numer-
ous research efforts have been conducted in the domain of
UAV navigation, none have achieved all these requirements
simultaneously. Our approach includes significant inven-
tions in tag design and radar signal processing, resulting in a
compact tag size, scalable read range, and robust readout per-
formance for varying UAV positions and in multipath-rich
environments. This work makes two technical contributions:
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Corner Reflector Array-Based Chipless RFID: The
first invention establishes a new design method for a com-
pact corner reflector-based spatial domain chipless RFID that
provides a wide 3-D read range. Compared to previous meth-
ods using the Van Atta array antenna, the corner reflector
has a larger unit structure, making the entire tag too large
to create a bit array. Furthermore, ordinary corner reflectors
have fixed angular characteristics, which limit the range of
readings from the air. To address these issues, we developed
a tag design method with the shape and alignment of CR unit
that makes the overall tag size compact while enabling the
design of the readable range in terms of distance and angle.
This has resulted in a tag measuring 300 mm X 600 mm X
19 mm and storing 8 bits that can be read by COTS mmWave
radar from a distance of more than 10 m with a viewing
angle of more than 30° in elevation and azimuth.

Root-MUSIC-based Automatic Tag Detection: The
second invention is a signal-processing method for the auto-
matic detection and reading of our tags in a real environment
with high accuracy, using the Root-MUSIC method and DB-
SCAN. Conventional FFT-based signal processing methods
face limitations in accurately capturing a sequence of reflec-
tors, as their intervals vary with the look angle or mid-air
position, while FFT-based methods have fixed spatial reso-
lution. This often results in readout failures with UAVs that
move around in the air. To overcome this limitation, we devel-
oped a signal processing pipeline based on the Root-MUSIC
method. By calculating corresponding eigenvalues (roots)
over a wide 3-D area, this method can accurately output spa-
tial positions and the received power of reflectors as roots.
Further, taking advantage of the fact that our tag has the
same level of power and spatial proximity in reflection, we
implemented an automatic tag detection using DBSCAN [15]
by clustering the point cloud (roots) based on distances in
4-D space consisting of the power (1-D) and position (3-D).
Our method shows robust detection and readout capability
of the tag, even in multipath-rich environments.

By combining these two developed techniques, we imple-
mented MilliSign and evaluated it through intensive outdoor
experiments. In summary, the contributions of this study are
as follows:

e We design, implement, and evaluate MilliSign, a bat-
teryless and all-weather guidance system for UAVs that
offers a wide 3-D read range and one-shot readability.

e We establish a design method for a compact corner
reflector-based spatial domain chipless RFID, which
enables a wide 3-D readable area in terms of distance
and angle.

e We develop a signal processing method that enables
the automatic detection and readout of the tags with
high accuracy in a real environment.
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2 RELATED WORK

Our goal is to realize a UAV guidance system that meets the
following requirements: (i) all-weather tolearance, (ii) bat-
teryless tags, (iii) wide 3-D read range, and (iv) one-shot
localization. To investigate the appropriate approach, we
introduce a variety of related techniques.

Vision-Based Recognition: Optical sensors, such as cam-
eras and LiDARs, have shown significant performance for
UAV perception when combined with neural networks [1].
Simultaneous localization and mapping has received substan-
tial research interest due to its centimeter accuracy [9]. Pas-
sive visible light communication was also investigated [50].
However, optical sensor recognition is sensitive to weather
conditions due to the small wavelength (about 1 ym or less)
of optical rays.

Sonar: Sonar sensors have strong permeability and are
widely used for measuring surroundings, such as for collision
detection [43] and fish finding [30]. However, the detection
range of small ultrasonic sensors for UAVs is limited to about
1 m due to the low power of the speakers [35].

RFID: RFID technology is widely used in logistics and
retail industries for inventory management. It can be read
at up to 5 m using microwave interrogation and can en-
code over 1 kilobyte of information [49]. Thanks to intensive
research and development, there are now many methods
in the literature for localizing RFID tags using the princi-
ple of triangulation [18, 39]. However, quick localization
for UAVs is challenging due to the need for multiple read-
outs for triangulation. Additionally, received signal strength
indication-based range detection is typically inaccurate [31].
Furthermore, the antennas of RFID readers need to be large
because the wavelength of the UHF band is 30 cm, and equip-
ping such antennas on UAVs would constrain the payload.

Chipless RFID: Chipless RFID is a kind of bar code read
by electromagnetic wave interrogation [5, 19, 28]. Tags en-
coded with electromagnetic characteristics are interrogated
and interpreted by the reader as a bits pattern with dif-
ferent electromagnetic emissions. Three types of modula-
tion schemes are commonly used: time-domain, frequency-
domain, and spatial-domain. However, most chipless tags in
the time and frequency domains have limited interrogation
zones and operate in UHF bands, leading to larger systems.

Spatial Domain Chipless RFID: Spatial domain chipless
RFID tags have been gaining attention, as improved electro-
magnetic imaging resolution brings high information density.
SAR techniques are commonly used to read out spatial do-
main chipless tags with high resolution [3, 32, 37, 56], but
this requires a series of measurements at different positions.
mmWave-based communication and radar techniques have
also been explored due to their low cost but high resolu-
tion [11, 25, 38, 47, 48, 54]. Side-looking radar in mmWave
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Table 1: Comparison with related work.

