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Abstract
The paper describes the development of passive, chipless tags for a novel indoor
self-localization system operating at high mm-wave frequencies. One tag concept
is based on the low-Q fundamental mode of dielectric resonators (DR) which
exhibits peak scattering at its resonance frequency. As the radar cross-section
(RCS) of DRs at mm-wave frequencies is far too low for the intended application,
arrays of DRs and combinations with dielectric lens and corner reflectors are
investigated to boost the RCS while keeping the scattering retro-directive over
wide-angle incidence. Satisfactory results are demonstrated experimentally in W-
band with metal corner reflectors combined with planar arrays of DRs; the tags
produce a high RCS level over a moderately broad angular range and a wide
frequency range where they exhibit a notch at the resonance frequency of the
dielectric resonators. These designs suffer from low coding range of 3 to 6 bit,
degradations of RCS in angular range, and a difficult separation of the tag
response from strong clutter. Both the suppression of large clutter interference
by using time gating of the tag response and a larger coding range are promised
by a chipless tag concept based on multiple high-Q resonators in photonic crystal
(PhC) technology. Experimental samples are characterized as transmission resona-
tors and as retro-directive tags at the 230 GHz band. As a concept to boost the
retro-directive RCS with a truly wide-angle response, the integration of PhC
resonators with a Luneburg lens is discussed.
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1 Introduction

Automation in logistics and industrial processes increasingly requires highly precise, autarch
self-localization of, e.g., robots or autonomous vehicles in an indoor environment. While
outdoor localization and positioning systems are dominated by satellite-based radio technology
(GPS, etc.), modern indoor positioning systems can use a wide range of positioning technol-
ogies [1], from magnetic field based to optical and vision based to systems employing existing
wireless infrastructure, like Bluetooth and Wi-Fi [2]. The latter systems employ the lower
microwave spectrum and thus are limited to localization accuracies in the cm-range; even the
high microwave frequencies in 5G systems will not provide below-cm accuracies [3]. Of the
wide choice of alternative technologies, the optical, laser-based systems stand out by their
potential to provide highly accurate position information, e.g., [4]. However, with the recent
advances in monolithically integrated circuit solutions for mm-wave FMCW frontends [5, 6], a
potential competitor technology arises: Highly integrated Radar modules are attractive as
reader frontends (with antennas included) for a self-localization system due to their low-cost,
light-weight construction, and low power consumption. Most importantly, the achievable large
sweep bandwidths of more than 30 GHz at high mm-wave frequencies in combination with the
coherent signal processing of such FMCW transceivers allow sub-mm range resolution; in
addition, transmit power combining can be employed to increase range and phased array
techniques can be employed to realize inertia-less beam control. In our cooperative research
center, we combine research in the FMCW Radar microelectronic technology and Radar
system design with the research on applications like an indoor self-localization system. To
achieve sub-mm localization accuracies at several meter read range, we proposed a novel self-
localization system [7] which is intended to work at high mm-wave frequencies (or THz); this
system employs passive, chipless tags as landmarks fixed to the infrastructure and a wide-band
FMCW Radar as the reader.

Inspired by the use of dielectric resonators (DR) as passive tags for RFID and sensing
applications by Mandel et al. [8], our original proposal employs DRs as tags to provide retro-
directive monostatic radar cross-section (RCS) with peak levels at the DR resonance frequen-
cies. This way, each tag can be discriminated by its frequency signature (frequency coding)
and the high-level return signal around the resonance frequency can be used for precise
ranging. Figure 1 gives a sketch of the considered system, where a Radar reader transmits a
swept frequency signal and scans its environment by the antenna beam. The room is equipped
with retro-directive chipless tags functioning as landmarks with precisely known positions
(XTm,YTm). After the reader has detected, identified (by resonant frequency), and ranged the
landmarks in its environment, its own position coordinates (XReader,YReader) can be calculated
from the ranges to the landmarks and the knowledge of the landmark positions.

