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Photonic-Crystal-Resonator Based Corner Reflector
With Angle-of-Arrival Sensing

Ali Alhaj Abbas , Yixiong Zhao , Jan Balzer, Klaus Solbach and Thomas Kaiser

Abstract—In this paper, we propose a Photonic Crystal (PhC)
resonator based corner reflector for sensing the Angle-of-Arrival
(AoA) of the incident wave from an interrogator. The sensor is
constructed of joining a flat metal plate with a one-dimensional
PhC resonator at an angle of 90◦. The PhC resonator is designed
by inserting a defect layer between two quarter-wave Bragg
mirrors in order to create a deep notch in the backscattering.
While the PhC resonator provides unique spectral signatures in
the “specular direction” related to AoA (i.e. by shifting the notch
position), the corner configuration allows the back-scattering of
these signatures to the direction of the interrogator. As a proof of
concept, EM simulation and measurement are performed in W-
band on a 40-mm squared PhC resonator perpendicularly joined
with a same size metal plate. Based on signatures, a resolution
of less than 6◦ can be achieved in the angular range −35◦ to
35◦. Due to the corner configuration that allows a high Radar
Cross Section (RCS), the proposed sensor shows the potential of
sensing the AoA at long reading ranges.

Index Terms—Angle-of-Arrival sensing, one-dimensional pho-
tonic crystal resonator, corner reflector, Radar Cross Section
(RCS).

I. INTRODUCTION

The concept of wireless identification by means of elec-
tromagnetic radio frequency (i.e. RFID technology) became
the foundation stone of a new paradigm shift in a multitude
of applications that allow a high degree of automation. R-
FID technology is also considered as one of the enabling
technologies for a world of addressable intelligence run by
the Internet of things (IoT) [1], [2]. For RFID systems that
consider lowering the infrastructure cost as the main concern,
chipless RFID tags that employ no chip in their structure is
considered the ultimate solution [3]. However, the absence
of chips creates many challenges still being addressed by
generous research including the coding capacity [4], reading
range [5], [6], retro-directivity [7], [8] and detection reliability
in harsh environments [9], [10].

Currently, the research zone of RFID tags has been enlarged
from “item identification” to include other functionalities, like
sensing [11]. Many research efforts contribute in this direction
by establishing a different type of sensors, like structural
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(e.g. [12]) and environmental sensors (e.g. [13]). In fact,
Angle-of-Arrival (AoA) is an attractive sensing parameter
in RFID-based localization systems [14]–[16] which can be
used as essential or supplementary knowledge of a reader to
increase the localization accuracy. In conventional systems,
the tag scattered signals are received by a sensor array at the
reader side in order to estimate AoA which requires immense
hardware implementation and advanced algorithms for high
resolution [17]–[19]. In comparison, AoA sensors relocate the
problem of angle sensing from the reader side to the tag side
by coding different angles by different backscattered spectra
which are readily measurable by a single antenna reader [20].
In the literature, we found a limited number of reported
AoA or rotation sensors which were originally designed to
detect the rotation of RFID tags attached to items. In [21],
authors show the rotation sensing capability of a split-ring
resonator tag utilizing the tag polarization diversity, but with
low performance of 20◦ resolution. The proposed sensor in
[22] and its improved version in [23] used another method
of sensing based on collecting cross-polar responses of a set
of dipoles. Although the sensor has shown a better angle
resolution, the design suffered from angle ambiguity due to the
lack of univocal cross-polar response related to a unique angle.
Better performance has been demonstrated in [24], [25] using
similar designs based on analytical expressions that relate the
co- [24] or cross-polarization [25] response with the angle
of rotation. Finally, in [20], the most relevant reference to
our current work from an application perspective, Abbas et.al
combined different-size dielectric resonators with a spherical
lens in order to sense the incidence angle making the design
advisable as anchors in RFID-based localization systems.