. All-weather Batteryless Wide 3-D One-shot
Solution -
tolerance tag read range  localization
Optics [1, 9] v v v
Sonars [35] v v v
RFID [18, 39] v v
Millimetro [41] v v
RoS [33] v v
MilliSign v v v v

was introduced in [2], which showed high-resolution 2-D
radar images in a laboratory environment. The results in-
dicated that slant range reading with mmWave frequency
offers not only enough information density but also a simple
readout procedure. Therefore, we apply slant range read-
ing and enhance its practicability by developing a signal-
processing procedure.

Regarding the tag structure, the design of the scatterer ele-
ment is crucial. The Van Atta array antenna structure, known
for its retro-reflective principle and wide-range readability,
has been widely employed in prior studies, such as those of
RoS [33] and Millimetro [41], to enable a broad read-range
for automobiles. However, the single-plane retro-reflective
attributes of this structure cannot offer a 3-D wide read range,
making it unsuitable for UAVs that operate in 3-D spaces. On
the other hand, CR is a conventional high radar cross-section
(RCS) scatterer with retro-reflective attributes for 3-D inci-
dent waves. While CR-based chipless RFID in the frequency
domain has been proposed [8, 26], there have been no studies
on CR-based chipless RFID with spatial modulation, which
poses technical challenges in terms of its large size and the
design of the 3-D read range.

Table 1 summarizes the work mentioned above with the re-
quirements of the sign-to-UAV communication system. The
absence of a technology that meets all these requirements
motivated our study of MilliSign.

3 SYSTEM OVERVIEW

This section provides a system overview of the slant range
readout process for UAVs. The system configuration and
coordinates are shown in Figure 2. The system consists of
tags installed on the ground and mmWave radars mounted
on UAVs located in the air. The tag is located so that its first
bit is located at the origin, and its bits are arranged along
the x-axis in a negative direction.

3.1 Spatial Coding with Side-Looking Radar

CRs are distributed on a horizontally placed tag and encoded
as a bit sequence. The side-looking radar, commonly used
in satellite radar systems to investigate ground surfaces, can
decode the tag by analyzing the range power profile. This
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Figure 2: System configuration of MilliSign, to read out
a spatial-domain chipless RFID tag with side-looking
radar. The bits “1” or “0” can be decoded by the range
power analysis at the radar position.

readout approach not only provides a simple one-shot read-
out procedure but also offers advantages over SAR-based
readouts. Specifically, side-looking radar tends to achieve a
high signal-to-noise ratio (SNR) due to the small backscatter-
ing RCS of outdoor surfaces such as terrain, roads, and the
sea. Specular reflections result in low noise levels and facili-
tate extracting signals from CRs. Additionally, this approach
facilitates installation, as it only requires the use of small,
lightweight, and COTS mmWave radar sensors on UAVs.

A bit sequence can be encoded into a tag by CRs’ arrange-
ment pattern, designed as a black line alignment of bar codes.
Since the readout accuracy and bit error rate are highly de-
pendent on the SNR in chipless RFID [7], achieving a large
difference in reflected power between bits “1” and “0” is cru-
cial. To this end, a flat metal plane can serve as bit “0”, since
its backscattering RCS is low due to the principle of specular
reflection. Thus, the bit sequence can be determined by the
order in which the flat planes and CRs are placed.

3.2 Localization with MIMO Radar

COTS mmWave FMCW radar can localize the reflector in
terms of distance, azimuth angle, and elevation angle. The dis-
tance estimation is achieved through the use of chirp waves,
which convert the distance to a reflector into a frequency
in an intermediate frequency (IF) signal. Range frequency
analysis is conventionally performed using FFT, called range
FFT. With MIMO radar, the angle of arrival can be estimated
by analyzing the phase rotation that appears in multiple
receiving antennas. This is achieved using the digital beam-
forming method, which provides an angle resolution of 1/n,
where n is the number of receiving antennas. Taking as an ex-
ample a TI radar device with a carrier frequency f, =79 GHz,
chirp bandwidth B = 4.0 GHz, and two horizontally aligned
transmit antennas and four received antennas, the calculated
distance resolution is 37.5 mm, and the horizontal angle reso-
lution is 14°. While other signal processing techniques, such
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as MUSIC [52], can improve localization accuracy, the spatial
resolution will not be significantly different.

4 PROBLEM STATEMENT

In this section, we present the signal model of reading chip-
less tags with FMCW radar mounted on UAVs leveraging the
coordinate system illustrated in Figure 2. We then discuss
the technical challenges in realizing the practical system.