High RCS of the chipless tags over a broad incident angle is required to achieve
precise ranging by the Radar reader. However, even the corners of a room or some
furniture create corner reflectors that might as well generate high-level reflections and, in
some cases, arrive at the reader with a similar angle-of-arrival and at a nearby time so
that the readout of the tag response is not possible. This situation is sketched in Fig. 1b,
where the received signal of a mobile reader is plotted for a short pulse interrogation of
tags of different quality factors. Note that the tag frequency coding is contained in the
ringing tail of the scattered pulse and that for a tag of low Q-factor (Q = 50) the close-by
clutter pulses can completely cover this part of the tag response; in this case, the tag
frequency coding cannot be resolved. A solution to this problem was proposed in our
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early concept paper [9]: If we employ a high-Q resonant mode with long ringing time, a
Radar reader can identify the frequency coding by using a time gate to cut-out the late-
time ringing after the clutter responses have died out. This is indicated in Fig. 1b where
the time gate covers the time after two large clutter pulses until the ringing signal level
crosses the noise floor. In microwave circuit technology, it is quite common to create
electro-magnetically screened filter networks or oscillator circuits using dielectric reso-
nator modes with Q-factors of several thousand. However, as soon as we operate the DRs
in free space, radiation losses reduce the Q-factors to about fifty for fundamental modes
up to several hundred for higher order modes. As already reported in [9], far above the
fundamental mode frequency, the spectrum is closely filled with interfering resonant
modes which very much limits the practicability of this approach. We therefore discarded
the concept of using higher order DR modes in the landmark tags. Instead, we took two
different approaches to solve the problem: On the one hand, we considered replacing the
discrete (higher order mode) DRs by resonators based on an alternative technology. We
decided to investigate photonic crystals (PhC) for the creation of high-Q resonators
suitable for a later implementation as retro-directive tags of moderately high RCS level
(for the compensation of amplitude decay by the late-time ringing). On the other hand,
we reassessed the clutter problem of tag detection using discrete DRs. We concluded that
even a DR tag of low-Q, i.e., a fundamental mode resonator should remain visible in
clutter, if we could boost its RCS so that it was larger than the clutter level. So, initially,
our research was directed towards PhC high-Q resonator tags on the one hand and
towards DR fundamental mode high-RCS tags on the other hand. Based on the results
of these investigations, a combination of approaches seems to be feasible which could
satisfy the system requirements indicated above.

In the following Section 2, we give an account of the development of fundamental mode
DR tags with the aim to combine wide-angle retro-directive high RCS with clear signature for
identification. For illustration, detailed experimental results of some realized tags are present-
ed, using a W-band Vector Network Analyzer (VNA); in one example, we also show the
measurement result from an FMCW Radar to demonstrate its feasibility as a reader. Draw-
backs of the fundamental mode tag design are found to be avoided by the concept of high-Q
retro-reflective tags. The development of multi-resonator high-Q resonator tags is described in
Section 3 and experimental results at 220 to 330 GHz are presented. In Section 4, we conclude
the paper.
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Fig. 1 a Sketch of the indoor self-localization system setup. b Effect of the quality factor on the charge and
discharge time of two different resonators with quality factors of 50 and 500 when excited by a 0.2 ns pulse at
230 GHz. Some reflections from nearby clutter are sketched. The higher the quality factor, the more flexibility in
order to suppress clutter with time gating
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2 Towards Low-Q/High-RCS Resonator Tags

Our pragmatic approach of enabling the reader to detect, range, and identify a landmark
in many situations without long ringing times is to employ tags with wide-angle retro-
directive RCS which is high enough to top the clutter; based on preliminary lab
experiments at W-band, we assume the required RCS levels on the order of +
10 dBm2. For easier experimentation and due to better availability of DRs, our initial
investigations used DRs with fundamental mode resonance frequencies in the 5–10 GHz
range. At microwave frequencies, low-loss ceramic resonators are available from many
sources, but this is no longer the case when we require much smaller resonators for mm-
wave frequencies. Instead of expensive custom fabrication of such resonators, we found
satisfactory mm-wave performance in spheres of ZrO2 made for ball bearings and such
balls of 0.6 and 0.5 mm diameter were used in the tag designs for W-band. In the
following, various tag designs are discussed and summarized in Table 1.

Even at microwave frequencies, RCS levels of single DRs are found very low [10] and
scaling to mm-wave frequencies further reduces the RCS levels by the square of the
frequency ratio: As an example, in Fig. 2a, we show the field distribution and bi-static
RCS pattern of a single spherical DR of 0.5 mm diameter with its fundamental TE101 mode
[11] resonant at 103 GHz; the next higher mode appears at 1.4 × 103 GHz. Due to the DR
symmetry, the mode fields are excited by the incident wave such that the scattering is retro-
directive. In Fig. 2b, we show a simulation of the monostatic RCS signatures together with
measurement results for DRs of 0.5 mm and 0.6 mm diameter. Note that the peak RCS level
of the smaller DR is about − 52 dBm2 at resonance. By choosing different sizes of DRs, tags
could be discriminated; due to the resonance bandwidth seen in the signatures, a separation
of about 3 to 5 GHz should be kept to avoid overlapping, i.e., about 10 different frequency
positions could be used or “coded” in individual tags (equivalent to a 3-bit code) covering

Table 1 Summary of experimental tag designs

Type Dimensions Spectral signature Approx. RCS

PEC sphere 15 mm dia. Flat − 37 dBm2 @ 100 GHz
Single DR 1 × 0.6 mm dia.