All existing AoA sensors were devised in the microwave
frequency range where dimensions are easily realizable. N-
evertheless, realizing such designs at mm-wave (30 to 330
GHz) or terahertz frequencies (100 GHz to 10 THz) requires
scaling down the sensor dimensions to sub-mm range causing
difficulty in fabrication [20]. Furthermore, at microwave fre-
quencies the maximum achieved reading range is limited to
tens of cm’s because of the small aperture size of resonator
structures, e.g. maximum range of 20 cm in [23] and up to 40
cm in [24], [25]. For operation at higher frequencies, the RCS
level is also lowered by a square of wavelength which reduces
the range more and complicates the detection of backscattered
signatures. Indeed, mm-wave or terahertz frequency band
offers additional benefits over microwave range in terms of
bandwidth, resolution, and security [26]. Consequently, new
tag classes have been recently built in such bands, based
on dielectric resonators [27], [28], one-dimensional [29] and
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Fig. 1. (a) 1D PhC (Bragg mirror) having a periodicity along x-direction and a square aperture (l1 = l2) in yz-plane, (b) illustration of PBG principle mode
behaviour, (c) schematic of 1D PhC resonator created by adding a defect layer, and (d) illustration of defect mode principle. The solid line represents the
reflection, and the dashed line represents the transmission

two-dimensional Photonic Crystal (PhC) resonators [30], [31].
The most attractive class amongst them is PhC resonators
due to ease of realization from low-loss materials [32]. In
principle, PhC resonators are designed by placing a defect
layer in a crystal lattice of two materials alternating in the
refractive index (necessarily with sufficient contrast of low
and high indices) to break the lattice periodicity and produce
a resonance within the Photonic Band Gap (PBG) [33]. The
defect mode frequency can be tuned by varying the angle of
incidence where a shift toward higher resonance frequencies
occurs by increasing the angle [34]. This interesting feature
has been exploited in many applications in the optical range
like building spatial filters [35].

In this paper, we propose a novel design of a mm-wave
AoA sensor mainly suitable, but not limited to, for RFID-
based localization systems operating in the W-band (75-110)
GHz. The sensor is made of uniting a metal plate with a
one-dimensional PhC resonator, joined to form a 90◦ corner.
The basic idea is to use a PhC resonator to create distinct
spectral signatures related to AoA and reflect these signatures
in the specular direction. Then, thanks to the corner reflector,
all spectral signatures are reflected back to the interrogator
direction allowing for a high RCS level (corresponding to
a long reading range) over a wide-angle, yet with a wide
dynamic range of angular sensing.

It is worth mentioning that the corner reflector with its
original design comprising two conducting surfaces has been
widely used as an efficient reflector with a high RCS to in-
crease target visibility where no information has been encoded
in the structure [36]. Just recently, we witness smart corner
reflectors with identification capabilities coded in amplitude
as in [37] and in frequency by dielectric resonators [6], [28],
[38] and by frequency selective surface (FSS) [39]. Contrary

to designs of coded reflectors for discrimination and identifi-
cation, our present paper demonstrates an new functionality of
AoA sensing.

The rest of this paper is structured as follows: first, the de-
sign details and the analysis of the angle-dependent scattering
of a PhC resonator are presented in Section II. In Section
III, we provide a detailed description of the AoA sensor
supported by EM simulation results. Section IV presents the
fabrication of the sensor and experimental results endorsing
EM simulations. In this section, we also discuss the sensor
performance based on measured results. Finally, we conclude
the paper in section V.

II. ONE-DIMENSIONAL PHOTONIC CRYSTAL RESONATORS

Photonic crystals (PhCs) are periodic structures made of
dielectric materials that own a periodic function of refractive
indices [33]. Owing to the periodicity and the sufficient
contrast of the dielectric constant of the crystal lattice, an
artificial phenomenon that does not exist in natural materials,
like the Photonic Band Gap (PBG), can be produced. PBG
is the property of prohibiting mode propagation at a specific
range of frequencies. In principle, the PBG is created by
the destructive interference of the multiple reflected waves
at material interfaces with the forward-propagating waves.
Due to the periodicity, elimination of forward propagation
is caused, i.e., a complete reflection. The periodicity can be
engineered to produce a PBG in one (1D), two (2D), or three-
dimensions (3D). A 1D PhC or the so-called Bragg mirror
is built of a stack of multilayers that alternate between low-
and high-refractive indices (nL and nH respectively) whose
thicknesses are dL and dH, respectively, see Fig.1(a) for a 1D
PhC with a square aperture and a periodicity designed in the
x-direction. Fig.1(b) shows an illustration of the PBG principle
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which is caused by exciting a Bragg mirror of large aperture
dimensions (i.e. compared to the wavelength) using a plane
wave propagated in the -x-direction. The figure clarifies the
high level of reflectance compared to the low transmission
level in the PBG. The PBG center frequency (fc) and its
bandedges (f1 and f2) are calculated as follows [40]:

fc =
c

2(nLdL + nHdH)
(1)

f1 = c
cos−1(ρ)

