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Abstract. This paper describes an actively-controlled 
frequency selective surface (FSS) to implement a back-
scatter transponder. The FSS is composed by dipoles 
loaded with switching PIN diodes. The transponder ex-
ploits the change in the radar cross section (RCS) of the 
FSS with the bias of the diodes to modulate the backscat-
tered response of the tag to the FMCW radar. The basic 
operation theory of the system is explained here. An ex-
perimental setup based on a commercial X-band FMCW 
radar working as a reader is proposed to measure the 
transponders. The transponder response can be distin-
guished from the interference of non-modulated clutter, 
modulating the transponder’s RCS. Some FSS with differ-
ent number of dipoles are studied, as a proof of concept. 
Experimental results at several distances are provided. 
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1. Introduction 
FMCW (Frequency Modulated Continuous Wave) 

radar differs from pulsed radar in that an electromagnetic 
signal is continuously transmitted [1]. The FMCW radar 
emits a RF signal that is usually swept linearly in fre-
quency. The received signal is then mixed with the emitted 
signal and due to the delay caused by the time of flight for 
the reflected signal, a frequency difference, called beat 
frequency, is produced. The range from the radar to the 
target is proportional to the beat frequency. Due to their 
ability to determine range, FMCW based systems are 
commonly used for measuring distances in applications 
such as tank level gauging, where high resolution non-
contact measurements in harsh conditions are required [2]. 
Other common applications include automotive collision 
avoidance radars [3], [4], altimetry [1], or marine radars 
[5]. It is also proposed for wall-penetrating radar with the 
object of imaging and detection applications, security sen-
sors against intrusion [6], and human vital-sign detection 
and measurement [7]. In recent years, FMCW radar has 

been proposed in the literature for wireless local 
positioning systems [8]-[10]. It has also been used as 
reader for long distance transponders, integrating different 
types of sensors such as pressure [11], [12] or temperature 
sensors [13].  

The major challenges for wireless local positioning 
systems are disturbances caused by the multipath reflec-
tions [14]. Often, parasitic reflections are several orders of 
magnitude greater than the target. Thus, clutter contamina-
tion is an important trouble in several applications such as 
the determination of the radar cross section of pedestrians, 
which is lower than that of cars or ground. In other cases, 
tank walls can produce errors in level gauges [2]. Further-
more, FMCW radars have a minimum measurement dis-
tance limited by the antenna coupling and phase noise 
power that produce a strong interference in the low-fre-
quency part of the output spectrum [1].  

In order to mitigate these common problems, 
a modulated backscatter transponder has been proposed in 
[14-17]. In this case, the spectrum at the output of the 
mixer is shifted by the modulated frequency of the trans-
ponder or tag, ftag [15]. The range measurement is per-
formed by analyzing the spectrum of the beat signal around 
ftag and by verifying the presence of a couple of peaks. The 
frequency difference between peaks is proportional to the 
distance between the radar and the tag. Several approaches 
have been employed to implement the backscatter trans-
ponder. The simplest is to match/mismatch the output of 
the antenna’s transceiver achieving a modulation of the 
backscattered field [14], [16]. Retroactive modulated Van 
Atta arrays [17] have been employed both to reduce multi-
path effect by using directive antennas and to increase the 
received signal strength. Another active solution is based 
on a secondary radar, in which a transponder responds to 
an interrogating radar signal [18]. Here the main challenge 
is the delay synchronization between the radar and the 
transponder [18]. One solution proposed is based on 
a switched injection locked oscillator transponders [19]. 
Also, when using a secondary radar, the power consump-
tion of an RF oscillator is notably higher than the power 
needed to modulate a semi-passive system whose operating 
principle is based on matching or mismatching the output 
of the antenna [19]. Therefore, these active solutions are 
limited by battery life-time. The existing transponders 
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based on backscattering are limited to a range under 10 m, 
whereas secondary radars transponders can typically reach 
a hundred meters at the cost of higher power consumption, 
more complexity and higher cost. 

It is known that the range resolution in a FMCW ra-
dar is only limited by the sweep bandwidth [1]. This means 
that resolution does not depend on the frequency of the RF 
signal exactly. Thus, the backscatter transponder should 
support the FMCW radar sweep bandwidth. Sometimes the 
transponders presented in the literature are narrow band 
[15], [17], [19].  

