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Abstract— This paper presents a low-cost wideband active
backscatter transponder at X-band suitable for Frequency-
modulated continuous-wave (FMCW) radar applications. In
order to maximize its read range, the radar cross section (RCS)
of the transponder is increased by means of a two-stage amplifier
based on High Electron Mobility Transistors (HEMT), which is
connected between two (one receiver and one transmitter) bowtie
antennas. To distinguish the transponder response from
stationary clutter it modulates the level of its RCS modifying the
bias of the transistors. The backscattered response of the
transponder is collected using a FMCW commercial radar. The
transponder achieves a bandwidth of 7-12 GHz, with a gain
between 18-22 dB, and a power consumption of 75 mw.
Theoretical operation and experimental results are presented.

Index Terms—FMCW radar, transponder, RFID.

I. INTRODUCTION

MCW radar transmits a signal that is usually swept

linearly in frequency. Low-cost FMCW radars often use
homodyne receivers. In these receivers, reflections from the
objects are mixed with the transmitted signal to produce a beat
signal (low-pas filtered signal at the output of the mixer)
whose frequency is proportional to the distance between the
radar and the target [1]. FMCW radars are commonly used in
several applications such as altimeters or tank levels where
high-resolution non-contact measurements in harsh conditions
are required [2]. In recent years, FMCW radar has also been
used as reader for long-distance transponders integrating
different types of sensors such as pressure [3] or temperature
sensors [4].

One of the problems to detect the target is the clutter
contamination derived from multipath reflections [5]. This is
of major concern when the target radar cross section (RCS) is
smaller than that of other surrounding objects. In order to
mitigate this problem, a modulated backscatter transponder
has been proposed in [6]. In this case the spectrum at the
output of the mixer is shifted by the modulated frequency of
the tag, fig. The range measurement using FMCW radar is
performed by analyzing the spectrum of the beat signal around
fiag and by verifying the presence of a couple of peaks. The
frequency difference between peaks is proportional to the
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distance between the radar and the tag. The read range using
passive backscatter transponder system such as [6] is about 10
m with a transmit power of 10 dBm. One method to increase
the read range from tens to hundreds of meters has been
proposed in [7] using switched injection-locked oscillator
(SILO) transponders at 5.8 GHz ISM band, with the die
micrograph of the reflector circuit [8]. But the complexity and
power consumption of the tag is higher than in passive
backscatter modulation schemes based on a backscattering
antenna. An alternative approach based on active Van Atta
arrays has also been investigated [9-12]. A design at 5.8 GHz
ISM band that combines the injection locking technique and
retrodirective active Van Atta arrays has been proposed in
[10]. An improvement consists of the utilization of active Van
Atta arrays with the receiver and transmitter antennas placed
in cross polarization to reduce coupling and avoid oscillations.
However the complexity of the system is greater and the use
of several amplifiers increases the power consumption. In
order to improve measurement precision, more sophisticated
solution based on switched injection-locked oscillator (SILO)
tags that work at 34.45 GHz has been presented in [13].

It is known that the radar resolution depends on the
bandwidth.  Thus, another challenge is to increase the
bandwidth in the former solutions. The retrodirective
techniques are often narrowband designs [11]. In addition, the
power consumption of an RF oscillator in secondary radars
and of active Van Atta arrays is high, and the designs are
complex and expensive. The high RCS can be achieved
modulating high-gain antennas but then the tag needs to be
oriented to the reader. In previous works, modulated
frequency selective surfaces (FSS) are used to increase the
differential RCS in transponders used for time-domain UWB
[14] and in FMCW [15] radar applications. In these cases, the
differential RCS increases with the number of FSS elements
with a small power consumption, but also increases the
directivity of the transponder. An active transponder for time-
domain UWB RFID applications has been presented in [16]
achieving long-range and using cross-polarization.

The aim of this work is to study the feasibility to use wide-
band backscatter active transponders including a two-stage
amplifier and low-gain decoupled wideband antennas. To this
end, this paper presents the design and feasibility study of a X-
band modulated active transponder read using a FMCW radar.
The main features of the proposed design are: its wideband
frequency response, it is lower cost and power consumption
compared to other active solutions such as injection-locked or
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Van Atta arrays. The prototype can be designed to operate at
other bands by scaling dimensions of the bowtie antenna and
by redesigning the amplifier at the new frequency band. The
paper is organized as follows. Section 2 deals about the basic
theory of the backscattered transponder and describes a
transponder designed as a proof of concept. Experimental
results are described in Section 3. Section 4 provides the
conclusions.

