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pioneering work by Stockman. The modulation was achieved
by a motor-driven device or by moving the sides [1]. Other
electronic methods for modulating corner reflectors are
proposed in the literature [5]. Backscattering communications
using modulated corner reflectors have some advantages
compared with other approaches. Corner reflectors are easier
to design and construct than Van Atta arrays or lenses. In
addition, the size of corner reflectors decreases with the
frequency, achieving large RCS at microwave and millimeter
frequencies [1]. The frequency bandwidth is higher than in
Van Atta arrays. The modulation of corner reflectors has been
of interest for free space optical communications [6]. In this
case, microelectromechanical (MEMS) mirrors on one side of
the reflector are used to modulate the electromagnetic fields.
However, the transmission rate is limited by the mechanical
response of the MEMS. Frequency Selective Surfaces (FSS)
have been used in radar applications and antennas for years
[7]. In this work, a tunable FSS is used to change the
reflectivity of one side of the reflector resulting in the
electronic modulation of the RCS. Compared with previous
works, the use of the FSS increases the differential RCS,
enabling the tag or transponder to be detected. However,
increasing the number of FSS elements also increases the
directivity. The tag or transponder should thus be aligned with
the reader. Using the modulated corner reflector proposed, this
problem is mitigated thanks to the retrodirectivity property.
A prototype of the dihedral corner reflector at the X band is
presented here. A simple FSS composed of dipoles loaded
with PIN diodes is used [8]. When the diodes are conducting
(ON state), the FSS is designed to resonate at the central
frequency. The FSS thus acts as a reflecting surface and the
reflector works as a common metallic reflector. However,
when the diodes are OFF, the pass band frequency of the FSS
increases [8], and the FSS is thus almost transparent to the
incoming waves and the retrodirective property is lost. This
solution allows the design of a large bandwidth modulated
reflector suitable for radar and identification applications and
in particular, for FMCW radars where the range resolution
increases with the swept bandwidth. Due to their ability to
determine range, FMCW-based systems are commonly used
for measuring distances in applications such as tank level
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I. INTRODUCTION
Dihedral and trihedral corner reflectors are of great interest
because of their high Radar Cross-section (RCS) level [1].
Radar corner reflectors are designed to reflect the microwave
radio waves emitted by radar sent back toward the radar
antenna. The large echo of the corner reflector is due to the
mutual perpendicularity of the two or three flat faces. Several
papers dealing with the back-scattering from perfectly
conducting dihedral corners have been published [l-3]. These
reflectors have been used in maritime navigation for years to
increase the RCS of ships, buoys and lifeboats, radar
measurements and as calibration targets in SAR applications
[1]. Corner reflectors, such as Van Atta arrays and Luneberg
lens share the retrodirective property. This property is
interesting in some applications due to the reduction of clutter
interference as a result of multipath reflections.
The idea of radio-frequency identification (RFID) of objects
was first introduced by H. Stockman [4]. The modulation of
the backscattered RCS allows information to be sent back such
as identification code or sensor data in wireless sensor
networks. Modulated corner reflectors were proposed in the
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gauging, automotive collision avoidance radars, altimetry, and
marine radars. In recent years, FMCW radar has been
proposed in the literature for wireless local positioning
systems [9] and sensing [10]. The major challenges for
wireless local positioning systems are disturbances caused by
the multipath reflections [9]. Parasitic reflections are often
several orders of magnitude greater than the target. Clutter
contamination is therefore a significant problem in several
applications. Furthermore, FMCW radars have a minimum
measurement distance limited by the antenna coupling and a
phase noise power interference [1]. In order to mitigate these
common problems, a modulated backscatter transponder has
been proposed in [11]. In this case, the spectrum at the output
of the mixer is shifted by the modulated frequency of the
transponder, fm [11]. The range measurement is performed by
analyzing the spectrum of the beat signal around fm and by
verifying the presence of a couple of peaks. The frequency
difference between the peaks is proportional to the distance
between the radar and the tag. Several approaches have been
employed to implement the backscatter transponder. The
simplest is to match/mismatch the output of the antenna’s
transceiver, achieving a modulation of the backscattered field
[11]. However, the way to increase the detectability is
increasing the differential RCS. This increase can be achieved
using directive antennas, but the use of high directivity
antennas is a problem in some applications (such as
localization) in which the transponder’s position is unknown.
The results show that the high half-power beam width of the
modulated corner reflector can be useful in mitigating these
problems.
The paper is organized as follows. The operation principle
is described in section II. A comprehensive model based on
physical optics is given in this section. This model is useful
for understanding the working principle and carrying out an
approximate design. The proposed concept is experimentally
validated in Section III. Other potential applications of the
proposed technique are discussed and conclusions drawn in
Section IV.

two double-bounce contributions of face A to B and back
again, and from B to A and then to the radar:
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Fig. 1. RCS modulation principle.

