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ABSTRACT This article introduces retroreflective lenses for millimeter-wave radio-frequency indoor
localization. A three-dimensional (3D) gradient-index Luneburg lens is employed to increase radar cross
section (RCS) of photonic-crystal high-Q resonators and its performance is compared to conventional radar
retroreflectors. A classic Luneburg lens with and without a reflective layer is realized with 25 mm diameter
(6.7 λ0), showing a realized gain of 24.6 dBi and a maximum RCS of−9.22 dBm2 at 80 GHz. The proposed
Luneburg lens with embedded high-Q resonators as frequency-coded particles in a photonic crystal structure,
operating as a reflective layer, achieved a maximum RCS of −15.84 dBm2 at the resonant frequency
of 76.5 GHz and showed a repeatable response each 18◦ over ±36◦ in two perpendicular planes. With this
high RCS of the Luneburg lens, a maximum readout range of 1.3 m could be achieved compared to 0.15 m
without the lens at 76.5 GHz for the same transmit power, receiver sensitivity, and gain of the reader antenna.

INDEX TERMS Gradient-index, luneburg lens, retroreflective lens, retroreflector, photonic crystal, chipless
RFID, indoor localization, mmWave, RCS enhancement, artificial dielectric.

I. INTRODUCTION
Retroreflectors are devices providing radar cross section
(RCS) augmentation and are widely used for automotive
radars and measurement calibration [1], tracing objects [2],
indoor localization [3] and recently, they have been explored
as devices which can help to overcome high path losses at 5G
millimeter waves and optical communication systems [4].

For applications such as indoor localization using pas-
sive retroreflectors, a self-localizing device (in the following
reader) interrogates each retroreflector and determines its
relative distance to it. With the relative distance to several
retroreflectors and a database of the positions of the retrore-
flectors in the room or building, the reader can precisely
calculate its position [3].
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Such retroreflectors can become smaller with the wave-
length, while the accuracy of radar ranging algorithms
increases at higher frequencies due to the higher absolute
bandwidth [5]. For these reasons, the realization of retrore-
flectors in the mm-wave (30 GHz to 300 GHz) frequency
range has received increasing attention [6], [8]–[12].

For successful localization, the reader must identify each
retroreflector to find their position in the database. This target
identification in radar has been intensively investigated for
decades with either active or passive methods. In an indoor
self-localization environment, passive methods are advanta-
geous due to the absence of a battery, i.e., no maintenance
needed. A simple solution is the realization of mm-wave
retroreflectors to generate one or several notches in an oth-
erwise frequency-stable backscattering response of trihedral
corner reflectors [6], [8], [10].

Despite their high RCS, the identification of passive
retroreflectors can be unstable due to strong reflections in the
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nearby environment, i.e., clutter, such as naturally occurring
retrodirective reflections in the corners of a room or among
furniture. To overcome this issue, high quality factor (high-Q)
resonators can be exploited for their ability to store electro-
magnetic (EM) energy for a longer time inside the resonator,
which helps to filter out the undesired clutter reflections
by a time-gating technique as presented in [13]–[15]. The
realization of high-Q resonators at mm-wave frequencies for
identification by photonic-crystal (PhC) structures is pre-
sented in [16]. However, the small geometrical size of the res-
onators results in a reduction of their RCS, limiting the range
achieved by single-resonator tag landmarks at 90 GHz to less
than 20 cm.

In order to increase RCS, arrays of high-Q resonators can
be integrated with corner reflectors as in [11]. However, for
high-Q resonators, even small variations in the resonance
frequency of some resonators or temperature gradients result
in a large variation in the phase of the re-radiated signal
by each resonator, which strongly reduces RCS. This effect
worsens the higher Q-factor due to the inherently narrow-
band response Q = fresonance/1f . For this reason, the combi-
nation of high-Q dielectric resonators with low loss dielectric
lenses is desired. By placing the high-Q resonator coding tags
near the focal area of the lens, only one or a few coding
parts are excited at a certain moment, so that manufacturing
tolerances do not affect RCS and only have an effect on
the coding density given by bits per GHz. The larger the
manufacturing tolerances are, the more bandwidth needs to
be used for a single resonance frequency, i.e. a bit.