π(nLdL + nHdH)
(2)

f2 = c
cos−1(−ρ)

π(nLdL + nHdH)
(3)

where c is the speed of light and ρ = (nH − nL)/(nH + nL)
representing the Fresnel reflection coefficient at the low-high
interface. From the bandedge frequencies, we can calculate the
bandwidth of the PBG (∆f ) as follows:

∆f =
2c

π

sin−1(ρ)

nLdL + nHdH
(4)

From these equations, we conclude that the higher is
the contrast between the refractive indices, the wider is the
bandwidth of the PBG. Furthermore, we can maximize the
reflection within the PBG bandwidth by choosing the optical
thickness of layers a quarter-wavelength of the band gap center
frequency (nLdL = nHdH = λc/4) and increasing the number of
layers. Therefore, with high material contrast and a sufficiently
large number of layers, we can design an efficient all-dielectric
reflector over a wide bandwidth.

If the periodicity of a Bragg mirror is broken by a defect
layer as shown in Fig.1(c), the structure generates a narrow
resonance in the PBG: a notch in the reflection mode and a
peak in the transmission mode, see Fig.1(d). The position and
the quality factor of the defect mode can be altered by mainly
controlling the thickness or the refractive index of the defect
layer. The higher is the refractive index and the higher is the
thickness of the defect layer, the lower is the frequency of
the defect mode. However, further increasing of the refractive
index or the thickness causes the occurrence of multiple modes
within the PBG after reaching a certain level [41], [42]. If we
even vary the location of the defect mode in the lattice, the
defect mode will still be excited, but, with a lower peak level
in the transmission [43]. Considering all these factors and with
the help of equations (1)-(4), we design a Bragg mirror in the
W-band to provide a PBG in the frequency range f1 ≈ 69 GHz
to f2 ≈ 116 GHz (fc ≈ 92.5 GHz) by using two materials
with a sufficient contrast in the refractive index: nL =

√
2 and

nH =
√

10.2. The thicknesses of the low-index and high-index
layers are selected a quarter-wavelength of the PBG center
frequency: dL = 0.57 mm and dH = 0.254 mm, respectively.

On the other hand, we design a PhC resonator by introduc-
ing a defect layer at the center between two Bragg mirrors of
4 layers, see Fig.1(c). Ignoring the phase delay produced by
the mirror, the frequency of the first-order (half-wavelength)
cavity mode (fd) is related to the defect layer dimensions as
follows:

Fig. 2. (a) EM excitation of a PhC resonator by TE polarized plane wave
at φi = 0 and (b) mono-static RCS of a PhC resonator compared to the
mono-static RCS of a Bragg mirror and of a metallic plate (40 mm × 40
mm). Bragg mirror and PhC resonator common parameters are l1 = l2 = 40
mm, nL =

√
2, nH =

√
10.2, dL = 0.254 mm, dH = 0.57 mm. Defect layer

parameters are ddef = 1.37 mm, ndef =
√

2.

fd =
c

2ndef ddef
(5)

However, it has been proven that the resonance frequency is
also greatly affected by band gap center frequency and mirror
penetration depth [44]–[46]; estimated formulas can be found
in [44]. For our design, we fix the refractive index of the
defect layer to ndef =

√
2.0 and then using the Transfer Matrix

Method (TMM), e.g. [47], we find that a defect layer thickness
of 1.37 mm produces a resonance frequency at 82.8 GHz.

Fig.2(a) shows the excitation of a PhC resonator by a TE
polarized plane wave where the electric field is directed to
the z-axis under an angle of incidence (φi). In Fig.2(b), we
plot the simulated mono-static scattering cross section (RCS)
of the designed Bragg mirror and resonator under normal
incidence excitation (φi = 0); the simulations are performed
using the transient solver of CST Microwave Studio. Both
designs have a finite, but electrically large, aperture of l1 =
l2 = 40 mm, ≈ 12λc (the wavelength of PGB center). As
expected, the Bragg mirror scatters like a metallic plate of
the same dimensions where cross section of scattering can be
estimated using formula (6) [48]:

