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Abstract — In this paper, we deal with a frequency modulated
continuous wave (FMCW) radar used for localizing and tracking
targets by frequency evaluation of the received radar beat
signal. The radar system achieved with a primary radar (reader)
and a secondary radar (transponder) is addressed as super
high frequency (SHF) radio frequency identification (RFID).
Consequently, considering the transponder as an active target,
we achieve an identification application thanks to the shift
frequency induced by the transponder. Moreover, the impact of
the non-linearity behavior of this transponder on the localization
performance, is investigated and a solution is proposed for
cancelling non-linear effects.

Keywords — Frequency-modulated continuous wave (FMCW),
RFID transponder, signal processing, distance and shift frequency
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I. INTRODUCTION

The frequency-modulated continuous wave (FMCW)
radars are systems transmitting a continuous and frequency
modulated waveform [1]. These radars transmit and receive
simultaneously and without interruption unlike modulated
pulsed radars. The FMCW radars are widely used for industrial
and academic with many useful applications [2] such as as
snow thickness measurement [3], imaging application like
SAR imagery [2], terrain displacement monitoring [4], as
well as automotive applications in collision avoidance [5]. An
FMCW radar is used to locate targets [6], [7], [2] since it
can detect the ranges and velocities of objects. Another way
to remotely detect object is the use of the radio frequency
identification (RFID) systems. The RFID allows identification
and tracking of persons or objects. With the technological
advances of RFID it is possible to operate with UHF and SHF
range allowing a larger operating distance [8], [9]. Two types
of RFID systems are still used nowadays: passive and active.
The passive UHF transponders can operate up to a distance
of 10 meters. The active transponders with their own battery
allow higher distances for detection and characterization
applications. In the case of active configuration, the connected
object is considered as a cooperative target. Thus, we can
combine the RFID concept that considers the target as an active
device to radar systems which can evaluate the received radar
beat signal for localizing and tracking targets.

In this paper, we deal with the system GESTAR (GEnerator
System for TArget Radar identification). This system is a radar
system for detecting and localizing cooperative targets. The
system is composed of a small reader (the primary radar) and a
shift frequency identification transponder (the secondary radar)

responding to the primary radar only when this latter produces
an interrogation signal. Indeed, the primary radar transmits a
FMCW that is received by the transponder. The transponder
re-transmits this signal by introducing its own shift frequency.
The power transmitted by the transponder is captured by the
primary radar. After signal processing, the target (transponder)
is then precisely located by using a constant false alarm rate
(CFAR) detection. Finally, the reader displays on a small
screen the position (radial distance), the angular position and
the shift frequency of the targets. The particularity and the
innovation of GESTAR is the absence of blind distance as well
as the great autonomy of the transponder. The performances
of this system are characterized by several parameters namely:
the range resolution, the shift frequency resolution and the
maximum range detection capacity.

In this study, the used transponder operates a non-linear
modulation. In this case, the range-shift frequency map is
actually affected by the presence of several harmonics that are
added to the spectrum and caused by the aliasing. Therefore,
the identification of the target becomes difficult. We propose
in this paper to study the effect of non-linearity behavior of
the transponder in the detection and localization. Moreover,
we present a method to remove the undesirable harmonics
validated by simulations and measurements. The paper is
organized as follows. Section II introduces the principles of
RFID localization based on FMCW signal, the non linearity
behaviors of the transponder and the consequences on the
detection and localization. Section III presents some simulation
of removing undesirable harmonics. Some real measurements
are shown in section IV. Finally, section V concludes this
paper.

II. RFID LOCALIZATION BASED ON FMCW SIGNAL

Fig. 1 shows the principle of the RFID localization
system using FMCW radar system. The primary radar
system transmits a signal se(t) assumed to be a linear
frequency modulated signal in time interval [0, T ]. The analytic
expression of se(t) is given as follows

se(t) = Ae exp j2π

(
f0t+

B

2T
t2
)

(1)

where Ae, f0, B, and T denote respectively the amplitude,
the RF carrier frequency, the sweep bandwidth, and the sweep
duration (the modulation duration). The RFID transponder,
considered as a secondary radar and located at distance
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Fig. 1. Setup of FMCW radar based RFID localization system
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Fig. 2. Modeling the behavior of the non-linear transponder.

R from the primary radar, receives the transmitted radar
signal with a delay of τ/2 = R/c where c is the velocity
of the wave. Consequently, the transponder modulates this
received signal by its proper signal g(t) as it is shown in
Fig. 2.a. The waveform g(t) is considered as the transponder
characteristic. For our study, we propose to modelize the
non-linear transponder effect with an alternative periodic signal
g(t) of 1/fD period. Fig. 2.b shows g(t) as function of time.
Since g(t) is periodic, we can derive it into Fourier series

g(t) =

+∞∑
n=−∞

Cn exp(j2πnfDt) (2)

where the complex coefficient Cn is given by

Cn = fD

∫ 1/fD

0

g(t) exp(−j2πnfDt) dt =
2

jπn
, (n odd)

(3)