1 × 0.5 mm dia.
Single resonant peak − 50 dBm2 @ 86 GHz

− 52 dBm2 @ 105 GHz
Diel. lens and DR Lens 6 mm dia.

DR 0.5 mm dia.
Single resonant peak − 22 dBm2 @ 105 GHz

Lin. array of DRs 9 × DR 0.6 mm
11 × DR 0.5 mm

Double resonant peak − 28 dBm2 @ 86 GHz
− 30 dBm2 @ 105 GHz

Planar array of DRs 9 × 5 DRs 0.6 mm dia.
25 mm× 15 mm

Single resonant peak − 11 dBm2 @ 84 GHz

Lin. array of DRs over flat plate 9 × DRs 0.6 mm dia.
10 mm× 25 mm

Single notch − 10 dBm2 @ W-band

Planar array of DRs over flat plate 9 × 5 DRs 0.6 mm dia.
28 mm× 20 mm

Single notch − 8 dBm2 @ W-band

Lin. array of DRs in corner reflector 7 × DR 0.4 mm Al2O3

2 × 7 mm× 10 mm
Single notch − 14 dBm2 @ 230 GHz

Planar array of DRs on dihedral
corner reflector plates

7 × 7 DRs 0.5 mm dia.
5 × 5 DRs 0.6 mm dia.
2 × 10 mm × 10 mm

Double notch − 6 dBm2 @ W-band

Planar array of DRs in trihedral
corner reflector aperture

158 DRs 0.6 mm dia.
in 2.5 mm grid
68 mm edge length

Single notch + 8 dBm2 @ W-band
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the fundamental mode frequency range (1:1.4 or 33% bandwidth). The observed band-
widths correspond to Q-factors of the resonances of about 30–50 which result from radiation
loss rather than dielectric dissipation losses (see the discussion of loss-factors in Section 3).
RCS spectral signatures are proportional to the reflection coefficient which can be measured
in front of a horn antenna: Most of the laboratory measurements in this section are made
using a R&S ZVA67 Vector Network Analyzer driving the W-band extender ZC110 which
connects to a 25 dBi horn antenna. To increase accuracy and suppress interactions of test
object (DUT) and horn antenna, we first perform a waveguide calibration, transform to time
domain, isolate the DUTon its rotatable Styrofoam support by time gating, and retransform
to frequency domain. Finally, plots are taken after empty room subtraction.

In our early work at microwave frequencies, the first approach to boost the RCS levels and
still maintain wide-angle retro-directivity was a combination of DRs with spherical lenses [12,
13] or 2D lenses [14, 15] and we even realized tags with angle-of-arrival sensing [16].
Feasibility of the lens combination for mm-waves was proven using a Polyamid sphere of
6 mm diameter with a spherical DR of 0.5 mm diameter glued to a paper support behind the
lens. This design gave a signature of the RCSwith the resonance peak increased by about 30 dB
over the response by the spherical DR alone. By simulation, we find that the lens focuses the
incident wave towards the DRs sitting close to the lens periphery and reflecting the incident
wave at the TE101 mode resonance frequency. To make the lens-DR combination effective over
a wide range of incident angle, several DRs have to be placed along the focal circle [13].
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Fig. 2 a Picture of single spherical ZrO2 resonator on millimeter plotting paper and simulated field distribution of
the TE101 mode and its bi-static RCS pattern (rel. permittivity of 32 and simulated with CSTMicrowave Studio).
b Simulated RCS signatures of DRs of 0.5 mm and 0.6 mm diameter compared with measured signatures of
DRs; measured reflection coefficients were normalized to RCS levels using a reference measurement of a 15-mm
steel ball (RCS approx. − 37 dBm2 at band center). DUTs placed in 36 cm distance to horn antenna
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As an alternative method to produce high retro-directive scattering levels, arrays of DRs can
be used [18, 19] and such tag landmarks have been employed successfully in a localization
system demonstrator at the microwave frequency range [20]. As an example, we tested a
double column array of 9 resonators of 0.6 mm and 11 resonators of 0.5 mm diameter. The
DRs were bonded to one common carrier (half-cut plastic straw of 0.1 mm thickness and
20 mm height stuck into a triangular piece of Rohacell foam) by narrow strips of double-sided
adhesive tape (product name tesa). The two arrays are closely spaced by 5 mm (diameter of the
plastic straw) such that coherent superposition of scattering contributions creates strong
variation of the RCS signature with the angle of incidence. Compared with a single DR, the
RCS is boosted by about 20 dB.