A simple homogeneous fused silica ball lens presents a
focal area near its opposite end and can be used as a retrore-
flector. However, its constant relative permittivity (εr ≈ 4)
limits its use to small diameters of 4-5 wavelengths due to
a high-density of parasitic resonances, which are caused by
an impedance mismatch at its surface [17]. To overcome
this limiting factor, a Luneburg lens with a gradient per-
mittivity profile can be used as theoretically introduced in
[18]. A schematic model representing this system with two
frequency coded tag landmarks is shown in Fig. 1. Our pre-
vious work in [19] considered for RCS enhancements a 2D
Luneburg lens, which has operation limited only at azimuthal
plane, with small spherical low-Q dielectric resonators at a
lower frequency band around 5.5 GHz, providing low cod-
ing density and short ringing time to differentiate its RCS
response in the time-domain.

In this article, the design andmanufacturing of a 3DLuneb-
urg lens and its integration with 5 high-Q PhC coding tags
at 80 GHz for frequency coding is presented. Depending on
the angle of arrival of the interrogation signal, one of the
coding tags is excited, demonstrating the potential of this
approach for passive frequency-coded retroreflectors with
larger ranges, higher and stable angular coverage in selected
planes of the second half of the lens, and allowing for an
effective clutter suppression.

This article is organized as follows: Section II presents a
comparison of various retroreflectors used for the realization

FIGURE 1. Interrogation system with two of the proposed high-RCS
retroreflective lenses with embedded high-Q resonators as
frequency-coded particles in a PhC structure, operating as a reflective
layer.

of high-RCS frequency-coded retroreflectors, and their per-
formance is discussed in terms of RCS pattern. In addition,
the design of the Luneburg lens is introduced, and its per-
formance is characterized first as an antenna and then as a
retroreflector with an additional reflective layer. Section III
focuses on the combination of PhC high-Q resonators for the
realization of frequency-coded Luneburg lens reflectors. The
proposed designs are manufactured, and the measurement
results are shown in Section IV, following a discussion of
the results and their intended improvement with a three-
dimensional (3-D) printing technology.

II. RETROREFLECTORS
In the field of radar systems, there are mainly three types of
retroreflectors. The first type is a corner reflector, which is
mainly used for radar calibrations and can be constructed in
dihedral, trihedral triangular or trihedral cubical forms [20].
They provide large RCS in a limited angular range of up to
about ±45◦. The second type is a spherical reflector which
is usually made as a metallic sphere or dielectric lens with
a constant or gradient refractive index [21]. They provide a
very wide angular range, but their RCS is usually lower. The
third type of retroreflectors is the Van Atta array which can
be very thin with comparable RCS as the Luneburg lens, but
it requires a complex connection network between particular
array segments and its fabrication at mm-wave frequencies is
difficult [22]. The RCS patterns of the selected retroreflectors
at a frequency of 80 GHz will be presented in this chapter.

A. METALLIC RETROREFLECTORS
The monostatic RCS of conventional metallic reflectors as
trihedral triangular and cubical corner reflector, flat reflector
and metallic sphere reflector, at the boresight as in Fig. 2, can
be calculated by the expressions (1)-(4), respectively [20],
[23]:

σtiangular = 10 log
(
4π
λ2
·
a4

12

)
[dBm2], (1)
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FIGURE 2. Trihedral triangular corner reflector (a), trihedral cubical corner
reflector (b), flat reflector (c), sphere reflector (d).

FIGURE 3. Azimuthal monostatic RCS pattern of the considered reflectors.

σcubical = 10 log
(
12πa4

λ2

)
[dBm2], (2)

σflat = 10 log
(
4πa4

λ2

)
[dBm2], (3)

σsphere = 10 log
(
πR2

)
[dBm2], (4)

where σ denotesRCS of the given retroreflector, a denotes the
side length, R denotes the lens radius and λ is the wavelength.
For a comparison with the designed Luneburg lens,

the edge length of the triangular and cubical corner and
flat reflectors is set to 25 mm, and the diameter of the
sphere reflector is 25 mm. The monostatic RCS patterns
of the selected retroreflectors at a frequency of 80 GHz
(λ = 3.75 mm) are shown in Fig. 3 and their performance
is summarized in Tab. 1. An asymptotic solver (CST Studio
Suite) with the Shooting Bouncing Raymethod has been used
for numerical simulations to determine angular range defined
as an angle of 6 dB decay from the maximum RCS value.