In order to modulate the corner, one (or two) faces are
loaded with a tunable FSS. The FSS unit cell is formed by
dipoles loaded with PIN diodes. The corner modulates the
incident field by switching the PIN diodes that load the FSS.
FSS is known [7] to present a high reflectivity when the
frequency of the incident wave is close to the dipoles’
resonant frequency (when the dipoles become approximately
half a wavelength). The band pass behavior of the FSS can
therefore be modeled with an LC series
equivalent
circuit with a resonant frequency depending on the diode
state. When the diodes are in the ON state, their impedance is
low and there theoretically should be a short circuit for an
ideal diode; hence the FSS has a high reflectivity and RCS
around the resonant frequency of the dipoles. The corner
loaded with an FSS with diodes ON then works as a
conventional corner reflector. When the diodes are in the OFF
state, the diodes ideally present high impedance (theoretically
an open circuit). When the diodes of the FSS are OFF, the
waves reflected in the metallic face are transmitted through the
FSS that is transparent to the incident wave. Consequently,
when the diodes are OFF, the retrodirective property of the
corner reflector is lost, creating a decrease in the RCS in
forward direction. The result is a modulation of the RCS at the
switching rate of the diodes. In practice, the diode parasitics
have an important effect in the frequency response of the FSS
[8]. The effect of the FSS on each face can be modeled as a
surface impedance following the method proposed in [3]. The
reflection coefficient of face B is polarization-dependent and
is given by [3]:
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II. OPERATION PRINCIPLE
The aim of this section is to present a comprehensible model
to understand the backscattered field by a corner loaded with
FSS. The simplest corner reflector consists of a dihedral
corner reflector where one metallic face is replaced by a
tunable FSS as shown in Fig. 1. The angle between the two
faces is  and the angle of arrival of the incident plane wave is
, measured from the plane-bisecting angle. For conventional
corner reflectors, the angle  =π/2. A simplified model based
on physical optics (PO) is considered [2][3], neglecting the
diffractions from the edges. The model takes into account the
backscattering from the two faces and the double-bounce
reflection between the two faces. The scattered field, from
physical optics theory, can be four distinct main contributions
[2]: two are the direct return from each face A and B, and the

where η0 is the vacuum wave impedance and Z is the surface
impedance of face B. The reflection coefficient in face A, ΓA,
is given by (2) but replacing the angle  by -. In the case of
a perfectly conducting face, Z=0. In the case of a face
composed by an FSS, Z can be estimated from the equivalent
circuit. In practice, Z can be found from numerical
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simulations. Taking into account that the backscattered field is
proportional to the reflection coefficient of each face, (1) can
be expressed as:

in [8], the diode parasitics limit the reflectivity change of the
face loaded with the FSS between the state ON and OFF.
However, the bandwidth required for the radar (1.5 GHz) can
be achieved using low-cost PIN diodes. A typical flatness of 4
dB is observed between 9 and 12 GHz.

E s  (h /  )·( E A0  A  E B 0  B  E AB 0  A  B  E BA0  A B ) (3)

where h is the height of the corner, and λ is the wavelength.
The expressions of the terms EA0, EB0, EAB0, and EB0 can be
derived from analytical models reported in the literature
[2][3]. Assuming that, for instance, face B is loaded with the
FSS, (1) can be split as a sum of two terms: a structural mode
and an antenna mode, or a load-independent term and a loaddependent term, respectively [8]:
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The reflection coefficient is modulated by switching the PIN
diodes that load the dipoles of the FSS. The differential RCS
[8] is the RCS due to the antenna mode, which depends on the
load reflection coefficient difference ΔΓ between the two
modulated states (diodes ON and OFF).
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Fig. 2. Measurement of the spectrum at 10 GHz with a modulation
frequency of 7 kHz at 90º of orientation. Transponder based on a dihedral
corner reflector (top) and a cross reflector (bottom).