A second example presents a planar array of 9 × 5 DRs of 0.6 mm diameter bonded to a
small sheet of paper by a double-sided adhesive tape (product name tesa) (Fig. 3). Due to the
paper and tape, at normal incidence (0°), we observe high scattering level over the band with
only 5 dB increase due to DR resonance. This demonstrates that it is important to create a
support structure which has very low structural reflections and still can fix the DRs in a precise
planar arrangement. At higher incidence angles, retro-directive scattering reduces due to
specular forward reflection. However, due to the element grid of 0.7 wavelength (2.5 mm at
85 GHz), we observe a grating lobe at 45° incidence angle; to avoid this, we either have to
bring the DRs closer together or rotate the planar array by 45° such that the plane of incidence
is an intercardinal plane.

From a system perspective, the crucial problem of large linear and planar arrays of DRs
turns out to be the limitation of the high retro-directive RCS only close to the direction of
incidence which is normal to the axis of a linear array or broadside to a planar array. In
addition, fabrication tolerances become more and more challenging to ensure that all
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Fig. 3 Planar array of 9 × 5 DRs of 0.6 mm diameter in 2.5 mm pitch bonded to a paper support and measured
RCS signatures for incidence angle from 0° (normal) to 45°. DUT placed in 75 cm distance to horn antenna
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It was noted that the increase in RCS by use of dielectric lenses is limited to about 30 dB
due to the structural reflections from the 3D dielectric lenses and the metallic parts of the
investigated 2D lenses. However, much larger spherical Luneburg lenses may be employed
with much higher gain in RCS; this is found to be due to much lower structural scattering [12]
because of the progressive gradient of the refraction index. We verified this using a large
spherical Luneburg lens for use at the 10 GHz frequency range produced by 3D printing
(polymer jetting). Recently, with advanced 3D printing technology, designs of Luneburg
lenses for W-band have been realized [17], which should allow a drastic increase in RCS
and in the readout range of single resonators even at high mm-wave frequencies.
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Fig. 4 A linear array of 9 DRs of 0.6 mm diameter fixed to a quadratic metal tube with a flat reflector surface of
10 mm× 25 mm by double-sided foam adhesive strip. Left plot: RCS spectral signature at normal incidence (0°),
under 10°, 45,°and 180° (from back) measured by VNAwith the DUT placed in 36 cm distance to horn antenna.
Right plot: Spectral signature measurements of VNA compared with FMCW Radar [22]
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resonators have the same resonance frequency to respond coherently when the dimensions are
scaled down to operate at mm-wave or even THz frequencies.

Another important limitation which is common to all the approaches mentioned above:
When it comes to the range processing by an FMCW Radar reader, the wide frequency sweep
range cannot provide the full expected range resolution and accuracy because the effective
target response is limited to the narrow bandwidth around the resonance frequency, e.g.,
5 GHz at W-band. To overcome this limitation, our investigations turned to combinations of
DRs with large metal reflectors which can provide high-level RCS over the full reader
bandwidth. Surprisingly, the spectral signature of such combinations was found inverse to
the signatures of the pure DR tags: Instead of a peak RCS at resonance, we observed a notch in
the broadband high-level RCS signature of the metal reflectors. The “mechanism” of this was
found to be scattering by the DRs and not absorption which can be shown by simulations with
lossless DRs. Investigations started with a single DR and a linear array of DRs in front of a flat
metal plate [21]. As an example, Fig. 4 shows a column array of 9 DRs sitting on a foam
adhesive pad (product name Strips Pattex HS PXMS1) of 1 mm height on the surface of a flat
metal reflector. The comparison to the signature of the flat metal surface without DRs
(backside, θ = 180°) shows very little loss (below 1 dB); the superposition of the DR
reflections and the reflections from the metal part produce varying signatures depending on
the angle of incidence. This tag design was also evaluated using an FMCW Radar [22]; the
measured signature compares well which proves that we can use such a Radar as the reader in
our localization system. The notch depth seen in the measurement for normal incidence (0°)
reduces when the width of the reflector is increased so that this tag design is limited in the
achievable RCS level. However, notch depth can be kept high for larger reflector surfaces and
thus for higher RCS levels by using a planar array in front of a metal plate instead of a linear
array. This was proven by using the planar array of Fig. 4 in front of a flat metal reflector plate
of 28 mm× 20 mm. From the comparison of the reflection magnitudes with and without the
planar array, we concluded that the insertion loss of the DR array with paper and adhesive tape
support structure is below 1 dB. It is also found that, for optimum notch depth, the DRs must
be placed at a distance from the metal reflector of approximately half-wavelength or multiples.