From the previous comparison, it can be concluded that the
highest RCS is achieved by the trihedral cubical corner reflec-
tor. Coding in corner reflectors can be achieved by frequency
selective surfaces [6], dielectric resonators [11], or thin film
modulators [7] with high RCS for applications such as
indoor localization. Similarly, coding in flat plate reflec-
tors can be achieved by a frequency selective surface plate,
a planar dielectric resonator array in front of a metal plate

TABLE 1. Monostatic RCS comparison of selected retroreflectors at a
frequency of 80 GHz. Edge length / diameter = 25 mm.

[8], or microstrip coding [9], but this type of reflectors share
the abrupt RCS decay for directions other than broadside
of the flat metal reflector. However, the strong variation of
RCS with the angle and the inability to distinguish the corner
reflector’s response from nearby clutter are restrictive. These
issues are addressed with the Luneburg lens design presented
in the next section.

B. RETROREFLECTIVE LUNEBURG LENS
The Luneburg lens has a spherical shape with a gradient
permittivity profile, which allows to focus an incident plane
wave in a so-called focal area on the opposite end of the
lens. When this opposite side of the lens is covered by a
reflective layer, the focused power is reflected back in the
direction of incidence. In this case, it operates as a retrore-
flective lens. An advantage compared to corner retroreflectors
is its more stable RCS for varying azimuthal and eleva-
tion angles. Compared to homogeneous spherical dielectric
lenses, the gradient-index profile avoids impedancemismatch
[24], i.e., structural reflections of the incoming wave, so that
its maximum size is not restricted by the number of wave-
lengths as in [17]. In comparison with an omnidirectional
retroreflective Eaton lens, the Luneburg lens requires materi-
als with effective permittivity varying from 2 (in the middle)
to 1 (at the edge), what is manufacturable by conventional
methods, whereas the Eaton lens requires effective permit-
tivity profile varying from infinity to 1, which can be trans-
formed by transformation-optics methods to more convenient
profile of effective parameters [25]. However, the main dis-
advantage of this process is requirement for anisotropic meta-
materials which are generally narrowband and thus not fea-
sible for broadband applications such as multi-bit mmWave
frequency-coded retroreflectors. Other examples of retrore-
flective lenses, which are used in optics, includes a Cat’s eye
reflector with a relatively high acceptance angle of±60◦ [26],
or micromachined sheet containing spherical microlenses and
micromirrors allowing acceptance angle of ±37◦ [28]. The
Luneburg lenses can overall provide the best performance and
their main limiting factor during designing is the fabrication
complexity due to the presence of numerous small details.

The gradient permittivity profile of the Luneburg lens
varies continuously in the radial direction, r , according to the
following expression [24]:

εr(r) = 2−
( r
R

)2
, (5)
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where εr denotes the relative permittivity and R is the radius
of the lens.

The monostatic RCS of the retroreflective Luneburg lens
at the boresight can be calculated by equation (6).

σLumeburg = 10 log

(
4π
(
πR2

)2
λ2

)
, [dBm2] (6)

Thus, for a lens diameter of 25 mm or 6.7 λ0, being λ0 the
wavelength in a vacuum at 80 GHz, the maximal RCS level of
−6.67 dBm2 can be achieved for the retroreflective Luneburg
lens.