The frequency selective surfaces (FSS) are periodic 
structures in each direction of the plane which act as 
a filter. This filter property has been exploited in several 
applications [20], [21]. FSS can be frequency tunable, 
introducing some switching elements (e.g. PIN diode) [22] 
or tuning elements (e.g. varactors) [23], [24]. Recently, the 
FSS modulating properties are also proposed in millimeter-
wave communications [25], Terahertz Applications [26] 
and Radio Identification (RFID) tags design [27], [28]. In 
[27] FSS are used to design narrow-band transponders. 
However, wide bandwidth of the FSS will be required for 
the purpose of this work to achieve high resolution. In 
a recent work [28], the authors show that FSS can be used 
to modulate the amplitude of time-domain UWB signals. 
A tunable FSS based on loaded dipoles was used as a vari-
able filter in [28]. In this work, the UWB pulse was filtered 
and the amplitude of the backscattered UWB pulse was 
a function of the integrated backscattered field over the 
entire pulse frequency spectrum. This fact is a fundamental 
difference between time and frequency-domain backscat-
tered transponders in which the amplitude depends on the 
differential radar cross section [29] at the interrogating 
frequency. The aim of this work is to study the feasibility 
to use FSS as low-power consumption and wide-band 
backscatter transponders. Here, the large bandwidth that 
can be achieved with FSS is used to modulate the FMCW 
interrogating signal. The work demonstrates that the re-
quired bandwidth can be achieved using simple FSS based 
on loaded dipoles with PIN diodes like those used in UWB 
signals [28]. Depending on the diode state, the frequency 
response of the FSS is shifted. Therefore, a large differen-
tial radar cross section (RCS) can be achieved over a large 
frequency bandwidth. This frequency bandwidth is often 
difficult to reach if backscatter transponders based on low-
profile antennas such as patch antennas are used. The typi-
cal single-layer patch printed on a dielectric substrate is 
a narrow-band element. This well-known fact is mainly 
due to the limitations imposed by the dielectric substrate. 
For instance, to achieve the bandwidth, thicker substrates 
must be employed or enhancement bandwidth techniques 
must be considered [30]-[32]. Another challenge is the 
transponder detection. This can be improved increasing the 
differential radar cross section (RCS). To this end, an array 
of antennas can be used. However, increasing the number 
of FSS elements, the differential radar cross section can be 
easily increased as will be shown in this work. The cost 
that must be paid is an increase of the power consumption 

due to the large number of diodes during the forward state. 
However, reasonable values of RCS can be achieved with 
a small number of dipoles, for example with 10 dipoles 
with a current consumption of 2 mA assisted by a 3 V 
battery. 

The paper is organized as follows. Section 2 deals 
about the basic theory of the backscattered transponder, 
using the active-controlled FSS. Section 3 describes 
a transponder designed as proof of concept. The design of 
the active reflecting surface is based on electromagnetic 
simulations. This section includes the experimental results 
yielded. Section 4 draws the conclusions. 

2. Tag Based on Frequency Selective 
Surface 

2.1 Range Measurement using Modulated 
Transponder 

A block diagram of the proposed system is shown in 
Fig. 1. It is composed by the tag and the reader. In this 
case, a FMCW radar is used as a reader enabling the meas-
urement of the tag to reader distance. The radar interro-
gates the tag which answers modulating its RCS. Depend-
ing on the application, data from sensors or identification 
codes can be sent back to the reader. The tag consists of 
a FSS loaded with PIN diodes that modulate the backscat-
tered field of the tag (see Fig. 2). 
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Fig. 1. Schematic block diagram of a FMCW radar using 

a modulated backscatter tag. 

The determination of range of modulated backscatter 
transponders has been proposed in several works, see for 
example [8], [14], [17]. In this section, the basic theory of 
operation is summarized for completeness. The transmitted 
frequency is modulated by a saw teeth pulse of duration T. 
The transmitted signal is given by: 

 21
( ) cos 2 ( )

2T cx t A f t t    
 

  (1) 

where A is the amplitude, fc is the carrier frequency, 
μ = B/T, T and B are the sweep slope, duration and 
bandwidth respectively. 