4.1 Signal Model

4.1.1 Signal Intensity and Maximum Detectable Distance.
The readout performance of a system, including its SNR,
BER, and maximum detectable distance, depends on the sig-
nal strength from reflectors. Hence, modeling the received
power P; from a reflector placed at the origin is crucial in
designing and optimizing the system. We define (0, ¢) as
the backscattering RCS of the reflector, G(0, ¢) as the radar
antenna gain, and ry, 8y, ¢, as the UAV’s location in polar
coordinates. We also assume fixed radar gain G and orien-
tation 6., ¢. in the study, assuming that the tag’s position
is unknown to the UAV and the UAV searches for the sign
while facing the same direction. The received power P, from
one reflector is then formulated as follows [40]:

P2 G(Ou+ 6e pu + de)*0 (6 bu)

(P = 0

Pr(o—; Tus Oy, ¢u) =

where P; is the transmission power and A is the wavelength
of the carrier frequency. The maximum detectable distance
Riax s calculated with minimum detectable power Sy, as
follows [40]:

PA2G (B, + e, bu + )20 (B pa) |
Rmax = .
(47[)35min

)

4.1.2  Readout of Bits from Received Signal. The decoding
of bit sequences involves processing reflected signals from
multiple reflectors. To model the received signal, we define
the number of bits as N, with the bit pattern represented
by b, = {0, 1}, and the distance between reflectors as dj.
Additionally, we consider the backscattering RCS of bits “1”
and “0” as 01(6, ¢) and 0y (6, ¢), respectively. By arranging
the corresponding bit reflectors along the x-axis with equal
intervals, we can approximate the distance from the UAV
to the n-th reflectors as ry + n - dy sin 6, cos ¢, given that
ru 3> dy. Then the received IF signal s(t) is formulated as
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Figure 3: Backscattering RCS pattern of three reflector
types with the same geometry surface area: (a) Van Atta
array antenna, (b) conventional corner reflector, and
(c) corner reflector optimized for slant range reading.
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s() = D e TR (i), )
n=1
foo= 2 sinf,cosg @)
= T R sin 0, cos ¢y,
len| = P (Oby 1y + 11+ dy, Oy, Pu), (5)
o = 2ﬂj(ru+n-dxsm0ucos</’>u)’ ©)
A
uw Pu n=1),
I CICR RN ”
O'O(Qw d’u) (bn = O)’

where f; is the intermediate frequency associated with the
distance to the first-bit reflector, T is the time duration of
the chirp signal, R.s = ¢/2B is the distance resolution with
standard range FFT, B is the chirp bandwidth, and c is the
speed of light. R.s equals 37.5 mm with a 4 GHz bandwidth,
which is a common configuration in 79 GHz mmWave FMCW
radar. Although the angle resolution is not high enough to
distinguish reflectors aligned perpendicular to the direction
of arrival at intervals of several centimeters, as discussed in
Section 3.2, bits can be read out when d is set as the same
extent to Ryes.

4.2 Technical Challenges

4.2.1 Compact Tag Size and Wide Read Range. As we model
the signal readout process with 3-D polar coordinates, the re-
flector element can be evaluated by RCS o(8y, ¢,). While the
Van Atta array has been widely adopted for its retroreflective
structures and high RCS, it provides wide angular character-
istics only for a single plane. In contrast, CR has extremely
high RCS over three dimensions, making it an ideal candidate
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Figure 4: Difficulty in reading out bits with varying
look angles. The obtained range power profile, along
with the slant range, varies with look angle 6,, causing
the deterioration of SNR between bits “0” and “1”

for wider 3-D reading. Figure 3 shows the backscattering RCS
of the three reflector types with the same geometry surface
area, calculated with HFSS, an electromagnetic fields simula-
tor. As shown in Figure 3b, the conventional CR maintains
the high RCS for incident waves with angles of 6, < 30°,
limiting the 3-D read range in slant range reading scenarios.
Furthermore, CRs are not suitable for alignment due to their
3-D geometry, making it difficult to encode bit patterns and
leading to larger tag size.

To address these challenges, we investigate the shape
of the CR unit to achieve compact yet high reflection for
shallower directions. Figure 3¢ shows our optimized CR
unit for slant range reading, maintaining the high RCS for
10° < 6y < 60°. In Section 5, we present a CR array-based
tag design method that enables a wide 3-D read range and
describe the minimum size of CRs required to perform with
retroreflection, reducing the tag size.

4.2.2  Accurate and Robust Readout of Bits. In the context
of UAV communication, accurate decoding is critical to the
system’s performance. However, the conventional signal
processing method of range FFT is limited by its fixed-range
frequency resolution. By applying FFT to the time-domain
beat signal, a power spectrum can be obtained as follows:

N

j27 N frest
Ch - e]  fres ,

s(t) ®)

1

n=
1
ﬁes T (9)
FFT analysis works well when the range frequency resolution
fres in Eq. 9 matches the frequency interval f; in Eq. 4, which
depends on the path difference and the look angles 6y, ¢,.

Thus, varying look angles can cause a mismatch between
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and a bit sequence.

them, resulting in a lower SNR and reduced reading accuracy,
as illustrated in Figure 4.

Therefore, we propose a Root-MUSIC-based signal pro-
cessing method that achieves accurate estimation of both
power and spatial profiles by eigenvalue decomposition. The
Root-MUSIC outperforms other signal processing methods
including compressive sensing [13] and MUSIC [53], which
struggle with estimating either power or spatial profile. De-
tails of the proposed method are described in Section 6.

5 TAG DESIGN

In this section, we present a novel design method for a chip-
less RFID system based on a CR array. The method addresses
the challenge of tag miniaturization while maintaining a
wide 3-D read range in terms of distance and angle.