These designs combine high RCS level with a useful frequency position coding by a notch
signature; however, they are still not satisfactory as they also are limited in incidence angle to
the near-broadside directions.



Finally, the required wide-angle performance was realized by adopting the concept of the
corner reflector instead of flat metal reflectors. In a first step, column arrays of DRs were
placed in front of corner reflectors [21]. However, like in the case of the linear array in front of
a flat metal reflector, this approach is also limited because the width dimension is limited; in
the case of a realization for 230 GHz notch frequency, the width of the dihedral corner reflector
could not be increased above 10 mm without reducing the notch depth to below 3 dB.
Therefore, in a second step, we progressed to planar arrays placed in front of the plates of a
corner reflector. Theory and experimental proof at microwave frequencies is given in [23]. In
one example at W-band, [24], we used a dihedral corner reflector of two plates of 20 mm×
20 mm size with one planar array of DRs attached to each plate; one array used 7 × 7 DRs of
0.5 mm diameter and the other array used 5 × 5 DRs of 0.6 mm diameter. The resulting RCS
spectral signature exhibits one notch at 83 GHz and one notch at 100 GHz due to the different
DR sizes. This design allows corner reflector sizes as large as required to overcome the clutter
while providing its high RCS and deep notch signature over a wide range of incidence angle.
Additionally, as in this example, the freedom to place the two distinct spectral notch positions
by choosing suitable DR sizes increases the frequency position coding range for tag identifi-
cation to equivalent 5-bit over the equivalent 3-bit when only a single DR size is used. The
planar DR array concept for the dihedral corner reflector may also be applied to the trihedral
reflector with three DR arrays and possibly three different DR sizes for an even larger coding
range equivalent to 6-bit.

A simpler and very efficient alternative to the above corner reflector design was found by
adopting a concept [25], first demonstrated using a stopband frequency selective surface (FSS)
based on conductor patterns (crossed dipoles) as depicted in Fig. 5. The FSS is placed in front
of the aperture of a corner reflector so that the incident wave is reflected away from the corner
reflector at the stopband frequency and a notch in the RCS spectral signature is created. With a
3 × 3 ×3 cm3 trihedral corner reflector and an FSS in front of it, ranges up to 4 m were
demonstrated without “empty room” channel subtraction using a Vector Network Analyzer
Agilent Technologies N5222Awith an Anritsu 3740AW-Band extension and a 25 dBi reader
antenna.

We modify this design by replacing the printed dipole FSS by a planar array of DRs in front
of a trihedral corner reflector (Fig. 6): The array of DRs acts as reflecting surface for an
incident wave with a peak reflection at around the resonant frequency of the DRs; by this, a

Fig. 5 a Trihedral corner reflector with FSS cover and b the measured RCS signatures at a distance of 50 cm for
TM polarization. In black, the response of an uncoded trihedral corner reflector for 0° incidence is shown as a
reference [25]
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large part of the incident wave is reflected away from the corner reflector and the resulting
RCS drops to create a notch in the spectral signature. Outside the resonance regime, the DRs
let the incident wave pass to the corner reflector which produces strong retro-directive RCS
over the rest of the frequency band. We see a resonant notch at about 85 GHz which varies in
depth with the angle of incidence. Outside the resonance region, the RCS level behaves similar
to the corner reflector without the DR array, i.e., reducing RCS levels with increasing
incidence angle; at normal incidence (0°), we observe a ripple of about ± 1.5 dB which results
from internal reflections between the corner reflector and the planar DR array. To keep a flat
signature at normal incidence, the reflections from the planar DR array should be kept low by
employing a very thin support structure of low permittivity; in our example, we used a paper of
0.9 mm thickness with a 10 μm thick layer of glue (product name UHU POR) for bonding the
DRs. For a distinct notch signature at resonance, the distance from the aperture plane of the
corner reflector apex has to be chosen such that the superposition of the reflections from the
corner reflector and from the DR array superimposes destructively at the DR resonance
frequency; in our example, the DR array was fixed to the edges of the corner reflector without
adjustment. The tag shown in Fig. 6 employs a metal corner reflector with a triangular aperture
of 68 mm edge length with a planar DR array covering about only half the area of the reflector
aperture (158 resonators inside the inscribed triangle of 50 mm side length). More DRs may be
placed on the array plane to improve the notch depth but a smaller number of DRs reduces the
notch depth: for example, with 45 DRs, the notch depth reduced to only about 3 dB.