The received signal is the transmitted signal 
attenuated, delayed by the time of flight between the 
transmitter and the tag, and modulated by the tag, with tag 
frequency ftag:  
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where (τ = 2d/c), d is the transmitter to tag distance and c is 
the speed of light, A’ is the received amplitude, 0 is the 
phase associated to tag oscillator.  

The IF-signal at the output of the mixer and low-pass 
filtered can be expressed as: 
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where A’’ is the amplitude at the IF-output, and 1,2, are 
phase constants generated from the mixing process that do 
not influence in the result. 

To determine the mixing frequency, the time signal of 
the IF-signal is sampled. Then, a Fourier Transform and 
a peak search are carried out to obtain a raw frequency esti-
mation. In practice, Fast Fourier Transform (FFT) with 
zero-padding or chirp Z transform can be used to improve 
the frequency resolution. In order to reduce side lobules 
effect due to time-windowing, the Hamming Window can 
be used instead of a Rectangular Window. 

 

(a) 

 
(b) 

Fig. 2. (a) Diagram of a designed FSS (dimensions are 
included). (b) Transponder and reflector used in the 
measurement setup as reference. 

From (3), the distance can be determined from the 
frequency offset between the couple of peaks in the 
spectrum around ftag. 
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where Δf is the mixed frequency. 

For a non-modulated target, ftag= 0, the distance to the 
target is obtained using the well known FMCW radar 
equation: 
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Assuming that the target is scanned during the entire 
sweep, the signal is windowed by a rectangular time-win-
dow of duration T. Therefore, the precision in the determi-
nation of the mixed frequency is about 1/T. The range 
measurement resolution of the system can be mainly esti-
mated as follows: 

 2

c
d

B
  .    (6)

 

Hence it is proved that the range measurement resolution 
depends only on the sweep bandwidth.  

The two cases (non-modulated tag and modulated tar-
get) are schematically shown in Fig. 3. In Fig. 3a the tag is 
difficult to be distinguished due to the phase noise and it is 
interfered by the strong clutter reflections. Whereas when 
the tag is modulated (Fig. 3b) a pair of peaks appears 
around ftag whose separation is proportional to the distance 
(4). In this last case, the tag can be easily detected. Fur-
thermore as the phase noise power decreases proportionally 
with the frequency, the noise floor is limited by the re-
ceiver noise figure. In consequence the signal to noise ratio 
is increased. To avoid aliasing, the maximum distance is 
limited by the modulated tag frequency and the sampling 
frequency: 

 0tagf   ,  (7) 

 / 2tag sf f   . (8) 

Thus, the maximum non ambiguous distance is given by 
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Fig. 3. Spectrum after low-pass filter in the IF stage:  
(a) Non-modulated tag. (b) Modulated tag. 
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2.2 FSS as a Backscatter Modulator 

When the transmitted signal hits the tag, a portion of 
the power is backscattered towards the receiver. The tag 
modulates the incident field by switching the PIN diodes 
that load the FSS. In this work, the FSS is made as in [28] 
by an array of dipoles. Fig. 2a shows a manufactured pro-
totype of 10 dipoles and a photography is shown in Fig. 2b. 
Then, an active FSS can be viewed as an array of antennas 
loaded with the impedance of the PIN diodes. Hence, the 
backscattered field can be studied using fundamental an-
tenna scattering theory [33], [34].  

The backscattered field of an antenna can be split as 
a sum of two terms: a structural mode and an antenna 
mode, or a load-independent term and a load-dependent 
term, respectively:  

 ( )s est mLE Z E E   , (10) 

where ES(ZL) is the scattered field by the tag connected to 
the load ZL, Eest  is the scattered field when the tag is 
connected to a reference load ZL = Za

*, where Za is the 
antenna’s impedance. Γ is the power reflection coefficient 
given by [33]: Γ = (ZL - Za

*)/(ZL + Za). 

When the load is the conjugate impedance of the 
antenna impedance, all the incident power is transferred to 
the load and the antenna only reflects the structural mode. 
The structural mode arises from the induced current on the 
antenna conducting surface by the incident wave, and it 
does not depend on the load. The structural mode depends 
on characteristics such as the antenna type, geometry, and 
material. Thus, the structural mode is independent of the 
load reflection coefficient, whereas the antenna mode is 
proportional to it. 