RCSplate(f) =
4π(l1l2)2f2

c2
(6)
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Fig. 3. (a) Simulated mono-static RCS of PhC resonator excited normally
and simulated bi-static RCS for oblique excitation at φi = 30◦, and Bi-static
RCS (dBm2) of PhC resonator for φi = 30◦ (b) outside notch frequency at
92.5 GHz and (c) at notch frequency of 86.27 GHz. Bi-static RCS patterns
are plotted in the range (−90◦ ≤ φ ≤ 90◦)

where l1 and l2 are respectively the length and the width of
the plate. In comparison, the PhC resonator produces a deep
notch at 82.35 GHz in the PBG with a small deviation from
the value obtained by TMM. The notch 3 dB-bandwidth is 3.2
GHz which makes a quality factor of 25. Outside the notch,
we see a high level of scattering close to the case of a Bragg
mirror.

If we interrogate the resonator at an angle different from the
normal incidence angle (i.e. φi 6= 0), the Snell’s law applies
and the resonator reflects the incoming wave effectively to
the specular direction (φr = −φi). Additionally, the resonator
produces an angular-dependent shift in the specular reflections
represented by a shift in the notch position. This behavior is
caused by the reduction in the equivalent optical thickness
from ndef ddef in the case of normal incidence to ndef ddef
cos(φdef) for the case of oblique incidence; φdef is the angle
of transmission in the defect layer. Therefore, the resonator
is equivalently thinner for higher angle of incidence which
corresponds to an increase in the resonance frequency within
the PBG. As an example, Fig.3(a) shows the mono-static RCS
of a PhC resonator excited by oblique incidence under φi =
30◦. As expected, compared to the normal incidence case we
observe a shift in the resonance frequency with a decrease in
the notch depth besides some variations outside the notch.

Fig. 4. Notch frequency position as a function of incidence angle using EM
simulations and TMM

It is also interesting to see the bi-static RCS of the PhC
resonator as the angle of incidence deviated from the normal.
Here, we focus on the relevant scattering in our subsequent
investigation, the retro-scattering and the specular scattering,
and disregard the discussion on the transmitted wave. We
choose φi = 30◦ to clarify this scattering behavior and then
we generalize the concept to all different angles. As can be
seen in Fig.3(b), the bi-static RCS outside the notch frequency
(f = 92.5 GHz) exhibits a strong reflection in the specular
direction with very low contributions in the retro-direction.
This is because outside the resonance the structure acts as an
efficient reflector and for sufficiently large dimensions Snell’s
law is satisfied. At the notch frequency as indicated in Fig.3(c),
we also see a low reflection in the specular direction whose
amplitude is in agreement with the notch depth shown in
Fig.3(a). Therefore, the PhC resonator does not only create a
useful behavior of modulating spectral signatures as a function
of angle, but it also reflects these signatures effectively in the
specular reflection. The design of our proposed AoA sensor is
mainly revolved around these behaviors as will be clarified in
the next section.

For all angles ranging from 0◦ to less than 90◦, we extracted
the spectral signatures in the specular reflection using EM
simulation and then measured the notch frequency. The results
are plotted in Fig.4 supported by TMM where we observe a
satisfactory agreement. The resonance frequency position is
proportional to the the propagation angle φdef in the defect
layer by cos (φdef) which is related to the incidence angle by
Snell’s law, equation (7):

cos(φdef) =

√
1− n0

ndef
sin2(φi) (7)

More specifically, the equivalent optical thickness of the
defect layer reduces as we increase the angle of incidence
which justifies the increase in the resonance frequency. How-
ever, the increase behaves differently over the entire range:
for low angles of incidence, the frequency increases slightly
with a shallow slope. Further increase in the angle establishes
a steeper slope which means that we obtain a greater change
in frequency for a given change in angle. For a high angle
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of incidence, the curve shallows out again where we observe
a small change in frequency in response to a change in
angle. This relation has a great influence on determining the
angular sensing resolution and range as will be clarified in the
following sections.