Two corner reflectors have been designed in order to verify
the operation theory presented in the previous section. The
first is a dihedral corner reflector where one metallic face has
been replaced by an FSS. The second reflector is a cross
reflector transponder, composed by two identical reflectors to
the previous case. However, the concept can be extended to
other corner configurations. The height h of the reflectors is 57
mm, and the width and thickness of the faces are 69 mm and
0.83 mm respectively. The FSS is designed to cover the
frequency band between 9.25 GHz and 10.75 GHz, which is
the frequency band of the radar used in the experimental
results (Siversima model RS3400X). Low-cost NXP BAP5103 PIN diodes are selected to reconfigure the response of the
FSS. The FSS is the same as the one presented in a previous
work [8] and is composed of 10 loaded dipoles. The length of
the arm of the dipoles is 6.25 mm, the width of the dipoles is 2
mm, and the horizontal and vertical spacing are 7.5 mm and
9.25 mm, respectively. 10 kΩ 0603 SMD resistors are
connected at the end of the dipoles to bias the diodes,
presenting high impedance, therefore works as RF blocks. The
DC current when the FSS are biased ON at 3 V is 2 mA.
The experimental setup described in [8] has been used in
order to characterize the frequency and angular behavior of the
modulated backscattered field. Fig. 2 shows an example of the
spectrum measured by the spectrum analyzer when the two
transponders based on corner reflectors are illuminated at 10
GHz. A strong peak at the transmitted frequency due to the
coupling between transmitter and receiver antenna can be
observed. The sideband peaks are caused by the modulation of
the transponder, and the frequency space between them is the
modulation frequency (7 kHz). Due to the clipping effect of
the diodes, the spectrum is very similar to that of a square
signal (sinc function). The amplitude of the sideband is
therefore proportional to the differential RCS. The level of the
received power depends on the area of the faces of the corner
reflectors, and the bandwidth is limited by the FSS. As shown

90º

0º

Fig. 3. Photograph and normalized measured power as a function of angle at
9, 10 and 11 GHz of (a) a dihedral corner reflector transponder and (b) the
cross reflector transponder.

Fig. 3 shows the measurements of the received power at the
sideband as a function of the orientation of the incoming
wave. The orientation at 0 degrees occurs when the transmitter
is perpendicular to the metallic face. For the case of Fig.3a a
beamwidth larger than 90º is obtained. A nearly
onmidirectional behavior is achieved in the case of Fig.3b. It
is important to note that the differential RCS can be increased
increasing the height of the faces, h. According to models
[2][3], the backscattering of the faces is proportional to the
sinc(ka) and sinc(kb) functions (where k is the wavenumber).
The beamwidth is therefore a function of the length a and b of
the faces. Compared with the standard symmetrical dihedral
corner reflector, the maximum backscattered field is shifted
due the different reflectivities of the metallic and FSS loaded
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faces. Finally, some experimental results are obtained using a
commercial radar system, in order to demonstrate the
feasibility of the system. The radar is a synthesized, X-band,
FMCW radar front end. The nominal transmitted power of the
radar module is 0dBm±5dB. The radar sweeps the 9.25-10.75
GHz frequency band with a sweep time of T=75 ms and it is
connected to a 20 dB standard pyramidal horn. The IF signal
is sampled at fs=20 kHz. Fig. 4 shows the IF spectrum at a
distance of 3.2m for the two reflectors using a fm=5 kHz. A
peak at around 1 kHz due to the non-modulated (structural)
mode of the transponder can be detected in Fig. 4. In Fig. 5,
the transponder is located at a distance of 10 m and it is
modulated at fm=7 kHz. In this case, two peaks appear at the
spectrum of the IF signal around the frequency modulation.
Furthermore, some clutter removal can be achieved if the nonmodulated signal is subtracted. When the distance increases;
the separation of the frequency sidebands increases according
to the theory presented. Fig. 6 shows the estimated distance
obtained from the measurement of the two transponders
derived from the spacing between the sideband peaks. The
standard deviation of measurement error in the distance is 2.73
cm and 3.48 cm for the dihedral corner transponder and the
cross reflector transponder respectively. The errors fall within
the radar resolution c/2B (10 cm in this case).
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IV. CONCLUSIONS
This work has studied the feasibility of designing a
backscattering transponder based on modulated corner
reflectors using actively controlled frequency selective
surfaces (FSS) to change the reflectivity of at least one of
faces of the reflector. The communication between the tag and
the reader is produced using the backscattering technique. The
modulation of the RCS and the retrodirectivity property of the
corner reflectors enable the effect of clutter to be reduced due
to multipath reflections. Measurements with a dihedral corner
reflector and a cross reflector have been presented as a proof
of the concept. However, the concept can be extended to other
corner configurations. The frequency bandwidth is limited by
the FSS bandwidth, but using low-cost PIN devices as
switching elements it is enough to archive the bandwidth
required in common X-band FMCW radar applications.

Non-modulated
transponder
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Fig. 6. Measured distance obtained from the dihedral corner reflector
transponder (solid line) and the cross reflector transponder (dashed line).
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Fig. 4. Measurement of the dihedral corner reflector transponder (top) and a
cross reflector transponder (bottom) at 3.2 m with fm=5 kHz modulation.
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Fig. 5. Measurement of the dihedral corner reflector transponder (top) and a
cross reflector transponder (bottom) at 10 m with fm=7 kHz modulation.
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