By switching the PIN diodes that load the dipoles of 
the FSS, the reflect coefficient is modulated. As a first 
approximation the reflection coefficient can be approxi-
mated by a square waveform with amplitude ΔΓ. It can be 
developed in a Fourier series: 

 ( ) ( ( ))n c tag
n

f c f f nf



     (11) 

where cn are the Fourier coefficients, and fc is the input 
frequency of the incident signal that illuminates the tag. 
For a square waveform with duty cycle δ, the coefficients 
cn are given by: 
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where Γavg is the average power reflection coefficient 
between on and off states. 

The backscattered field can be expressed as: 
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Therefore, the first term in (13) results in the non-
modulated term, and it depends on the structural mode of 
the tag. The second term represents the modulated side-
bands that are function of the antenna mode. Considering 
the coefficients of higher amplitude in the Fourier expan-
sion (n = ±1), results in the components at the frequencies 
fc ± ftag. Therefore the received signal at the radar can be 
expressed by (2) after taking into account the propagation 
delays. The radar cross-section of a target is a far-field 
quantity that can be expressed as: 
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The differential RCS [29] is the RCS due to antenna 
mode that depends on the load reflection coefficient differ-
ence ΔΓ between the two modulated states (diodes on and 
off). The differential RCS can be expressed as [29]: 
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    (15) 

where λ is the wavelength, G is the tag gain, and m is a 
modulating factor that can be obtained from (12) as 
m = |c1|

2/|ΔΓ|2.  

In contrast with narrow-band RFID systems, here the 
differential RCS must be maximized in the entire radar 
frequency band.  

3. Measurements and Results 

3.1 FSS Design 

Some prototypes of FSS have been manufactured 
following the guide lines described in [28]. The FSS are 
designed using Rogers 4003 substrate (relative permittivity 
εr = 3.54, loss tangent tanδ = 0.003, and height of 32 mil). 
The FSS are 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 BAP51-03 PIN diodes [35] are 
selected to reconfigure the response of the FSS. 

In order to understand the operation of a tunable FSS, 
Fig. 4 shows schematically the reflectivity for the two ideal 
diode states: ON, where the diode is forward-biased, and 
OFF, where all the diodes are reverse-biased. It is known 
[20] that the FSS presents a high reflectivity when the 
frequency of the incident wave is close to the dipoles reso-
nant frequency (when the dipoles become approximately 
half a wavelength). Therefore, the FSS can be modeled 
with a LC series equivalent circuit (Fig. 4) whose resonant 
frequency depends on the diode state.  When the diodes are 
in state ON, their impedance theoretically should be a short 
circuit for an ideal diode, hence the FSS has a high reflec-
tivity and RCS around the resonant frequency of the di-
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poles. When the diodes are in state OFF, their impedance 
should theoretically be an open circuit. Under this load 
condition, the FSS is like an array of dipoles which are half 
long than the forward-biased case. As a consequence, the 
resonant frequency of the FSS loaded with an open circuit 
is about the double that the case in which the dipoles of the 
FSS are loaded with a short circuit. Therefore in this situa-
tion, the differential RCS should be higher between the two 
resonant frequencies.  

The next rules are followed to design the FSS: 

1) The dipole width chosen is much lower than the 
wavelength at the center frequency. In this case a 2 mm 
width is selected allowing a smooth diodes weld. 

2) Once the width of the dipole arms is chosen, the 
length of the dipoles is computed to resonate at the low 
frequency edge of the radar band. Thus, the frequency 
band with high differential RCS covers the entire radar 
frequency band. A first approximation, assuming that the 
ideal diode in ON state is a short circuit, occurs when the 
length is a half-wavelength. As the FSS grid is printed on 
a dielectric then the resonance frequency becomes lower, 
especially for thick substrates. The effective permittivity 
can be estimated using results given in [20] (Appendix E). 
However, due to the end open capacitance effect, the reso-
nance frequency is lower (about 10% depending on the 
dipole width). Due to the effect of diode parasitics, the 
resonance frequency of the FSS when the diodes are OFF 
is lower than in the ideal open circuit [28]. Therefore, the 
frequency band is reduced compared to an ideal diode case. 
These parasitic effects change the current distribution 
along the dipoles [20]. The influence of some of the above 
factors can be quantified theoretically leading to generic 
rules. The influence of the rest of the factors must be de-
termined numerically or experimentally. Therefore elec-
tromagnetic simulations must be performed to study the 
bandwidth reduction and for the calculation of the dipoles 
length. Several simulation electromagnetic methods such as 
[20] can be employed to simulate. In this work, to perform 
the electromagnetic simulations a Finite Element Method 
in frequency domain implemented in the electromagnetic 
full-wave Ansoft HFSS software is used. The diode is 
taken into account in the simulator using a simplified 
lumped RLC equivalent circuit [28]. Fig. 4 shows the elec-
trical circuit model of the BAP51-03 PIN diode [35] used 
in the simulation for the two-states. In the forward-biased 
case, the diode mainly represents a small resistance, which 
has small effect on the desired response of the FSS. Be-
cause of its small value, the series self inductance of the 
diode in this case should be considered for simulations. 
However, when it is reverse biased, the parasitic capaci-
tance considerably deviates the position of the surface 
stop-band by altering the total effective capacitance of the 
unit cell. Therefore, it is necessary to consider its effect in 
the design process. 