III. AOA SENSING USING PHC RESONATOR BASED
CORNER REFLECTOR

Corner reflectors are widely used as high RCS retro-
directive targets or as calibration targets in many radar appli-
cations [49]. The simplest geometry of corner reflectors, i.e.
the so-called dihedral, employs two conducting plates joined
together at 90◦ angle forming a “corner”. When a corner
reflector is excited by an electromagnetic wave, the specular
reflection caused by one plate hits the other plate which, in
turn, reflects it back to the direction of the interrogator. In
this sense, corner reflectors are mainly characterized by a
broadband response over a wide-angle of incidence [36]. For
our design, we utilize the same principle of corner reflector but
instead of using two metal plates that contain no information in
the backscattering, we join a PhC resonator with a metal plate
as illustrated in Fig.5. The incident wave of our interest has
a TE polarization (the electric field is directed to the z-axis)
with a propagation direction denoted by k vector. We assume
that the incident wave makes an angle (−45◦ ≤ φi ≤ 45◦)
with the corner reflector axis of symmetry. As also illustrated,
the incoming waves hit the PhC resonator by an angle (φi1)
then bounces off to the metal plate by an angle (φi2) where
φi1 = φi + 45◦ and φi2 = −φi + 45◦. It is important to point
out that the angles illustrated in Fig.4 are equivalent to the
angles φi1 that we will use in this section.

To demonstrate the working principle of the sensor, we have
used the designed PhC resonator in the previous section. The
PhC resonator is combined with a square metal plate with
the same dimensions of l1 = l2 = 40 mm. When the whole
geometry is excited under an angle φi = 0◦, the incident waves

Fig. 5. Geometrical model of the proposed AoA sensor showing the incident
and reflected rays with their representative angles (edge view). φi is the angle
of incidence taken from the axis of symmetry of the corner reflector while
φi1 and φi2 represent the incidence or reflected angle of rays related to PhC
resonator and metal plate, respectively

Fig. 6. Simulated mono-static RCS of AoA sensor (a) for some negative
incident angles between −45◦ and 0◦ and (b) for some positive incident
angles between 0◦ and 45◦. Inset – notch frequency position as a function
of angle of incidence.

impinge on the PhC resonator at an angle φi1 = 45◦. As
a result of two specular reflections, the backscattered signal
in the mono-static direction carries a notch at about 90 GHz
which is very close to the frequency observed in the specular
reflection when the PhC resonator is excited alone, see Fig.6
at φi = 0◦ and Fig.4 at 45◦ for comparison. Furthermore, a
high RCS of 5 dBm2 is produced outside the notch due to
double-bounce reflections and low spill-over losses from the
plate edges. Moving to φi = −10◦, we recognize a shift in the
resonance frequency to about 86.5 GHz because of the angle-
dependent scattering behavior of the PhC resonator interpreted
earlier. A little variation in the RCS outside the notch is
observed for this angle compared to the boresight angle. An
additional decrease in the notch position of about 2.6 GHz
is examined for a further ten-degree deviation in the angle,
φi = −20◦. Nevertheless, if we increase the angle beyond
this limit, we notice a smaller variation in the notch position
for even a substantial change in the angle; an angle deviation
from −30◦ to −45◦ causes around 0.7 GHz down-shift in the
frequency. Further, the RCS is degraded as we increase the
angle to reach a minimum at −40◦ due to losses made by the
corner edge diffraction. Specifically at this angle, the notch
is partially obscured by the rippled response which can make
successful notch detection susceptible to any additional noise.
At angle φi = −45◦ coinciding with the PhC resonator, the
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PhC resonator mostly contributes to the backscattered wave
with a minimal effect from the metal plate. Hence, as can be
seen in Fig.6(a), the RCS exhibits a notch frequency at about
82.03 GHz which is very close to the normal incidence case
of a PhC resonator alone. At this angle, the RCS returns to
high level outside the notch compared to φi = 40◦.

For positive angles of incidence (0◦ ≤ φi ≤ 45◦), the EM
waves strike the PhC resonator by angles in the range (45 ≤
φi1 ≤ 90◦) which causes a shift in the notch position to higher
frequencies as we increase the angle, see Fig.6(b). This is
analogous to exciting the PhC resonator alone and following
the notch shift in the specular direction, see Fig.4. For angles
0◦ ≤ φi ≤ 30◦, a notable change in the frequency is obtained
for a corresponding change in the angle of incidence. On the
other hand, for larger angles the notch frequency position starts
to converge and provide the least change in frequency. At φi =
45◦, the backscattered wave is dominated by the metal plate
where we see a flat response without a notch.

The various frequency signatures can be analyzed by the
reader based on measuring the notch position to correctly
estimate the AoA. From the previous discussion, we conclude
that the main two factors that affect the sensor performance
are:

1) The produced frequency deviation (∆f ) for a given
change in the incidence angle (∆φ) which is desirable to
be as large as possible for easier discrimination between
two adjacent angles.