In practice, this relative permittivity profile in equation
4 is achieved by patterning the sub-wavelength profile, i.e.,
by reducing the amount of the high-permittivity material. Due
to the small patterning compared to the wavelength, the opti-
cally heterogeneous structure presents homogeneous charac-
teristics at the targeted bandwidth. In this work, the ideal
Luneburg lens permittivity profile is discretized into 15 lay-
ers, which can provide sufficient profile approximation. The
layers are numbered from 0 to 15, where the 0th layer is
in the lens center and the 15th layer is at the lens’s edge.
To realize a 3D lens design, 31 perforated 2.5D layers of
dielectric substrate are stacked together to copy the spherical
shape of the lens. Each layer consists of a certain number of
rings composed of unit-cells with subwavelength dimensions
(0.9 mm × 0.9 mm) on a dielectric substrate Rogers RT5880
(thickness t = 0.787 mm, εr = 2.24, tan δ = 0.0037),
which is characterized by a transmission/reflection method
in a WR-10 rectangular waveguide at a frequency of 80 GHz
[28]. A stepped approximation of the desired permittivity
profile is realized by holes with diameters between 0.4 mm
and 0.85 mm. The minimum spacing between two adjacent
unit-cells is 0.1 mm. The effective relative permittivity in the
polarization direction with the E-field parallel/perpendicular
to the height of the cylindrical holes is obtained from a
dispersion diagram by numerical simulations [29]. This con-
struction approach is selected on the basis of our previous
experience with fabrication of gradient-index based lenses
at mm-wave frequencies, which require very small building
unit-cells (size of maximally about λ/3 in the given material
≈0.84 mm at 80 GHz), low permittivity and low loss material
such as Teflon, HDPE or Rexolite. The most feasible way
of construction and design is therefore as stacked perforated
dielectric substrates similarly as in [30]. Another construction
options are generally based on an additive manufacturing,
where the building unit-cells can be of various shapes as
cubes (Polymer Jetting - PJ) [31], cuboid grid (Fused Decom-
position Modeling - FDM) [32] or 3D crosses (Stereolithog-
raphy - SLA) [33]. However, it is hard to realize such struc-
tures at mm-waves above 80 GHz because of the xy resolution
limit of the conventional 3D printers for reliable printing
(FDM ≈ 0.4 mm depending on the print nozzle diameter
[34], SLA≈ 0.15 mm depending on the laser spot size [35]),
and the requirement for supporting structures, which are too
difficult to remove. Further, a higher permittivity (εr > 2.5)

FIGURE 4. The model of a perforated Luneburg lens, cut in the middle (a),
side view of the Luneburg lens (b), retroreflective Luneburg lens with
reflective layer (c).

FIGURE 5. Discretized permittivity profile of the perforated Luneburg lens.

FIGURE 6. Effective relative permittivity of the perforated dielectric
substrate unit-cell with dimensions 0.9 mm × 0.9 mm × 0.787 mm.

and dielectric losses (tan δ > 0.02) of the materials used
in additive manufacturing makes this method inappropriate
[36]–[38].

To verify the Luneburg lens performance, an antenna con-
figuration with WR-10 waveguide excitation is assumed.
The Luneburg lens as an antenna and as a reflector with its
permittivity profile are depicted in Figs. 4-5. The correspond-
ing dependence of the effective relative permittivity on hole
diameter is shown in Fig. 6. The simulated far-field radiation
pattern for azimuthal position (Fig. 4 a) and elevation position
(lens rotated around the x axis by 90 degrees) is shown
in Fig. 7.

The simulated monostatic RCS pattern of the retroreflec-
tive lens with a 150◦ aluminum cup is shown in Fig. 8. The
electric field amplitudes inside the lens with and without
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FIGURE 7. Simulated far-field radiation pattern of the perforated
Luneburg lens.

FIGURE 8. Simulated RCS pattern of the perforated retroreflective
Luneburg lens.

FIGURE 9. Electric field inside the perforated Luneburg lens (x-y plane
cut), f = 80 GHz.

a reflective layer at the backside are shown in Figs. 9-10.
A plane wave excitation with the wave propagation in the x
direction and E vector in z direction is assumed.
The maximum simulated realized gain of the Luneburg

lens placed in front of a WR-10 rectangular waveguide at
80 GHz is 24.62 dBi. The dielectric losses cause a decrease
in gain of 0.58 dB and impedance mismatch loss (S11 =
−16 dB) cause a decrease in gain of 0.11 dB. The metallic
losses in the waveguide due to finite conductivity (σAg =
4.56 · 107 S/m) lead to a further decrease in gain of 0.12 dB.
The simulated side lobe levels in E-plane and H-plane are
−14.8 dB and−22.1 dB in azimuthal position and−15.3 dB
and−20.2 dB in elevation position, respectively. A small dis-
crepancy of realized gain for the lens orientation 0◦ and 90◦ is

FIGURE 10. Electric field inside the perforated Luneburg lens with a
reflective layer (x-y plane cut), f = 80 GHz.

attributed to the slight dielectric anisotropy of the perforated
substrate. For the retroreflective Luneburg lens, the simulated
monostatic RCS level in azimuthal and elevation planes is
stable in the angular range of±75◦ (−6 dB), with amaximum
value of −8.14 dBm2(assuming an aluminum covering layer
with a surface roughness of 20 µm). A discrepancy between
azimuth and elevation plane at 0◦ is ascribed to an effect of
dielectric anisotropy and the fact that for the simulation of
the elevation plane was the lens oriented in 90◦ position to
correspond with the practical position during measurement
(see Fig. 12 e). This angular stability is in good agreement
with values found in literature [20], [24]. The intensity of
the electric field is doubled after covering the lens with a
reflective layer due to the full reflection of the incident EM
wave. The following section will introduce the Luneburg lens
with embedded frequency-coded PhC high-Q resonators as a
reflective layer.