5.1 Minimizing a Corner Reflector Unit

A trihedral CR, consisting of three vertically connected metal
plates as shown in Figure 5a, exhibits high RCS at a wide
range of angles due to its retroreflective principle. The RCS
o is approximated as follows:

o~ 47IA§H//12 = 4za*/37%, (10)

where a is the side length of a CR, 1 is the wavelength of
the interrogation frequency, and A.g is the effective area
of a CR. However, achieving high RCS is only guaranteed
when a > A. To determine the minimum size required for
a CR to achieve high RCS, we conducted electromagnetic
simulations with A = 3.8 mm corresponding to 79 GHz fre-
quency. Our simulations, as shown in Figure 5b, indicated
that the RCS values started to oscillate as a decreased below
4. This oscillating zone is called the Rayleigh region [40],
in which the incident electromagnetic wave is resonant with
the reflector structure. Otherwise, a large RCS is achieved
by benefiting from retroreflective properties when a > 44,
equivalent to a >15.2 mm in the case of 79 GHz mmWave
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radar interrogation. We concluded that a CR’s side length
should be more than 15.2 mm for optimal performance.

5.2 Varying RCS Angular Characteristics

As shown in Figure 3b, the RCS of the conventional CR is
reduced at 6 angles greater than 30°. To overcome this limita-
tion, we propose modifying the shape of the CRs by varying
each side length, thereby enabling a larger readable angle.
Our investigation into the capability of angular character-
istic modification for 0 revealed that the side length ratio,
defined as s; = as/a; = az/as, (a; = as), determines the RCS
angle characteristics in both the elevation and the azimuth
plane. We defined the operating angle range as the range
of angles within which the RCS decreases to less than 5 dB
from the maximum RCS. Figure 5c shows that the operating
angle range moves to shallower angles as s; increases from
1 to 3. Additionally, Figure 5d demonstrates that the maxi-
mum operational elevation angle 6, and the operational
angle range in the azimuth plane ¢y;q, are trade-offs that
depend on s;. The proposed variable s; offers a design space
for achieving the desired readable angles for various applica-
tions. To design tags that can be read from elevation angles
up to 60°, the size of a tiny CR was determined as a; = a; =
23.0mm and a3 = 69.1 mm.

5.3 Corner Reflector Array Alignment

This subsection provides the design method for CR align-
ment, which controls the encoded bit sequence and maxi-
mum readable distance. An overview of the design method-
ology is illustrated in Figure 5e.

5.3.1 Bits Encoding. To enable the accurate reading of bit
sequences, an interval of CRs aligned along the ground range
dy is essential (Figure 2). The interval dy must account for
both radar distance resolution and look angle to ensure suf-
ficient readability at any angle combination (6, ¢ ), where
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Figure 6: (a, b) View of the measurement setup from 10 m away in a large anechoic chamber. The fabricated tag is
encoded with 8-bit and n, = 8. (c, d) Measured reflected power of tags at various incident angles 0 (c) and ¢ (d).

dy > Ryes is necessary. This leads to the requirement for
dy > Ryes/(sin 6y, cos ¢y), and the minimum look angle 60,
can be designed as

Rres
Omin = arcsin(
dy

), (11)
where R, is the radar distance resolution. To achieve 0, =
30°, we set dy = 75 mm, where R, = 37.5 mm.

5.3.2 Distance Expansion. Alignment, along with cross-range
direction (i.e., y-axis), increases the total RCS and reading

distance. Yet, those CRs can be recognized as one-bit re-
flectors from a MIMO radar with a low angle resolution of

14°, as described in Subsection 3.2. The RCS of the CR-cross

range array Ouray can be approximated from the number

of alignment ny as Carray (O, Pu) = nf,acr(Qu, ¢u), where o,

represents the RCS of a CR unit. Then, from Eq. (2), the

maximum readable distance Ry, is expressed as follows:

1/4
4| PG00 + B + )0 (s 40) / |
Y (477:)3Smin

Rmax -

(12)

Through the investigation, we can relate the distance, eleva-
tion angles, and azimuth angles to the tag design parameters,
as shown in Figure 5e.

We fabricated a CR array encoding 8 bits with n, = 8. The
measurements were conducted in a large anechoic chamber
at a distance of 10 m, as shown in Figure 6a and b. The results
with varying incident angles in terms of 6 and ¢ are shown
in Figure 6¢ and d. The results validated the wide angular
characteristics of the tag in both pitch and yaw angles.

6 SIGNAL PROCESSING

This section describes a signal processing method of tag
detection from raw radar signals. Root-MUSIC is adopted for
obtaining the frequency components (i.e., range components
in localization) as roots in the IF signals. By combination with
clustering algorithm DBSCAN, an automatic tag detection
pipeline is developed.
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Figure 7: (a) Simulation model of reflector allocation
and radar. (b) Obtained range power profiles with FFT,
MUSIC, and Root-MUSIC. (c) SNR (Py;: power ratio be-
tween bits “0” and “1”) with the varying look angle.

6.1 Root-MUSIC with Look Angle Tolerance

Root-MUSIC extracts the signal’s frequency components
by performing an eigenspace decomposition of the signal’s
autocorrelation matrix R. Once the size M of the matrix R
is determined, an M degree polynomial Q(z) is obtained
through the eigenvalue decomposition of R, as follows:

M
Q(z) = ). p"(z uop p(2) = 0, (13)
k=1
where vy is the k-th eigenvector of R and p(z) is the mode
vector expressed as p(z) = [1,z, 2% ...,zM7 1]’ The roots
zm(1 < m < M) are obtained by solving Q(z) = 0. z
are a complex value, expressed as:

_ ShmAt+j2r fo At
—e R

Zm (14)

where hy, is the amplitude change rate and f;, is the fre-
quency. The complex amplitude corresponding to each root
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from a multidimensional raw radar signal.