Il. MODULATED TRANSPONDER OPERATION AND
DESIGN

A. Operation theory

Fig. 1 shows a block diagram of the proposed system
composed by the FMCW radar and the transponder. The radar
interrogates the transponder and it answers modulating its
RCS. The transponder consists of two bowtie antennas
interconnected by an amplifier whose bias current is
controlled by an oscillator and is used to modulate the
backscattered signal.

BACKSCATTER
TRANSPONDER X-r(t)
-—

\%
l—PAQHVCORTA'
0Tt
Xr(0)

LNA
ftag XIF(t)

FMCW RADAR | LPF |- >—{AD |-~

Fig. 1. Block diagram of the system.

Assuming that the frequency of the transmitted signal x1(t) is
swept linearly, it can be written as:

X (t) = Acos[Z;r( fct+% ,utz)j )

where A is the amplitude, f, is the carrier frequency, u=B/T, T
and B are the sweep slope, duration and bandwidth
respectively. The backscattered received signal xz(t) is the
transmitted signal delayed by the round-trip time of flight (2),
attenuated and modulated at frequency fi,y (frequency of the
oscillator).

Xg (t) = A'cos(Zﬂ( f, (t—r)+%,u/t—r)2jjcos(27z fragt)

)

where t=2d/c, d is the transmitter to transponder distance, c is
the speed of light and A’ is the received amplitude. Assuming
a simple homodyne receiver, the baseband signal is obtained
from the output of the receiver mixer after it is low pass
filtered. The baseband spectrum is schematically shown in
Fig. 2.
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Fig. 2. Baseband spectrum using non-modulated and modulated
transponders, in the presence of a parasitic reflector in the vicinity of the
transponder.
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Two cases are considered. The first case addresses a non-
modulated transponder. Here the distance is obtained using the
FMCW radar equation and the transponder is difficult to be
detected due to the phase noise and because it might be
interfered by the reflections at surrounding objects with higher
RCS (e.g. metallic objects). The second case addresses a
modulated transponder. Here the target can be detected from a
couple of peaks around fi,q and the distance can be obtained
from the frequency separation (4f) between them, which is
proportional to the distance [15].

Af = ur=p2d/c—d =cAf /(2u) (3)

In the latter, the transponder can be more easily read since
interferences have smaller amplitude and detection is not
limited by phase noise but by the receiver noise figure.

B. Transponder design

A transponder is manufactured as a proof-of-concept on
Rogers 4003 substrate (relative permittivity €=3.54, loss
tangent tand=0.003, and height 32 mil). The transponder
operates between 9.25 GHz and 10.75 GHz, because it is the
frequency band of the FMCW radar used as reader (Siversima
model RS3400X). The control of the coupling or the isolation
is performed by modifying the distance between two
antennas. Also in order to achieve the bandwidth
requirements, two wideband bowtie dipole antennas [17],
designed with ADS/Momentum are integrated in the
transponder (see the inset in Fig.3). The length of the arms is
6.6 mm and the angle is 70 degrees. A balun is used to convert
the balanced feed line into a 50 Q microstrip line. It is
implemented in a similar way to [17] but a 13.5 mm tapered
microstrip line is used instead of a quarter wavelength
transformer. A metallic reflector is located at 7 mm to increase
the gain. The simulated reflection coefficient and gain are
shown in Fig. 3.
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Fig. 3. Simulated reflection coefficient (S;1) and antenna gain.

Fig. 4 a-b show the electrical schematic and photography of
a two-stage amplifier based on CEL NE3503M04 HEMT
transistors, that is placed between transmitter and receiver
antennas. A schematic circuit of the modulating oscillator and
current driver is shown in Fig.4.c. A low power oscillator is
based on a ICM555 that only draws 60 pA from a 3 V DC
supply. The total current consumption of the transponder is 25
mA from 3 V DC supply, and it is less compared to proposed
systems [8], [10], [13]. Fig. 5 shows the measured S
parameters of the amplifier for V¢=-0.3V and Vp=2.5V, Ip=25
mA using a board with SMA connectors. The difference
between the measured S,, response and the simulations has
been observed due to the parasitics of the stabilization
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resistances which are welded to the drain of the transistors.
These resistances are used to reduce the gain at low frequency
and to avoid the oscillation of the transceiver. The stability of
the amplifier on the entire frequency band was tested after
analyzing stability factor is greater than unity. A key point in
the design of this transponder is to minimize the coupling
between antennas. Fig. 6 shows the open-loop gain computed
from the cascade simulation of the antennas coupling with and
without amplifier. It can be seen that the coupling between
antennas is enough small to avoid oscillation. The wake-up
process of the transponder is not addressed in this paper, but
must be taken into account to optimize the battery lifetime. A
wake-up circuit similar to the one described in [14] could be
used.