III. RETROREFLECTIVE HIGH-Q TAG LANDMARKS
PhC-based 2-bit high-Q coding tags have been designed
to be integrated with the Luneburg lens. The coding tags
are designed by coupling two PhC high-Q resonators to a
dielectric waveguide, which is terminated by a rod antenna.
By placing the rod antenna in the focal area of the Luneburg
lens, the interrogation signal is fully coupled into one or a few
high-Q coding tags, therefore increasing their RCS, i.e., the
maximum readout range. Since the focal area of the lens
depends on the orientation towards the reader, multiple high-
Q coding tags are placed around the lens, increasing the angu-
lar coverage. The high-Q resonators are designed as described
in [39] to resonate at slightly different resonance frequencies
so that both resonances can be distinguished in the frequency
spectrum. Notice that only one or a few of the coding tags
are excited for a certain interrogation angle, so that potential
manufacturing inaccuracies only have a local effect on the
RCS response for certain interrogation angles.

The 2-bit coding tag is designed to resonate at 75.5 GHz
and 77.7 GHz with Q-factors of 298 and 287, respectively.

In order to create the final tag, this initial design is repeated
4 more times every 18◦ to surround the Luneburg lens. The
layout of the model and the E-fields in and out of resonances
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FIGURE 11. Model of Luneburg lens with five 2-bit resonator tags (a),
electric field in resonance, f = 75.5 GHz (b), electric field out of
resonance, f = 80 GHz (c).

FIGURE 12. Fabricated samples of Luneburg lens, top view (a), side view
(b), perforated substrate layer (c), retroreflective lens - side view -
azimuth (d), retroreflective lens - side view - elevation (e).

are shown in Fig. 11. A plane wave excitation with the wave
propagation in the x direction and E vector in y direction to
properly excite the PhC resonator tags is assumed.

FIGURE 13. Measurement setup of Luneburg lens radiation pattern (a)
and reflector’s monostatic RCS (b).

IV. FABRICATION AND MEASUREMENTS
The Luneburg lens is fabricated by drilling the dielectric
substrate Rogers RT5880. The holes are realized by the circuit
board plotter LPKF ProtoMat S100. After removing copper,
all 31 layers are manually cleaned and stacked together by a
30µm thick double-sided tape. For the retroreflective Luneb-
urg lens, a 3D printed plastic shell covered by a reflective
aluminium foil is added to the back side of the lens as shown
in Fig. 12.

A similar process is performed on the five 2-bit high-Q
resonator tags. In this case, the dielectric substrate Rogers
RT6010 (t = 1.27 mm, εr = 10.7, tan δ = 0.0023 [40])
is drilled and all copper is removed.

The measurement of the radiation pattern is performed
in an anechoic chamber with the antenna scanner NSI
700S-30 and a Vector Network Analyzer (VNA) R&S
ZVA67 with R&S ZVA-Z110E W-Band extensions. A stan-
dard WR-10 waveguide is used for the lens excitation and a
25 dBi WR-10 horn antenna is used as a receiving antenna
(the measurement laboratory at Brno University of Technol-
ogy). The lens is placed in front of the WR-10 waveguide
with an air gap of 0.5 mm for proper focal area excitation. The
arm with lens is then rotated in 1-degree steps by computer
control.

Themeasurement of themonostatic RCS of the retroreflec-
tive Luneburg lens is performed with a WR-10 horn antenna,
which serves as a transmitting and receiving antenna and the
reflector is placed on a turntable at a distance of 1.3 m. The
monostatic RCS is then calculated from the received power
with and without the reflector. The flat plate reflector with a
side length of 30 mm is used for calibration. The measure-
ment setups are shown in Fig. 13 and the measured realized
gain and monostatic RCS at a frequency of 80 GHz are
shown in Figs. 14 and 15, respectively. The measurement was
realized at a single frequency of 80 GHz with the dynamic
range of RCS measurement setup of 60 dB.