Zm is obtained using the least squares method with s(t). Next,
the obtained frequency and complex amplitude can be con-
verted to distances as ry, = f - ¢T/2B and signal power
as Py = |cm|?, respectively. The analysis results obtained
as roots are less susceptible to slight changes in frequency
components, enabling a robust readout even in the presence
of variations in the look angle.

To validate the look angle tolerance, a simulation was
conducted comparing the performance of Root-MUSIC with
FFT and MUSIC. The simulation model of slant range reading
is shown in Figure 7a, where different RCS reflectors on a
tag are aligned with equal intervals so that the encoded bit
sequence becomes “1101.” RCSs of scatterers corresponding
to bits “1” and “0” are defined as oy and oy, and their ratio
01/ 0y is equal to 20 dB. The distance ry is set as 10 m, and
the reflector interval dy is fixed as 2Ryes. Figure 7b shows
the results when 6, = 45°, demonstrating that Root-MUSIC
accurately decoded the embedded sequence, whereas FFT
failed to correctly capture the bit sequence. Although MUSIC
also achieved high accuracy in range estimation, it only
outputs a continuous function.

To quantify the look angle tolerance, the power ratio of
bits “0” to “1”, P;o was calculated with FFT and Root-MUSIC
through look angles from 30° to 60°. P;p computed by FFT de-
graded irregularly at some look angles, but the Root-MUSIC
method maintained high values at every angle (Figure 7c).

6.2 Calculating Representative Roots for
3-D Localization

Using Root-MUSIC, we develop the signal processing pipeline
from IF signals received in multiple antennas to automatic
tag detection and readout of the bit sequence. The entire
process pipeline is shown in Figure 8. To achieve 3-D local-
ization, the representative roots are calculated by averaging
the autocorrelation matrix as follows:

L
RO,
I=1

R= (15)

=
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where R() is the autocorrelation matrix of IF signal s;(t)
recieved at the [-th antenna (1 < [ < L). By using R, the com-
mon roots among antennas are obtained. The Root-MUSIC
and least squares methods are then applied to obtain the
pair of roots and complex amplitudes (zp, cim). The phase
rotation of complex amplitudes cj,, depends on the angle
of arrival of the reflector. Thus, calculating the velocity of
phase rotation in c¢py, (1 < I < L) gives the estimated angles
0 and ¢y, [21]. Thus, we can obtain point clouds with power,
distance, and angle information.

6.3 Automatic Tag Detection

The calculated roots provide accurate spatial and power pro-
files. Since the detected roots corresponding to our developed
tag have power and spatial proximity, clustering based on
distances in 4-D space consisting of the power (1-D) and
position (3-D) offers the ability to distinguish the tag from
other highly reflective objects. Thus, we use DBSCAN [15],
a classical density-based clustering algorithm, to automati-
cally detect the tag. The robustness of tag detection in noisy
environments is validated in Section 7. The method can be
processed offline for autonomous control.

7 EVALUATION

To evaluate MilliSign, we conducted experiments using a
prototype UAV equipped with a mmWave radar and an alu-
minum tag. In this section, we present our experimental
methodology and results, highlighting the system’s prac-
ticality with respect to 3-D read range, readout accuracy,
robustness to poor visibility conditions, UAV motion, multi-
path interference, and the effect of background surfaces.

7.1 Experimental Setup

We developed a mmWave radar-mounted UAV equipped
with positioning and posture sensors such as IMU [12], Li-
DAR altimeter [45], GPS [51], and a tablet Windows PC,
which calculated the relative position of the UAV to the tag.
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Figure 9: (a) Experimental view of the UAV measuring with the coordinates. (b) Analysis results of the range power
profile of the proposed Root-MUSIC-based method (red dots and black crosses) and the conventional FFT-based
method (blue line). The marker of the roots is automatically determined by DBSCAN clustering. (c) Results zoomed
in on the area where the tag was placed. (d) 3-D localization results of the detected roots (red and black circles

represent the tag and noise, respectively).

The experiments used a TI radar [23] with carrier frequency
fe = 79 GHz, chirp bandwidth B = 4.0 GHz, and chirp du-
ration T, = 110 us. The polarization of the radar was set to
vertical. Each radar measurement was conducted with the
consecutive chirp of N = 32 with an interval of 200 ps.

The CR array tags shown in Figure 6 were used, and two
types of tag placement were tested using horizontal and ver-
tical placeholders made using shaped styrofoam. The UAV
followed a pre-programmed flight path with a series of way-
points. The hyperparameter M in Root-MUSIC was set to
100, corresponding to the number of detected roots.