2) The level of RCS, for a given angle of incidence, in
which the notch is not distorted and can still be detected
by the reader. Spectral signatures that provide high RCS
outside the notch with a low influence on the notch shape
and depth are desirable.

For high positive and negative angles of incidence off-
boresight, we see that the sensor does not respond to a further
change in the angle of incidence in terms of frequency shift,
and also the RCS is reduced because of the growing effect of
diffraction at edges. Therefore, the best performance is expect-
ed for angles around boresight in the range [−φ(start)

i ,+φ(stop)
i ]

which is determined by the factors mentioned earlier. We
will discuss this in more detail in the next section based on
experimental results.

IV. FABRICATION AND EXPERIMENTAL VERIFICATION

To realize the PhC resonator, we first fabricated several
layers of two different materials of low and high indices.
The low-index material layers were manufactured from Cyclic
Olefin Copolymer (COC) (εr = 2) using 3D printing, see
Fig.7(a) (right). From this material, we realized several layers
of 0.57 mm thickness to construct a Bragg mirror and one
defect layer of 1.37 mm thickness for the cavity. For the
high index material, we used the dielectric substrate produced
by Rogers Corporation which is made of PTFE ceramic
(RT/duroid 6010.2LM) and has a relative permittivity of 10.2,
low tangent loss of 0.0013, and a thickness of 0.254 mm [50].
After the copper was removed from the dielectric material
by etching, we cut 4 cm square pieces as shown in Fig.7(a)
(left). The layers were manually assembled to produce the

Fig. 7. (a) Two fabricated layers: (left) RT/duroidr6010.2LM (nH =
√

10.2)
and (right) COC material (nL =

√
2.0) and (b) PhC resonator constructed of

a stack of layers ((LH)2D(HL)2). L, H, and D denotes high index material,
low index material, and defect layer, respectively. l1 = l2 = 4 cm

structure (LH)2D(HL)2, Fig.1(c), where a defect layer is
inserted between two Bragg mirrors of 4 layers. The layers
were fixed together by using a 58 µm thick transparent tape
placed around the structure four edges as depicted in Fig.7(b).
The AoA sensor was built by linking a metal plate attached
to FR-4 substrate with the produced PhC resonator using a
30 µm double-sided adhesive, see Fig.8(a).

All measurements have been performed at W-band in an
anechoic chamber using the R&S ZVA 67 Vector Network
Analyzer (VNA) connected to a W-band extender (ZC110).
The measurements were implemented in the whole range
(75-110) GHz with 2001 frequency points. To reduce the
noise level and improve the dynamic range, we used a 10
kHz IF filter bandwidth and an averaging operation over 10
samples per frequency point. A one-port (short) calibration
has been also executed on the standard WR-10 waveguide of
the extender before installing a 25 dBi horn antenna at the
waveguide flange.

All Devices Under Test (DUT) were placed above a styro-
foam slab fixed on a computer-controlled turntable (allowing
for rotation in the azimuth plane) at a distance (d) in front
of the horn aperture and positioned axially with the horn,
see Fig.8(b). Due to the large reflection induced by the
antenna mismatch, we used background subtraction in which
the scattering parameter S11 is first measured without the DUT
in place corresponding to “empty room” (Sempty

11 ) and then
we subtracted the results from the measured S11 parameter
with the DUT in place (SDUT

11 ) [6], [51], [52]. The scattering
signatures (mono-static RCS) were calculated by normalizing
the measured reflection after subtraction (SDUT

11 - Sempty
11 ) to

the measured reflection of a reference target with known RCS
(Sref

11 - Sempty
11 ) using the following equation [53]:
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Fig. 8. (a) AoA sensor constructed of joining a 1D PhC with a metal
plate attached to a layer of FR-4 substrate forming a corner shape and (b)
experimental setup showing the AoA sensor positioned approximately 1m
distance from a horn antenna (75 - 110) GHz

σDUT =

∣∣∣∣SDUT
11 − Sempty

11

Sref
11 − S

empty
11

∣∣∣∣2 · σref (8)

where σDUT and σref are the RCS of the DUT and the reference
target respectively. We chose a flat metallic plate of 4 cm × 4
cm size as a reference target with a known RCS which can be
calculated using equation (6). After “empty room” subtraction,
the residual noise produces a dynamic range of about 75 dB.