The received signal by the reader (primary radar) sr(t) =
g(t).se(t − τ) is an attenuated and delayed version of the
transmitted signal with a delay of τ . The principle of an
homodyne demodulation of the received signal consists in
mixing the signal se(t) with the received signal sr(t). The
expression of the beat signal at the mixer output is sb(t) =
se(t)s

∗
r(t) where (*) denotes the conjugate operator. The delay

between the transmitted signal and the received signal results
in a constant beat frequency called fb which makes possible
to measure the distance between the target (transponder) and
the radar. The beat signal is given as follows

sb(t) = g(t). exp (j2π(fbt+ φ0)) (4)

where the beat frequency fb = Bτ/T = 2BR/(cT ) and φ0 =
f0 τ −B/(2T ) τ2 is a constant phase. The knowledge of the
value of fb allows the determination of R.

In case of a frequency shift induced in the received signal,
a FMCW radar can also measure this frequency shift fD by
integrating data from several cycles of wave replication as
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Fig. 3. Beat signal over several cycles

shown in Fig. 3. Then, we define the short time tc as the
time description during the sweep duration T . The long time
axis tl is defined as a time data set that collects one sample
for each T duration: tl = mT with m = 0, 1, . . . ,M − 1 (M
is the total number of modulation duration). Consequently, the
beat signal sb(t) could be described both with respect to the
time axis tc and tl

sb(tc, tl) = g(tc + tl). exp (j2π(fbtc + φ0)) (5)

To establish the range-shift frequency map, the beat signal
analysis is carried out in the Fourier domain. We recall
that the short time tc is sampled according to the sampling
frequency Fe, and the long time tl according to the period
repetition frequency Fs = 1/T . The two-dimensional Fourier
transform Sb(f, f

′) of the sampled beat signal (according to Fe
and Fs respectively) and that of the two-dimensional Fourier
Scb(f, f

′), where the exposant c means the continuous time,
are connect by the Poisson formula given by

Sb(f, f
′) = FeFs

∞∑
n=−∞

∞∑
k=−∞

Scb(f − nFe, f ′ − kFs) (6)

The first Fourier transform is calculated for τmax < tc < T
where τmax corresponds to the delay for a maximum distance.
The second transform is calculated for 0 < tl < (M − 1)T .
Since an anti-aliasing filter is applied in range frequency, the
first term nFe is omitted and the expression can be reduced
as follows:

Sb(f, f
′) = FeFse

j2πφ0AB

∞∑
k=−∞

∞∑
n=−∞

Cn

× e−jπ(f
′−kFs−nfD)Asinc (π(f ′ − kFs − nfD)A)

× e−jπ(f−fb−nfD)(T+τmax)sinc (π(f − fb − nfD)B) (7)

where A = (M − 1)T and B = T − τmax. Fig. 4 shows
the range-shift frequency map as the spectrum magnitude of
the function (7) where the variable f represents the beat
frequency i.e. the target position, and f ′ the shift frequency.
The spectrum magnitude corresponds to the configuration
where the transponder is located at the distance 50 m
meaning that fb = 250 kHz. Moreover, the shift frequency
is fD = 19.4 kHz. In a global way, we can consider
that the received spectrum could exhibit several harmonics
that would be due on the one hand to the aliasing effect
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Fig. 4. Two-dimensional discrete-time Fourier where sampling frequencies
are Fe = 20 MHz and Fs = 12.5 kHz. The shift frequency of the non-linear
transponder is fD = 19.4 kHz. The intervals are [0, 2.5 MHz] for the distance
and [19 kHz, 21 kHz] for the shift frequency.

according to shift frequencies since we use the interval
between 12.5 kHz and 25 kHz and on the other hand to the
non-linear transponder effects. In our application, the cut-off
frequency of 3 MHz is used for the anti-aliasing filter, that
does not allow aliasing in the [0, 3 MHz] band and does not
induce effect to the range response. Nevertheless, considering
Fig. 4, many harmonics are detected along the shift frequency
that corresponds to the a non-linear transponder behavior. It
is obvious that these harmonics are not connected to any
transponder. These harmonics correspond to the maximums
reached by the functions sinc{π(f − fb − nfD)(T − τmax)}
and sinc{π(f ′ − kFs − nfD)(M − 1)T} for frequencies
f = fb+nfD and f ′ = kFs+nfD. These harmonics increase
the false alarm rate that is dramatically useless for a detection
system as GESTAR. We can precisely analyse the range-shift
frequency map which is exhibited in Fig. 4. In the one hand,
the real position of the transponder is that of the position of
the fundamental characterized by (k, n) = (0, 1) with range
frequency f = fb+fD = 269.4 kHz, meaning that the detected
range is 54.01 m, and the shift frequency f ′ = fD = 19.4 kHz.
The position along the shift frequency axis is correct but the
range value is biased by an additional frequency fD. This is
taken into account in the radar software by subtracting fD
from the range frequency. In the other hand, the harmonics
visible in the magnitude of the spectrum and caused by the
non-linear transponder behavior, strongly affect the detection
and the location of the real targets because they are considered
themselves as targets and then gives erroneous interpretations.
The solution to this problem is to suppress these harmonics
by calculating their positions. In the following subsection, we
present a solution to remove the harmonics.