7.2 Readout Demonstration

7.2.1 Single Tag Readout. We conducted radar measure-
ments at a UAV position of (ry, Oy, ¢y) = (12.6m, 45°,0°) in
the polar coordinate system shown in Figure 9a with a hori-
zontally installed tag representing a bit pattern of 11000101
The results from conventional FFT and the proposed Root-
MUSIC-based method are presented in Figure 9b and c, which
display the range power profile at the UAV position. The
Root-MUSIC-based method detected four reflectors encoded
as bit 1, while range FFT failed to decode the bit sequence.
Moreover, by clustering with DBSCAN, roots correspond-
ing to the tag could be detected because they had the same
level of reflected power and spatial proximity. The estimated
distances to the roots in the slant range were precise, as in-
dicated by the good agreement with the green dotted lines
equally divided by the bit length 8 between the first and
last range values in Figure 9c. Figure 9d shows the 3-D lo-
calizing results. The distance estimation error was 3.5 mm,
while the average angle estimation error was 0.55° in az-
imuth and 0.97° in elevation. The azimuth angle accuracy
was higher than that for the elevation since the radar has
eight virtual antenna elements in the azimuth and two in
the elevation plane. The results validate the effectiveness
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Figure 10: (a) A view of signs placed horizontally and
vertically. (b) 3-D localization results of the detected
roots in red and noise in black.

of the Root-MUSIC-based method in accurately detecting,
decoding, and localizing tags.

7.2.2  Simultaneous Readout of Multiple Tags. The simulta-
neous readout of multiple tags was validated by conduct-
ing experiments using tags placed in different positions
and encoded by different bit sequences. The first tag, with
a bit sequence of “10000101,” was placed horizontally at
the origin, while the second tag was installed vertically at
(x2, Y2, 22) = (—4,—3,0.6) with a bit sequence of “10001001.”
Vertically installed tags could also be read since their large
RCS maintained with a look angle 8, of 30° to 60°, as demon-
strated in Figure 6¢c. The measurement was conducted at a
UAV position of (ry, 0y, ¢y) = (12.6m,45°,0°). The results,
shown in Figure 10b, reveal that the system accurately in-
terpreted the bit sequences and precisely estimated the tags’
locations without tag-to-tag interference.

7.3 Readout Performance Evaluation

7.3.1  Evaluation Metrics. In the experiments, we used the
SNR of the coding peaks and the detection rate as evalua-
tion metrics. Higher SNRs indicate more prominent coding
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peaks that are easier to decode. We calculated the SNR as
(1 — po)?/o?, where yi; is the average amplitude of bit “i” and
o is the standard deviation of the coding peak amplitudes. As
our method may fail to detect bit “0” due to its lower reflected
power than the background noise, we obtained i by aver-
aging the power corresponding to the noise roots, as shown
in Figure 9b. The SNR can be mapped to the BER by using
the on-off keying model, with BER = %erfc(\/SNR/ 8)[44].
We used the bit pattern “101” in subsequent experiments
for obtaining SNRs. The detection rate was computed by
determining the number of successful detections within a
series of N = 32 consecutive measurements. The success
of each detection was gauged by validating the following
requirements: the extraction of roots associated with tags
via clustering, the resulting bit pattern, and the estimated
position.

7.3.2  3-D Read Range. Experiments were conducted to eval-
uate the 3-D read range in terms of distance, azimuth angle,
and elevation angle. Waypoints were set to scan the tag for
three distances, 5 m, 10 m, and 15 m, with 6, ranging from 30°
to 65° and ¢, ranging from —15° to 15°. The obtained SNRs
are shown in Figure 11a, b, and ¢ with the different distances
ry. In Figure 11b, continuous lines are drawn to show the
boundary of the value of 15.8 dB in SNR, and the dotted lines
are drawn to show the same values of the boundary if the
Van Atta arrays, which have a narrow beam width of 1.27°,
are used instead of the CR array-based tag. We achieved a
total area 7.8 times larger than the wide 3-D readout area of
the Van Atta array-based method.

Detection rates at 10 m with varying angles in azimuth and
elevation were calculated (Figure 11d). The result showed
that detection rates of 0.9 or higher were achieved with
an angle width of 30° in elevation and 20° in azimuth. A
comparison of Figure 11b and d show that SNRs and detection
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Figure 12: (a) Emulated foggy environment with a fog
generator. (b) UAV flight measuring under heavy rain at
a precipitation rate of approximately 5mm/h. (c) SNRs
and detection rates under poor visibility conditions.

rates were roughly proportional except in the angles where
the detection rates remain high at 1.0. Figure 11e shows the
effect of distance change on detection performance with
three angles. SNRs and detection rates were decreased with
increasing distance. The detection rate starts to decrease
when the SNR is less than 17.5 dB. At 15 m, the detection
rate is below 0.9 for all angles, indicating that the distance
has a significant impact on performance. The reduction in
SNRs and detection rates at far distances can be compensated
by increasing the number of CR alignments ny, as formulated
in Eq. (12).

These findings show that the system performs well enough
to guide UAVs to approach the tag, like a precision approach
path indicator, realizing a range of applications such as land-
ing on ships and retrieving luggage.

7.3.3  Robustness to Poor Visibility. mmWave radar exhibits
robustness to inclement weather such as fog and rain, un-
like optical rays. The attenuation at 79 GHz due to heavy
fog (water droplet concentration 1 mg/m?®) is about 2 dB per
100 m [4], while that due to torrential rain (precipitation
100 mm/h) is only slightly higher (3.2 dB per 100 m) [55]. We
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Figure 13: (a) Experimental configuration for robust-
ness to the UAV’s velocity. (b) Measured SNR and de-
tection rates indicate that no deterioration occurs with
different velocities.

validated the ability of our system to function under poor vis-
ibility conditions by conducting outdoor experiments when
a fog generator [36] was running and it was raining at a
precipitation rate of approximately 5mm/h. The tag was
placed vertically on the styrofoam wall (Figure 12a). Mea-
surements were taken at an angle of (6,, ¢y) = (45°,0°) and
distance r, = 15 m, and the results were compared with
those obtained under clear conditions. Figure 12 shows that
the measured SNR and detection rates remained stable, indi-
cating all-weather guidance capability.