3) Small spacing between the dipoles generates 
a strong coupling between them and a reduction of the 

effective permittivity and consequently of the resonance 
frequency is produced. Moreover the effective area and the 
RCS are smaller. However, the spacing cannot be arbitrar-
ily increased because it must be less than about 0.4 λ to 
avoid grating lobes [20]. Here, it is fixed to about a quar-
ter-wavelength at the center frequency. 

4) Metallic frames surrounding the FSS window may 
influence on its behavior. Therefore, the bias lines must be 
carefully designed. 10KΩ bias resistors are used to set the 
bias current to the diodes and they present high impedance 
that allows to isolate the bias lines and the dipoles. The 
bias lines between diodes are designed to be shorter than 
the length of the arms of the dipoles in order to resonate at 
a higher frequency, outside the frequency band of the ra-
dar. The other lines are orthogonal and isolated by the 
resistors. It has been checked that the bias lines have 
a small effect on the RCS within the radar frequency band. 

Reflectivity

Frequencyf0 2f0

fres
DIODES

ON
DIODES

OFF

fres

 
Fig. 4. Equivalent circuit model of the FSS. Reflectivity for 

the two diode states: State ON (diode is shorted). The 
waves whose frequencies are close to the resonance 
frequency are reflected. State OFF (diode is open-
circuit), the FSS is transparent for these. 

 
Fig. 5. High-frequency equivalent circuit for the PIN diode 

used. 

Fig. 6 shows the simulation of the complex RCS 
(magnitude and angle) for the two diode states. FSS with 
the same spacing and dipole lengths but with different 
number of dipoles (3, 4 and 5), and the case of an FSS with 
10 dipoles in two columns is considered. 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 (see Fig. 2a, a schema of a 10 
dipoles prototype). Fig. 7 shows the differential RCS ob-
tained subtracting the complex RCS for the two states. This 
figure shows that the level of the differential RCS increases 
because the effective area of the FSS increases, but also 
that the bandwidth increases with the number of dipoles. 
A peak of differential RCS is obtained when the phase 
differences between the two diode states are maximum, 
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which happens approximately at the middle frequency 
between the two resonances (when diodes are ON and 
OFF). For practical applications, the number of the FSS 
dipoles may be limited by its power consumption. In this 
case, it is limited to 2 mA, considering an FSS made with 
10 dipoles. From (13), the differential RCS of a backscat-
tering antenna can be computed. Using a 10-dipole FSS, 
the differential RCS is the same as modulating an antenna 
with a gain of 13.5 dB at 10 GHz, assuming the same 
modulating factor m. To achieve this gain using a low-
profile antenna, an array of wideband patches should be 
used. 

 
Fig. 6. Complex RCS (magnitude, top figure) and phase 

(bottom figure) in two different tags when the diode is 
shorted or open-circuit. 
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Fig. 7. Differential RCS of different tags as function of the 

number of dipoles. 