III. SIMULATION OF REMOVING UNDESIRABLE HARMONICS

To remove the aliasing effects that induce false alarms, we
propose to modify the modulation time T . Indeed, from the
expression of the bidimensional Fourier transform Sb(f, f

′)
of the beat signal given by (7), the position of the harmonics
depends on the modulation time T = 1/Fs. The idea is to

Table 1. Comparison between the ground truth values and the assessed
parameters (angles and ranges). Measurements of shift frequencies and the
SNR (dB) are added.

Ground thruth Estimation from Measurements

Angle Range Angle Range Shift SNR
θ (rad) R (m) θ̂ (rad) R̂ (m) frequency (kHz) (dB)

0

139.6 0.0001 135 19.4 39.17
115.1 -0.0002 117.5 19.4 37.48
83.4 0.0001 85 19.4 42.23
52.1 0.0000 52.5 19.4 48.53

0.1053
115.74 0.0958 117.5 19.4 35.95
52.9 0.1564 52.5 19.4 46.42

0.1946 117.31 0.0075 120 19.4 28.81

0.3015 120.54 0.0024 125 19.4 16.74

use several values of modulation time T and then to multiply
two or more range-shift frequency maps corresponding to
these different values of T . The fundamental frequency
corresponding to the true target is retained by the product
and the harmonic frequencies are attenuated. It should be
noted that the range resolution remains unchanged since it
is given by ∆R = c

2B where B is the transmitted signal
bandwidth. However, the shift frequency resolution changes
since it is inversely proportional to the observation time of
the processed signal ∆fD = 1

MT where M is the repetition
number of the modulation time. To avoid a big change in the
shift frequency resolution, the used modulation times are very
close to each other. In this way, one does not affect too much
the shift frequency resolution. The proposed method is applied
to various conditions and some simulations are presented here.
The Fig. 5 shows a configuration of transponder location
where the position of the transponder is at R = 85 m
from the reader. The shift frequency is fD = 19.4 kHz.
Each simulation corresponds to a different time modulation
T = {80µs, 80.1µs, 80.2µs}. As shown in Fig. 5.a, .b and .c,
the harmonics are presents in all the examples and may be
confused with targets. As noted before, the position of these
harmonics correspond to the maximums reached by Sb(f, f ′)
for f = fb + nfD and f ′ = kFs + nfD. It is clear that the
multiplication of two or three images strongly attenuates the
harmonics and retains only the fundamental that corresponds
to the real target as it is shown in Fig. 5.d.

IV. OUTDOOR MEASUREMENTS

Outdoor measurement series are carried out in an open
place. The transponder is placed directly in front of the radar
at different ranges and with different offset angles ranging
from 0 radian to 0.3 radian. The shift frequency of the
transponder is set at fD = 19.4 kHz. Table 1 describes
different configurations for the transponder positions (range
R and angle θ) and gives the estimated distances R̂, angles
θ̂ and shift frequency. The signal-to-noise ratio (SNR) is
given to see its evolution as a function of distance and
orientation. According to these measurements, we can note
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Fig. 5. Simulations of range-shift frequency map with different modulation times T = [80, 80.1, 80.2]µs given respectively in (a), (b) and (c). The distance
between transponder and reader is R = 85 m.
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Fig. 6. Range-shift frequency map provided from real measurements for a distance R = 85 m and with different modulation times T = {80, 80.1, 80.2}µs.
The figure (d) is the product of range-shift frequency maps given by (a), (b) and (c).

that the estimated shift frequency is the same as the real
shift frequency which characterizes the transponder. Moreover,
the estimated ranges are close to the ground truth distances
between the transponder and the reader. The error rate is low
for short distances and increases as distance increases. The
angle assess remains reliable both for near-zero orientation
angles and for small distances up to 52.5 m. In Fig. 6, we show
range-shift frequency maps provided by the radar system for
three modulation times for a transponder position R = 85 m.
It is clear that we have the same behavior with the simulations
exhibited in Fig. 5 i.e. the same location of the harmonics. The
product of these maps realized for different modulation times
makes possible to attenuate the harmonics and to keep the
fundamental that corresponds to the real target to be detected.
Fig. 6.d corresponds to the product of the range-shift frequency
map of Fig. 6.a, .b and .c.

V. CONCLUSION

In this paper, a FMCW radar system for RFID
identification is presented. The range-shift frequency map is
carried out from the spectral analysis of the beat signal. We
define a non-linear transponder where the shift frequency is
non-linearly added to the transmitted frequency. Also, the
assessment of the performance of the systems are presented.
The effects from the non-linear behavior of the transponder
on the beat frequency spectrum are studied. Furthermore, a
signal processing procedure is proposed to mitigate and remove
false alarms. The validation of the solutions are presented and
validated based on simulated and real FMCW radar data. In
perspective, we project the use of other transmitted waveforms
as step frequency continuous wave (SFCW) in order to enhance
the signal-to-noise ratio.
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