7.3.4 Readout Performance while Moving. We investigated
the ability to perform readouts while moving, which can
reduce operational costs in various scenarios, including re-
trieving luggage. When interrogating radar signals travel
between the tag and the UAV, slight changes in the UAV’s
position may affect readout performance [10]. However, our
system is robust to motion because the UAV’s speed is at
most 10m/s, which causes only 1 ym of distance devia-
tion during the electromagnetic wave’s round trip of sev-
eral tens of meters. To validate this, we conducted experi-
ments with different UAV speeds and directions of movement
0y, vy. The measurements were conducted at the fixed point
(ry, O, Pu) = (12 m, 45°,0°) with the tag installed vertically,
as shown in Figure 13a. Figure 13b presents the measured
SNR and detection rates, which demonstrated consistently
high values across all speeds and directions, indicating the
negligible impact of UAV velocity on readout performance.

7.3.5  Robustness to Multipath Effect. MilliSign is highly ro-
bust to interference from surrounding obstacles and the mul-
tipath effect. This is due to the tag’s low reflectivity for inci-
dent waves of unintended angles, which prevents interfer-
ence from large obstacles in a multipath-rich environment.
We conducted experiments in two environments: (i) with
a van and a wall placed around the tag and (ii) near stairs,
which seem to be among the most difficult situations in ur-
ban spaces, since they cause significantly large reflections.
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Figure 15: (a) Appearances of evaluated objects. (b) Mea-
sured results of average distance in power and position.
Our tag (CR array) exhibited short distances in both
power and spatial dimensions, while other objects had
large distances in either power or spatial dimension.

The experimental view was as shown in Figure 14a and b. In
environment (i), a 5 m sized van was parked 1.5 m behind
the tag and a 2 m square metal wall was placed 1 m from the
tag, which represented a bit pattern of “10100001.” Figure 14c
and e show the localized roots and range power profiles, re-
spectively. Although large reflections from the van’s surface
were observed, our tag had a 10.2 times larger reflection than
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rate decreased when there were 4 or 5 tags, while the
SNR remained high, surpassing 20 dB for 1 to 5 tags.

the van, which indicates the tag is easy to detect even in the
presence of surrounding obstacles.

In environment (ii), the tag was placed 1 m in front of the
stairs. The measurement was conducted with the radar fixed
by a tripod since UAVs were not allowed to fly at that location
for safety reasons. Although the results in Figure 14f show
that the stairs had strong reflection comparable to our tag, a
large variation appeared in received power from the stairs. In
contrast, the roots corresponding to our tag had both ordered
spatial patterns and the same extent of reflected power, which
facilitated automatic tag detection by DBSCAN.

To further investigate the robustness of the tag detection
in terms of its small deviation of detected roots in both power
and position, we evaluated various reflective objects includ-
ing vans, stairs, fences, trees, chairs, and tables, which are
shown in Figure 15a. The measurements were conducted
at a distance of 5 m from the objects. Figure 15b shows the
average distances of obtained point clouds (“roots”) in terms
of power and position. The experiments revealed that only
our developed tag demonstrates the short distances in both
spatial (less than 20 cm) and power (less than 3 dB) dimen-
sions, while other objects had large distances in either power
or spatial dimensions. The distinctive properties in spatial
power dimensions facilitate automatic detection with the ro-
bustness of the surrounding objects and the multipath-rich
environment, which are common in urban spaces.

7.3.6  Mutliple Tag Dection. The detection performance, in
scenarios involving multiple tags, was assessed. This evalua-
tion was conducted when up to five tags were simultaneously
placed within a 1 m square area as shown in Figure 16a. The
measurements were carried out in the anechoic chamber,
with the radar position fixed at (ry, Oy, ¢y) = (5m, 45°,0°).
All tags possessed a bit pattern of “101.” The coordinates of
tags (x;,y;), {1 < i < 5} were set as follows: (x1,y1) = (0,0),
(x2,y2) = (1.0,-0.85), (x3,y3) = (—0.75,0.85), (x4,ys) =
(0.5,0.85), and (xs, ys5) = (—0.5,—0.75). The measurements
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were conducted by incrementally increasing the number of
tags from 1 to 5.

The results, shown in Figure 16(b), indicated a high SNR
exceeding 20 dB for 1 to 5 tags. However, the detection rate
dropped when there were four or five tags. A high SNR
with multiple tags led to a lower detection rate due to the
dense point clouds with close power levels, requiring more
accurate spatial estimation. It is expected that increasing
spatial resolution, using a radar with a wider bandwidth or
more MIMO antennas, could improve the detection rate in
multi-tag scenarios.