Fig. 9. Measured scattering parameter (S11) in dB and mono-static RCS
in dBm2 of a 1D PhC resonator (4 cm × 4 cm) for incidence at φi = 0◦

compared to the simulated results and the S11 and RCS of a metallic plate
as a reference target used for RCS calculation for normal incidence.

The first measurement was carried out by locating a PhC
resonator alone at d ≈ 1m which fulfill the far-field conditions
in the specified bandwidth. The measured mono-static RCS
(σDUT) is plotted in Fig.9 with the simulated one. We also
add to the figure the raw data used to obtain σDUT represented
by the measured scattering parameters of the DUT and the
reference target with its calculated RCS. The measured RCS is
in very good agreement with the simulations where the cavity
resonates at around 82.4 GHz and shows a high RCS outside
the notch comparable to the RCS of a flat metallic plate of
the same size.

A series of measurements have been then performed for
the AoA sensor as a DUT allowing the turntable to rotate
azimuthally to detect the spectral signatures as a function of
angle. To avoid positioning error, an “empty room” calibration
has been performed once at 0◦ incidence angle and used as a
reference channel data for all other angles. This gave rise to an
increase in the noise level for angles other than 0◦ from -75 dB
to -60 dB. In Fig.10, we show the measured RCS for incidence
angles of 0◦, ±10◦, ±20◦, ±30◦, ±40◦ and ±45◦. The
figure shows that each angle has a distinct spectral signature
exemplified by the unique notch frequency position. Notches

Fig. 10. Measured mono-static RCS of AoA sensor (a) for negative incident
angles of −45◦, −40◦, −30◦, −20◦, and −10◦, (b) for positive incident
angles of 10◦, 20◦, 30◦, 40◦ and 45◦. Normal incidence case (φi = 0◦) is
included in both subfigures for comparison.
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Fig. 11. (a) Measured mono-static RCS of AoA sensor over the range of
incidence angles φi from −50◦ to 50◦, (b) measured and simulated peak
levels of monostatic RCS of AoA sensor outside the notch at f = 78.5 GHz
compared to the simulated RCS peak levels of conventional corner reflector
(4cm × 4cm) .

are also differentiated by their bandwidth, shape, and depth.
Compared to simulated results, we observe some discrepancies
in the notch depth and position and some variation in the
RCS level. These differences can be attributed to fabrication
tolerances and errors from assembling and also to scattering
effects of the environment which are not calibrated out by
the empty room subtraction. In Fig.11(a), mono-static spectral
signatures are plotted for angle of incidence from −50◦ to
50◦ in small steps of 1◦. In the range from −35◦ to 35◦,
we see a notch line of low RCS values and with varying
width where angles of incidence are uniquely related to notch
positions or shapes. The intensity of the line represents the
notch depth while the width of the line is proportional to
the notch bandwidth. For negative angles, we see smoother
transitions in the resonance frequencies along angles compared
to some discontinuities at some positive angles since for
positive angles we see an increased retro-directive scattering
from the PhC resonator, see Fig.3, which is constructively or

destructively superimposed with the scattering from the corner
reflector causing a small splitting of notches at some angles
and a convergence of notches to each other. For a greater angle
of incidence, less than −35◦ and greater than 35◦, the RCS
starts to reduce dramatically causing a distortion of the notch
and a difficultly in discrimination, see the zone of low RCS in
Fig.11(a) where the notch is seen to be immersed in a rippled
response. Fig.11(b) shows the RCS levels at f = 78.5 GHz
(outside the notch line) as a function of angle of incidence
which emphasize the high RCS around boresight and a poorer
performance far from boresight, similar to the typical response
of conventional dihedral corner reflectors.

The previous results of the AoA sensor have been taken at
a distance d ≈ 0.87 m. Fig.12 shows the variation of notch
line (the angle of incidence versus the notch frequency) with
the distance where the same set of measurements have been
performed for two additional distances (1.14m and 1.6m).
we observe very little variation in the notch position which
emphasizes that the sensor is independent of the reading range.

Therefore, we examine the sensor performance in the an-
gular sensing range [−35,+35] where we obtain high RCS in
the range −5 dBm2 ≤ RCS ≤ 5 dBm2. Without considering
potential degradation effects of environmental clutter, this
corresponds to maximum reading range varying from 12.5
m to 22.2 m, which is calculated using the Radar equation
(9), assuming that the transmitted power PT = 0 dBm, the
receiver sensitivity PR = −80 dBm, and the reader antenna
gain GT = 25 dB [54], [55].