From the summary of the above discussed tag designs (Table 1), it becomes clear that
regarding the target specification of our “low-Q/high-RCS” landmark tag, the last corner
reflector examples appear quite attractive. This is because the corner reflector sizes (and
by this, the RCS) can be made as large as required to overcome the clutter, while
providing its high RCS over a wide range of incidence angle, and providing clear
identification by the notch position in its spectral signature. The broadband high RCS
level generated by the metal corner reflectors is highly appreciated, since this allows an
FMCW Radar reader with wide sweep bandwidth, e.g., as used in [22], to create a very
narrow target pulse. As an example, in Fig. 7, we show the impulse response generated
by a frequency sweep of 35 GHz from the reflection of the trihedral corner reflector of
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Fig. 6 Trihedral corner reflector of 68 mm edge length with planar array of 158 DRs of 0.6 mm diameter in a
2.5-mm grid fixed to the corner reflector aperture. Measured RCS spectral signatures for incident angle from 0°
to 40° with signature of the reflector without DR array (full line) for comparison; DUT placed in 2 m distance to
horn antenna



Fig. 6. The plot for the corner reflector without the DR array shows a first, low peak
from the front edge of the metal corner reflector and a high main pulse from the trihedral
reflector faces in about 3 cm distance, which is the depth of the corner reflector. The plot
for the corner reflector with the DR array in place exhibits a first peak at the same
position, but with 20 dB higher level due to the reflection from the DR array which is
placed exactly across the metal reflector aperture. The main peak following this is still
much larger and is due to the reflection from the corner reflector plates; after this peak,
reflections between the planar array and the metal reflector produce peaks with decaying
amplitude (standing wave effect) and a long ringing tail due to the excitation and
discharge of the resonators is superimposed. The − 3 dB pulse width for the corner
reflector peak is 0.04 ns which easily allows to range this landmark at resolution and
accuracy in the sub-mm range while the landmark still can be identified by its spectral
notch position. However, as discussed in Section 1, the ringing tail in the pulse shape
may create a problem when the landmark sits close to a large infrastructure reflector, like
a flat wall and the reader signal is normally incident to the wall: The superposition of a
strong interferer pulse with the ringing tail of the landmark can critically distort the RCS
notch in frequency domain and harm the tag identification.

With a tag providing much longer ringing time, the reader could gate-out the infrastructure
clutter response and analyze the remaining ringing signal; with short ringing times, as in our
example of Fig. 7, we have to keep a minimum distance to interfering infrastructure objects by
selecting suitable installation positions. In addition, we may have to use some absorber
shielding behind the reflector covering the first Fresnel zone and combine this with a
suppression of the interfering pulse by a time gating in the signal processing of the reader.

There are, however, also certain limitations in the corner reflector tag design: As a result of
the low-Q resonant modes, the number of non-overlapping notch positions is limited to only
few equivalent bits; tags using narrow-band high-Q resonators could much relax this limita-
tion. The other limitation concerns the typical RCS retro-directivity pattern of a corner reflector
seen in Fig. 8. We observe a steep degradation of the RCS level with increasing incidence
angle (and a peak around 40°) which severely could limit the read range of our system. As
demonstrated in [13] and also indicated in Fig. 8, a spherical lens reflector could be an
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attractive alternative since it can provide a near-constant RCS level over a large angle range.
As indicated above, both drawbacks of the corner reflector tag could be avoided by high-Q
resonator tags which are presented next.

3 Towards High-Q Resonator Tags

The wireless readout of the resonance frequency of high-Q resonators has been demonstrated
for sensing purposes below 10 GHz, showing how the long ringing response allows for their
use in bridges [26], corridors [27], and high-reflective environments such as machine tools
[28]. Such high-Q resonators may be realized with metallic or dielectric structures. For mm-
wave frequencies and above, the use of resonators based on a metallic cavity is often avoided
due to metallic losses, which increment with the square root of the frequency and with the
surface roughness of the metallic surface. In the case of dielectric resonators, the losses of the
dielectric material Qd represent an upper limit to the measured loaded quality factor Ql

following the equations

1

Ql
¼ 1

Qd
þ 1

Qrad
and Qd ¼

1

tanδd
;

where Qrad represents the radiation quality factor. In order to achieve high Q-factors over 500,
low-loss materials with high relative permittivity such as 50 [27, 28] are employed.