The maximum measured gain of the Luneburg lens placed
in front of aWR-10 hollowwaveguide at 80 GHz is 24.31 dBi
for azimuthal position (0 degree) and 24.62 dBi for elevation
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FIGURE 14. Measured far-field radiation pattern of the perforated
Luneburg lens.

FIGURE 15. Measured monostatic RCS pattern of the perforated Luneburg
lens with reflective layer.

position (90 degree), respectively. Those values are in very
good agreement with the simulations. The different value
of realized gain can be caused by a shift of the focal area
during the measurement due to lens rotation and by the
slightly elliptical shape of the final lens. For the lens focal
area shift of ±0.5 mm, the realized gain can vary about
±0.2 dB and the realized gain difference about −0.1 dB in
azimuthal position can be expected. The measured side lobe
levels in E-plane and H-plane are−13.4 dB and−21.8 dB in
azimuthal position and −13.5 dB and −19.2 dB in elevation
position, respectively. Ripples which are observed in the
RCS patterns, are attributed to the combination of non-ideal
alignment of the lens and reflector during the assembly (RCS
drop about 2 dB), the irregular higher surface roughness in the
range from 20 µm up to 450 µm, which can further reduce
the RCS up to 0.8 dB and parasitic reflections inside the
lens in combination with non-smooth profile of the reflective
aluminium foil, which creates an additional parasitic air gaps
(up to 1.5 mm) resulting in destructive wave interference
and RCS drops (about 1 dB) at the given angles. Those
combination of parasitic effects can reduce the RCS by at
least 4 dB. The summary of measured results and comparison
with simulation is presented in Tab. 2.

The measurement setup for the characterization of the
tag landmark is shown in Fig. 16. A Vector Network Ana-
lyzer Agilent Technologies N5222A with an Anritsu 3740A
W-Band extension and a 25 dBi WR-10 horn antenna is

TABLE 2. Measured and simulated parameters of Luneburg lens antenna
and retroreflector at a frequency of 80 GHz.

FIGURE 16. Monostatic RCS measurement setup of frequency-coded PhC
retroreflective Luneburg lens with five 2-bit tags.

used as a monostatic reader (the measurement laboratory at
Technische Universität Darmstadt). The measurements are
performed from 65 GHz to 110 GHz with 10001 frequency
points and a dynamic range of 85 dB. The tag landmark con-
sisting of the Luneburg lens and five 2-bit high-Q coding tags
is placed on a turntable, and foam is used to adjust the height
to that of the reader. The turntable and VNA are controlled
by a computer, which rotates the tag landmark and measures
the scattering parameter S11 at the antenna in 1-degree steps.
For the characterization, a single measurement is performed
without the lens and subtracted from the measured results to
reduce the effect of the table on the measured response.

Additionally, an aluminum trihedral triangular corner
retroreflector with 30 mm side length is used as a refer-
ence for the RCS calibration. The measured time-frequency
response of the frequency-coded PhC Luneburg lens retrore-
flector is presented in Fig. 17. To obtain this figure, an inverse
fast Fourier transform (IFFT) of themeasured S-parameters at
a certain incident angle is performed. Then, 200 signals are
extracted by multiplying the time signal with 200 different
rectangular windows of constant span while sweeping the
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FIGURE 17. Time-frequency plot of the measurement realized with the
frequency-coded PhC retroreflective Luneburg lens with five 2-bit tags at
a distance of 70 cm for Luneburg lens orientation 0◦ (a) and 90◦ (b). The
time-window span is 2 ns and the time values represent the start of the
time window. The high-power wide-band reflection until t = 4.7 ns
corresponds to the wideband structural reflection of the PhC tag.

FIGURE 18. RCS frequency response of frequency-coded PhC
retroreflective Luneburg lens with five 2-bit tags.

start times as indicated in the time-axis of the figure. Finally,
each of these signals is transformed to the frequency domain
with a Fast Fourier Transform (FFT). The FFT of each of the
200 extracted signals corresponds to one of the columns of
data in Fig. 17.