3.2 Experimental Results 

In order to characterize the frequency behavior of the 
differential RCS, the experimental setup described in Fig. 8 
has been used. A 20 dB standard horn antenna is connected 
to a signal generator (Rhode SMF-100) and it was used to 
illuminate the tag with a CW. The FSS is biased with 
a low-frequency sinusoidal generator that generates 
a 50 kHz 3Vpp sinusoidal signal (Agilent 33521A). This 
signal is used to switch the diodes of the FSS. A receiver 
horn antenna is connected to the spectrum analyzer (Rohde 
FSP-30). Microwave absorbers are used to reduce multi-
path interference. Fig. 9.a shows an example of the spec-
trum measured by the spectrum analyzer when a 3-dipole 
FSS is illuminated at 10 GHz. A strong peak at the trans-
mitted frequency due to the coupling between transmitter 
and receiver antenna can be observed. The sideband peaks 
are originated by the modulation of the tag and the fre-

quency space between each other is the modulation fre-
quency (50 kHz). Due to the clipping effect of the diodes, 
the spectrum is very similar to that of a square signal (sinc 
function). Therefore, the amplitude of the sideband is pro-
portional to the differential RCS (15). Fig. 9.b compares 
the received power of different RCS after a correction of 
the antennas’ gain is done. This figure shows that the re-
ceived power and the bandwidth increase with the number 
of dipoles. The measurements show a frequency depend-
ence of the differential RCS, in agreement with simulations 
of Fig. 7. The small difference is probably due to parasitic 
effects that have not been taken into account in the diode 
model during the simulations. For instance, it can be ob-
served that the frequency response has a flatness of 2 dB 
for the case of a FSS with 10 dipoles. 

AntennasTransponder
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Rohde&Schwarz FSP
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Fig. 8. Photography of the system used for modulation 

characterization. 
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Fig. 9. a) Measurement of the spectrum at 10 GHz. b) Com-
parison of the received power for different RCS after 
the gain of the antennas was corrected. 

Commercial radar from Siversima, Sweden (model 
RS3400X/00) is used to demonstrate the viability of the 
proposed solution. The RS3400X/00 is a synthesizer, X-
band, FMCW radar front end. The nominal transmitted 
power of the radar module is 0 dBm+/-5 dB. The radar 
sweeps the 9.25-10.75 GHz frequency band with a sweep 



638 A. LAZARO, J. LORENZO, R. VILLARINO, D. GIRBAU, BACKSCATTER TRANSPONDER BASED ON FREQUENCY … 

time of 75 ms and it is connected to a 20 dB standard py-
ramidal horn. The IF signal is sampled at 20 kHz. Then the 
chirp Z transform (a variant of FFT that does not require 
zero padding to increase the frequency resolution) is ap-
plied to compute the IF spectrum. A Hamming Window is 
applied before computing the spectrum. A 90º rectangular 
dihedral reflector (20 cm by 29 cm) is located close to the 
tag (see Fig. 2b). This reflector presents a high RCS 
(19.7 dB oriented to the radar) and it is used as a reference 
for comparison purposes. Therefore, the reflector intro-
duces a strong interference to the backscattered signal from 
the tag. The FSS is modulated at 5 kHz. Fig. 10 shows 
some results at different distances (at 2 m and 10 m). Pho-
tography of the experimental setup is shown in Fig. 11. 
Without modulation, the tag signal cannot be detected 
because it is masked by the strong reflection of the reflec-
tor, clutter and phase noise interference. However, when 
the tag is modulated, two peaks appear at the spectrum of 
the IF signal around the frequency modulation. Further-

more, some clutter removal can be achieved if the non-
modulated signal is subtracted. When the distance in-
creases, the separation of the frequency sidebands in-
creases according to the theory presented. The received 
power and the signal to noise ratio decrease if the distance 
increases as it can be viewed in the case of 10 m. Fig. 12 
shows the estimated distance obtained from the measure-
ment considering the presence of the reflector that is also 
employed as a reference and derived from the spacing 
between the sideband peaks. A systematic offset between 
the measured and the real distance from the radar to the 
transponder is due to the delay produced by the  length of 
cables, which connect the radar and the antenna. This sys-
tematic offset has been subtracted. Good agreement is 
obtained between the two measurements. It can be noticed 
that the standard deviation error between the measurements 
of the reflector distance (17 cm) and the tag distance 
(11 cm) fall within the radar resolution given by (6) (in this 
case, 10 cm).  
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Fig. 10. Measurement comparison of the tag and the reflector at 2 m and 10 m. Tag measurements in case of no modulation,  or with ftag = 5 kHz 
modulation. The background subtraction technique permits to recover the peaks clearly (black circles). 