As the frequency is increased towards 230 GHz, the availability of materials with high-
permittivity and very low losses is reduced. The available materials that show the lowest
dielectric loss with relative permittivity ϵr > 9 are shown in Table 2. Although ZrO2 presents
low losses for several applications, these losses are too high for the realization of high-Q
resonators even if just mixed with lower loss Al2O3 (alumina). In order to achieve high
radiation quality factors Qrad > 500, either high relative permittivity ϵr or high-order resonance
modes are needed. Materials with higher relative permittivity ϵr > 13 and tanδ < 10−3 are
unknown to the authors, while the use of higher order resonance modes results in higher
mode density and therefore reduces the bandwidth available for the coding of information.

To overcome these limitations, photonic crystals (PhCs) can be used to reduce the radiation
of dielectric resonators. By shifting the holes surrounding the resonator, cavities with radiation
quality factorsQrad > 106 can be realized [31]. Such resonators have been intensively studied in

Fig. 8 Typical variation of retro-
directive RCS as a function of in-
cidence angle. Comparing a
Luneburg lens reflector to a trihe-
dral corner reflector
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optics [32–34] and are being investigated in THz frequencies for the realization of highly
sensitive sensors [35, 36]. In addition to be able to modify the radiation properties of the
resonators, the PhC structure serves as a mechanical support of these resonators while
confining the EM energy in the resonators. Thus, PhC resonators can be mounted in lossy
supports without affecting their resonant properties in the desired frequency band.

A verification of the low losses and the capability to design high-Q resonators with 3D-
printed alumina and deep reactive ion etched (DRIE) high-resistive silicon has been presented
at 80 GHz in [37]. After this successful characterization, the resonators with alumina and HR-
Si have been scaled to the 220 to 330 GHz frequency range to fall under the WR3 output of the
measurement equipment and the manufactured samples can be seen in Fig. 9. More informa-
tion on the (DRIE) process for the fabrication of the HR-Si resonators and the lithography-
based ceramic manufacturing (LCM) can be found in [37].

The measurement setup for the characterization of the high-Q resonators and the measured
S-parameters is shown in Fig. 10. The resonators are mounted in a Polylactic Acid (PLA)
support additively manufactured with a standard fused deposition modelling (FDM) process.
Since the electromagnetic fields do not propagate to the borders of the PhC for the bandgap
frequency range, the influence of the PLA support on the resonator frequency and measured
quality factor can be neglected.

The temperature stability of the high-Q resonators is important for its use in indoor
localization tags. In harsh environments such as a fire in the building, indoor localization tag

Table 2 High-permittivity materials

Al2O3 HR-Si 20% ZrO2

80% Al2O3

ϵr 9…9.9 11.68 11.28
Qd 2940 > 2000 500
Frequency 144 GHz 200 GHz 144 GHz
Reference [29] [30] [29]

a) b) 

Fig. 9 a HR-Si and b alumina high-Q resonator sample at 230 GHz. In b, the PhC holes have a square cross
section to fit to the pixel raster of the 3D printer
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landmarks able to withstand high temperatures on the ceiling would help unmanned vehicles to
move through the building analyzing its state and the presence of humans in it. The temper-
ature stability of the alumina and silicon high-Q resonators at 80 GHz is shown in Fig. 11 [38].
HR-Si presents lower losses at lower temperatures, but these losses rapidly increase with
temperature and become higher than alumina for temperatures above 75 °C. This increment of
the losses reduces the quality factor needed for clutter suppression and also has a direct impact
on the RCS as shown in Fig. 11b, reducing the maximum range.

In order to prove the feasibility of multi-resonator tags in a single PhC, a 4-bit tag has been
presented [39]. The RCS of a single resonator at 80 GHz is < − 40 dBm2 and the maximum
range with a 25 dBi standard gain horn antenna has been 20 cm. Such 4-bit tag landmarks have
been designed and measured at 230 GHz with similar results. The manufactured samples in
alumina and HR-Si and the measured 4 resonances can be seen in Fig. 12. The maximum
readout range of the single-resonator 4-bit tag landmarks at 230 GHz with a 25 dBi reader
antenna in the laboratory is 14 cm. Using a metallic sphere with 2 cm diameter as a reference,
an RCS of each resonator between − 55 dBm2 and − 60 dBm2 is obtained. Still, strong
variations in the received power from each resonance are observed for different interrogation
angles. This effect does not allow for the practical use of these tag landmarks unless a focusing
structure such as waveguide or a lens is used to excite the resonators in a well-defined manner.