7.3.7  Performance with Various Background Surfaces. We ex-
plored the impact of surface type on MilliSign’s performance
by measuring the strength of backscatter for four surface
types, sand, grass, water, and metal, as shown in Figure 17a,
b, c, and d. Using an antenna pole, the mmWave radar was
positioned at a height of 5 m with a slanted angle of 45°, and
two types of tag were placed horizontally 5 m from the pole.
The results (Figure 17¢) demonstrate that the CR array with
ny = 8 had a significantly stronger reflection, by 20 dB, than
sand and grass surfaces, whereas water and metal surfaces
exhibited lower levels of backscatter. These findings suggest
that the smoothness of the surface impacted the backscat-
tered intensity and the background noise level. We concluded
that by minimizing the tag size through decreasing ny, the
smaller tag could be deployed on water or metal surfaces.

7.3.8 Latency. The proposed signal processing pipeline ex-
hibited low latency of 152 ms. Despite the high computational
demands of multi-dimensional MUSIC techniques [6, 16, 53],
our Root-MUSIC-based signal processing, which utilizes rep-
resentative roots, had a computational cost similar to that of
one-dimensional MUSIC. The bottleneck in our processing
pipeline was the calculation of the least squares method for
obtaining a 3-D complex amplitude matrix. When the sample
size of the IF signal is denoted as Ny, computational com-
plexity was O(M? - Nq) = 2.6 - 10° for M = 100 and Ny = 256
in our experiments. The low computation cost paves the way
for real-time applications of MilliSign technology.

8 DISCUSSION

This section discusses the applications and practicalities of
Millisign. The current limitations are also described.

8.1 Read Range

Readout Distance: The experimental results demonstrated
a detection rate of 1.0 at 10 m. This readout distance is longer
than conventional RFID [31] and RoS [33]. Moreover, tag de-
sign can adapt according to specific requirements, as Eq. (12)
confirms the trade-off between maximum readable distance
and tag size.
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Figure 17: Experiments were conducted to measure the intensity of backscattering reflection from four types of
surfaces: (a) sand, (b) grass, (c) water, and (d) metal. (e) Backscatter intensity was measured compared with the
fabricated tag: a CR unit with ny = 1 and a CR array with n, = 8 as references.

Read Angle and Tag Orientation: The proposed de-
tection algorithm offers robustness to misalignment in tag
orientation. The experiments in Figure 11 demonstrated a
wide read angle of more than 30 ° in elevation and 20 ° az-
imuth. The angle range could be broadened by optimizing
CR arrangement, which may result in a decrease in read-
out distance. Regarding the limitation on the readout from
the direction perpendicular to the tag, combining multiple
readouts and applying SAR-based techniques can mitigate
this limitation. For instance, using single readouts when the
tag is far away and switching to SAR-based readouts in the
proximity of the tag can take advantage of both approaches.
Furthermore, bit order flipping can be prevented since the
tag does not reflect radar signals coming from outside the
intended read range.

8.2 Applicability

Impact of mmWave Radar as Payloads: A mmWave radar
sensor is small, lightweight, and low-powered, which nat-
urally leads to it being mounted on a UAV to achieve high
autonomous capability. The TI mmWave radar is about 5 cm
square, weighs about 30 g, and consumes about 1.5 W. Con-
sidering that industrial UAVs can carry a payload of more
than several kilograms and consume more than 100 W, the
mounting of mmWave radars has little impact on UAVs.

Weight of the Tag: The weight of the tag is an essential
factor, considering that UAVs transport packages with tags
attached. Although the used CR unit fabricated through CNC
machining is heavy at 42 g, a lightweight design is achiev-
able using thin aluminum foil, given the skin depth at the
operational frequency is 0.4 pym.

Implementation Cost: The cost of the radar ICs is around
US$ 30. Since mmWave radar sensors have already been in-
tegrated into commercial IoT devices, software development
and integration to UAVs are likely to be straightforward. The
prototype tags were manufactured using CNC aluminum
machining, which cost around US$ 100. However, the cost of
the tags can be reduced by producing metal molds. Overall,
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the cost of deploying MilliSign, including developing the
mmWave radar system and tag fabrication, should be rea-
sonable. This is particularly true considering that industrial-
grade UAVs typically cost around US$ 500.

Debris Entry: The tags need to be protected from dust,
sand, mud, and water (rain), which can enter and deteriorate
the backscattering RCS of the tag when installed on the
ground. The use of a radome, known for its interference-free
protection of radar antennas [20], to cover the tag for the
mmWave band would solve this problem.

Encoding Capacity: 8-bit encoding was realized, which
can convey several hundreds of different messages to the
UAVs. In logistics, where the number of cargo types is limited
to several tens, the system can be used to convey cargo
information on both type and weight. MilliSign can also serve
as a concretized landing port, such as a precision approach
path indicator (PAPI), and offer an additional message such
as the type of vehicle on which the tag is installed. Although
the current 8-bit information is useful, advanced modulation
schemes such as amplitude modulation by changing the RCS
of each bit can improve the information density, making it
even more practical for a broader range of applications.

9 CONCLUSION

In this paper, we developed MilliSign, an all-weather UAV
guidance system with batteryless tags. The system incor-
porates two newly developed techniques: CR array-based
spatial chipless RFID and the Root-MUSIC-based readout
method. We validated its practicality in real-world environ-
ments through extensive experiments. We believe that this
study will provide a foundation for future research and de-
velopment of all-weather tolerant UAV flights.
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