The results of the tag landmark characterization are shown
in Figs. 18 and 19. The resonance frequency of both res-
onators can be seen at 74.4 GHz and 76.5 GHz from the
slower decay of the received power over time. Due to the
long ringing, the signal from the resonators is received over
a longer time, so that short clutter reflections can be differ-
entiated from the response of the tag landmark. The observed
frequency shifts between measured and simulated data can be
caused by a slightly higher value of the relative permittivity
of the used dielectric substrate.

Without the lens, the maximum readout distance between
the reader antenna and the coding part is 15 cm. For larger
distances, the received power is too low to be distinguished
from background noise. With the lens, enough power is
received to realize the characterization in the far-field of the
horn antenna, so that measuring RCS can be performed. The

FIGURE 19. Measured monostatic RCS at 76.5 GHz of frequency-coded
PhC retroreflective Luneburg lens with five 2-bit tags in (a) azimuth and
(b) elevation for successive time windows starting at 4 ns (red), 4.9 ns
(black), and 5.8 ns. The time-window span is 2 ns.

TABLE 3. Passive chipless frequency-coded mm-Wave retroreflectors.

maximal measured RCS of the Luneburg lens with PhC as
a reflective layer on the backside is −15.8 dBm2, which
is only about 7 dB lower in comparison to the aluminum
foil backed Luneburg lens. Time gating is applied to see the
resonance peaks, andRCS varies in a range from−15.8 dBm2

to around−40 dBm2 depending on the start of the time-gating
window. A comparison to previous frequency-coded tags is
summarized in Tab. 3. The maximum distance measured in
laboratory is 130 cm as shown in Fig. 20.

The maximum range Rmax of a monostatic radar system
can be calculated by (7):

Rmax =
4

√
1P

G2λ20σ

(4π )3
, (7)

where 1P = Ptransmit/Preceive is the difference between
the transmit power and the minimum receive power for
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FIGURE 20. Time-frequency plot of the measurement realized with the
frequency-coded PhC retroreflective Luneburg lens with five 2-bit tags at
a distance of 130 cm. The time-window span is 2 ns and the time values
represent the start of the time window. Compared to Fig. 18,
the resonance frequencies of the high-Q resonators cannot be as clearly
differentiated.

FIGURE 21. Link budget at 76.5 GHz for different RCS and reader gains.
There is an equivalence between 1P and |S11| in Fig. 18 and Fig. 21.

successful detection, G is the antenna gain of the monostatic
reader, and σ is the RCS. A realistic calculation of maximum
ranges is shown in Fig. 21.

Assuming+10 dBm transmitter output power,−100 dBm
sensitivity of receiver [41], and 20 dB signal-to-noise ratio
(SNR) for successful detection, the maximum range for
1P = 10 + 100 − 20 = 90 dB, the line of sight readout
distance at 76.5 GHz varies from 11 m to 40 m.

The performance of the tag can be further increased by
realizing the high-Q coding tags in lower loss materials like
3D-printed alumina and micromachined HR-Si as presented
in [16], [42]. With these tags, both higher RCS and higher Q-
factors can be achieved. Higher RCS increases the received
power, while higher Q-factors result in a lower decay of the
power over time, i.e., longer gating possible for the same
SNR. In addition, the ripple observed in the RCS over the
angle in Fig. 19 needs to be reduced and the number of bits of
information, i.e. the number of high-Q resonators, increased.
These current limitations can be addressed by optimizing the
position of the resonators and reducing the distance between
the dielectric rod antennas.

V. CONCLUSION
In this article, we presented a perforated Luneburg lens
retroreflector for millimeter-wave frequency-coded indoor
localization. The maximum realized gain of the lens without
a reflective layer is 24.62 dBi and the reflector’s monostatic
RCS level is −9.22 dBm2. In comparison with other com-
monly used retroreflectors, the retroreflective Luneburg lens

shows a very wide and stable RCS angular range of ±72◦

over azimuth and elevation. By using this lens with five 2-bit
high-Q resonator PhC frequency-coded tags at the backside,
the maximum readout distance is increased from 0.15 m to
1.3 m at 76.5 GHz. Moreover, the lens with periodically
arranged resonators around the lens as coding particles in a
PhC structure demonstrates an angular range of±36◦, which
can be increased by using more tags. Novel technologies such
as alumina 3D printing will enable further increasing of the
angular range in both planes, as well as reducing the losses in
the coding part and increasing the Q-factor.
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