To increase maximum range of the high-Q resonator tags consistent with the localization
system requirements, the RCS of single-resonator tags needs to be increased by at least 30–
50 dB. The RCS achieved by a single resonator can be increased with resonator arrays and

a) 

b) c) 

Fig. 10 a 2-port measurement setup for the characterization of the 230 GHz PhCs. b and c show the results of the
alumina and HR-Si resonator samples, respectively. In both cases, a direct connection (through) between the
input and the output ports via a PhC dielectric waveguide is used as a reference. The extracted quality factors
from the 3-dB bandwidth of the transmission peak for alumina and HR-Si are 376 and 736, respectively. EBG:
electromagnetic bandgap corresponds to the operation frequencies of the PhCs

920 Journal of Infrared, Millimeter, and Terahertz Waves (2020) 41:908–925



corner reflectors. However, since all resonators contribute to the response, all of them should
resonate exactly at the same frequency. The higher the Q-factor, the lower the tolerances of the
system to frequency shifts which might result not only from different geometries of the
resonators but also from variations in the permittivity of the different resonators. Even if
low tolerance can be achieved, temperature gradients can shift the resonance frequency of
some of the resonators which would lead to loss of functionality.

These limitations can be greatly reduced by using a lens such as a Luneburg lens to
generate a focal area where the resonators are placed as shown in Fig. 13. In such a
structure, only one or few resonators with the same resonance frequency are excited and
their RCS is amplified by the lens. Since the interrogation propagates twice (in and out)
of the Luneburg lens, the increase in the RCS of the resonators is twice the gain (in dB)

a) b)
Fig. 11 a Temperature dependence of high-Q PhC resonators at 80 GHz for alumina and HR-Si. b Its effect on
the RCS of a high-Q resonator-based tag landmark for a radiation quality factor Qrad = 1000 [38]. 0 dB
corresponds to a lossless case

a) b) 

c) d) 

Fig. 12 4-bit a alumina and b HR-Si tags. c and d show their frequency response at a distance = 15 mm. In both
cases, the four resonances can be differentiated as the 4 highest peaks
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of such a lens placed in front of an antenna in a communication link. As shown in [13]
using discrete DRs combined with single-index lens, by placing multiple resonators
along the surface of the Luneburg lens, the coverage angle of a single tag can be
widened, while only a few resonators are excited for each interrogation angle. While
the information density that can be coded is still affected by shifts in the resonance
frequencies of the resonators, its effects on the RCS or backscattered power of the tag are
reduced. On the other hand, with intentionally varied resonance frequencies of the
resonators, it should be possible to realize a passive chipless tag with angle-of-arrival
sensing according to [16] with very fine angle resolution due to the narrow bandwidth of
the high-Q resonators.

Examples of Luneburg lenses for communication links show gains of 24 dB at 90 GHz [17]
and 18 dB at 330 GHz [40], to name a few examples. Therefore, an RCS increase of twice
these gains, e.g., 36 to 48 dB can be expected. While such gains would potentially increase the
range of the single dielectric resonators by a factor 8 to 16, the fabrication and integration of
multiple high-Q resonators within a lens at such high frequencies remains a challenge. A main
issue is that the high relative permittivity ϵr > 9 needed for the efficient realization of high-Q
resonators diverges from the low permittivity gradient from 1 to 2 required for the conven-
tional Luneburg lens.

4 Conclusion

This paper has presented the evolution of tag landmark designs for a novel self-
localization system. Tags based on single dielectric resonators were found to provide
retro-directive scattering but with far too low RCS levels for our system application. A
tag based on low-Q resonators and aimed at very high RCS levels was found to be best
realized in the form of corner reflectors which include large planar arrays of dielectric
resonators to create notched spectral signatures of the monostatic RCS. These designs
can be scaled in size to realize any required RCS level and the position of the spectral
notch can be defined by the choice of diameter of the dielectric resonators. Due to the
wide-band high RCS characteristic, this tag design provides very high range resolution
while frequency position coding allows only few bits and the read range can be limited
by the typical corner reflector wide-angle degradation.

Fig. 13 High-Q and high-RCS
frequency-coded retro-reflector
concept
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A tag based on high-Q resonators is envisaged in a design combining planar photonic
crystal resonators with a spherical Luneburg lens. Due to the smaller resonance bandwidths
and the combination of several resonators in one tag, this design promises much larger coding
range and due to the spherical lens, a much wider angular coverage at constant high RCS level.

With view to a practical tag manufacture for the lower THz frequency range, both concepts
can profit from 3D printing technologies for ceramic materials, as in [39], which allows
fabrication of ceramic resonators in planar arrays, photonic crystals, or other planar and non-
planar configurations without, e.g., the requirement of manual placement of single resonators.
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