 
 

Ref. Technology 
Central Frequency

(GHz) 
Bandwidth 

(MHz) 
Radar EIRP (dBm) Measured Range Comments 

18 
Synchronized 

VCO 
5.8 150 10 550 m outdoor 

Very large power consumption 
and complexity 

19 
Switched Injection-
Locked Oscillator 

5.8 140 14 
25 m indoor  

200 m outdoor 
Large Power Consumption 
(60 mW) 

16 
Modulated Backscatter 

antenna 
76 1000 20 3.8 m anechoic chamber 

22 mA/5 V (110 mW)  
GaAs PIN MMIC switch 

17 
Switched Van Atta 

array 
5.8 100 14 20 m indoor 

Moderate power consumption 
8 PIN SPSTs. Complex antenna 
array design 

This work 
Active 

modulated FSS 
10 1500 15 12 m indoor 

2 mA/3 V (6 mW), Low Cost PIN 
diodes. Easy and scalable design 

Tab. 1. Comparison with existing transponder technologies. 
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Fig. 11. Photography of the measurement system. 
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Fig. 12. Estimated distance obtained from the reflector meas-

urements (solid line) and distances derived from the 
spacing between the sideband peaks (dashed line). 

In Tab. 1 a comparison between the results obtained 
above and the ones obtained applying other technologies 
based on FMCW radar are made. The first two rows de-
scribe two technologies based on different secondary radar 
solutions [18], [19]. The third row is based on a modulated 
backscatter transponder [16]. The main characteristic of 
Van Atta architecture [17] is described in the fourth row. 
Finally, the last row shows the results reached in this work. 
It can be seen that the power consumption of the active 
secondary radar solutions is notably higher than the other 
technologies and it is also a more complex solution. On the 
other hand, the range in secondary radar systems is higher 
because the signal is regenerated. Therefore the attenuation 
ideally decreases with the square of distance in free-space 
channel, whereas in the other transponders the received 
power is inversely proportional to the distance raised to the 
fourth. In the case of modulated solutions (the last three 
cases), the range depends on the frequency, the transmitted 
power and receiver sensitivity. When the frequency in-
creases, the free-space path loss increases and thus the 
range is reduced. The results of this work evidence that 
a moderate range and high resolution (high bandwidth) can 
be achieved with a low power consumption and a low cost. 
Although several diodes are used, it does not need to flow 
large currents, because the impact in the differential RCS 
of the FSS is small. The main impact in the differential 
RCS is due to the OFF state of the diodes that is deter-
mined by the parasitic elements, but in this situation the 
current is nearly zero and does not affect to the power 
consumption. In Van Atta architectures, the power con-
sumption of the PIN switch is generally high in order to 
reduce the insertion losses. On the other hand when the 
frequency of operation increases, the cost and power con-
sumption of the switching elements also increases. The 

proposed FSS is easily frequency scalable adjusting the 
length and the spacing of the dipoles, if the design rules 
given above are followed. The designs at millimeter fre-
quencies require diodes with low capacitance and parasitic 
inductances, thus the cost and mounting complexity in-
creases if flip-chip diodes or chip MMIC soldered with 
wire bonding are required. 

4. Conclusions 
This work has studied the feasibility to use actively 

controlled frequency selective surfaces (FSS) with FMCW 
radars. The communication between the tag and the reader 
is produced using the backscattering technique. The basic 
operation theory of the system is explained. In order to 
increase the tag detection the maximization of the differen-
tial RCS is required. These types of radars are used in 
applications in which a good range resolution proportional 
to the bandwidth must be guaranteed. Hence, the FSS must 
support this bandwidth. The simulations and experimental 
results show that the bandwidth of a standard FMCW radar 
is enough to exploit FSS in these conditions. Given that the 
RCS is modulated, interference from non-modulated clutter 
can be removed using a simple background subtraction 
technique that consists on subtracting the modulated and 
not modulated tag measurements. This technique is essen-
tial to be applied in indoor scenarios or in applications in 
which strong clutter from reflectors are presented. An ex-
perimental setup based on commercial low-power FMCW 
radar working as a reader is proposed to measure the 
modulated radar cross section of the tags. Good results are 
obtained up to 11 m using the Fig. 1 configuration in spite 
of the presence of a reflector.  
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