Rmax = 4

√
PTG2λ2σ

(4π)3PR
(9)

The performance of the sensor depends on the detection
and decoding processes at the reader side. Detection can be
achieved by notch detection algorithms upon which the reader
should be able to recover the notch and find its position
[56], [57]. Then, in the decoding stage, the reader maps the
notch position to its corresponding angle of incidence. Here,

Fig. 12. Variation of notch line as a function of distance
.
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we pre-assume that the notch is successfully detected by our
measurement device under the prescribed conditions in noise
and channel. Therefore, the subsequent discussion is only
related to the decoding reliability based on measured spectral
signatures where we define the angular resolution that can be
reached. The angle resolution is directly related to the frequen-
cy resolution that can be achieved by the reader. We mean by
frequency resolution the minimum frequency spacing between
two notch positions that can be unambiguously distinguished
by the reader. To parameterize these words, we define the
frequency spacing ∆f(φk, φj) as the difference between the
notch frequency of angle φk with all other angles φi where
i = 1, 2, 3, ...71 (φ1 = −35◦ and φ71 = 35◦), as follows [23]:

∆f(φk, φj) = |f(φk)− f(φi)| (10)

where the notch frequency is measured for each angle as the
minimum value in the signature.

Moreover, we relate the ∆f parameter with three different
reader frequency resolutions (fres = 0, 0.2 GHz, and 0.4 GHz)
through four conditions: (1) ∆f = 0, (2) 0 < ∆f ≤ 0.2, (3)
0.2 < ∆f ≤ 0.4, and (4) ∆f ≥ 0.4. In Fig.13, we plot ∆f
where each pixel represents the frequency difference between
measured notch positions of angle φi and φj. A frequency sep-
aration ∆f = 0 should be obtained when φi = φj represented
by a diagonal line in Fig.13, however, we observe ambiguity
at some angles like −29◦ which has the same notch frequency
as −26◦. Scanning over all angles produces a maximum error
in decoding of 3◦, an averaged error of 0.17◦. For case
(2), we observe an increased ambiguity around the diagonal
line with a maximum error of 5◦. Lowering the frequency
resolution of the reader to the case (3) causes additional errors
mainly to occur for high negative and positive angles with a
maximum error of 6◦. This is expected behavior due to the
convergence of notches at these angles. Less ambiguity can
be achieved around boresight due to the sufficient frequency
spacing between adjacent angles. Case (4) indicates that the
reader can unambiguously decode the notch positions to their
respective angles without errors. Accordingly, for a frequency
resolution of 0.4 GHz, the reader can recover the angle of
incidence from the signature with an average error of 1.65◦

over the complete interval.

V. CONCLUSION

In this paper, we presented a novel design of an AoA
sensor based on combining a 1D PhC resonator with a metal
plate under 90◦ angle. The sensor operation mainly relies on
the angle-dependent scattering of the PhC resonator which
produces notch signatures (position, shape, bandwidth) in its
specular reflection which uniquely depend on the AoA of the
interrogating RF wave. The corner geometry then steers all
these signatures back to the reader’s direction.

The sensor working principle was described by EM sim-
ulation and validated by experiment at millimeter-wave fre-
quencies. Contrasted to other sensors in the literature, we
demonstrated a large readout range of 1.6 m at this band
due to the high RCS of backscattered signals, thanks to the
corner reflector. The detection is performed by sweeping the

Fig. 13. Mapping of the frequency spacing parameter ∆f as a function of
φi and φj over a set of four quantized intervals. Angles take the values from
−35◦ to 35◦ with a fine resolution of 1◦.

whole frequency range searching for a notch in the spectrum.
The notch position establishes “fingerprints” corresponding to
certain reader signal incident angles. Considering a successful
detection of the notch by the reader, we can realize an angular
resolution less than 6◦ in the angular sensing range [−35,+35]
for a 0.4 GHz frequency resolution of the reader.

Higher angular resolution can be acquired by either im-
proving the sensor design or developing advanced algorithms
for detection. I.e., increasing the number of layers of the
PhC resonator offers higher quality factor [44] aiding in
reducing the overlapping between notches at adjacent angles
and therefore enhancing the angular resolution. Algorithms
that can detect not only the notch position but also the notch
shape and bandwidth would improve the angular resolution as
well [56], [57].
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