The amplitude of the modulated reflected signal depends on
the RCS of the active transponder o, given by [18]:

/12

O = E G GaGtag t (4)

tag,r

where A is the wavelength, Gigr G are the transponder
receiver and transmitter antenna gains, respectively, and G, is
the amplifier gain. Fig. 7 shows the computed RCS using (4).
A large enhancement due to amplifier gain can be observed
from 7 to 12 GHz.
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Fig. 4. (a) Circuit schematic of the two-stage amplifier, (b) photograph of the
transponder (top view) and the ground reflector and (c) circuit schematic of
the oscillator.
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Fig. 5. Measurements (solid line) and simulations (dotted line) of S;;, S, and

S,1 parameters of the two-stage amplifier.
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Fig. 6. Simulated open-loop gain without amplifier (dotted line) and with
amplifier (solid line).
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I1l. EXPERIMENTAL RESULTS

Measurements in outdoor environment between 3 and 18 m
are performed using commercial radar RS3400X from
Siversima. It is a synthesized X-band FMCW radar front-end.
The nominal transmitted power is 0dBm+5dB. The radar
sweeps the 9.25-10.75 GHz frequency band with sweep time
of 75 ms and it is connected to a 20 dB standard pyramidal
horn. Fig.8.a shows the measurement of the transponder at 8 m
without modulation and Fig.8.b shows the measurement at the
same distance but now modulated at 7 kHz. Here a
background subtraction technique is applied, subtracting the
measurement of Fig. 8.a (non-modulated). The peaks are
clearly detected (black circles). A 90° rectangular dihedral
reflector (20 cm by 29 cm) is located in the vicinity of the
transponder. This reflector presents a high RCS (19.7 dB
oriented to the radar). The peak of this reflector is also clearly
observed in Fig. 8, which justifies the need for modulation.
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Fig. 7. Simulated RCS of the active transponder as a function of frequency
with (solid line) and without (dotted line) the amplifier.
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Fig. 8. Measurement of the transponder and dihedral reflector at 8 m (a) in
case of no modulation or (b) with f,g=7 kHz modulation.

Fig. 9 shows the sideband peaks obtained from the
measurement of the modulated transponder at different
distances (from 3.2 m to 13.5 m). The distances are derived
from the spacing between the peaks and match with the
measured distances between the radar and the transponder.
Fig. 10.a shows the estimated distance obtained from the
measurement of the transponder and from the dihedral
reflector. The maximum non-ambiguous distance is limited by
the sampling frequency (f) of the A/D converter used [15] (20
kHz for the Siversima controller card used in our case). Here,
this distance corresponds to the case when the frequency of
the second peak reaches the frequency fJ/2. Therefore the
maximum non-ambiguous distance is given by c(fJ/2-
fiag)/(21)=22.5 m. Fig. 10.b shows the angular dependence of
the normalized measured power at 9, 10 and 11 GHz. The
measured 3-dB beamwidth in the H-plane is 80° at 10 GHz.
The experimental setup described in Fig.11 is used to
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characterize the angular behavior of the transponder. A 20 dB
standard horn antenna connected to a signal generator (Rohde
SMF-100) is used to illuminate the transponder with a
continuous wave. The receiver is composed by a horn antenna
connected to a spectrum analyzer (Rohde FSP-30). Finally, in
Table | there is a brief comparison between the proposed
prototype and other active transponders in the literature.

TABLE |
COMPARISON WITH OTHER ACTIVE TRANSPONDERS
Ref Frequency Band EIRP Measured Power consumption
: (GH2) (dBm) | Range (m) P
6.5
[8] 5.65 10 Res 18 cm 140 mwW
5.65 (1 MHz 130 mW (t)
[10] locking range) 28 a7 260mW (Van atta)
115 770 mW (t)
[13] 32.7-35.4 36 Res 7 '5 om 122mW (pulsed,
) only SILO)
This 7-12 (1) 20-25 18
work | 9.25-10.75(radar) Res <10 cm 75 mW
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Fig. 9. Measurement of the modulated transponder with fi,;=7 kHz using the

background subtraction technique.
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Fig. 11. Experimental setup used to measure the transponder angular
response.

IV. CONCLUSION

This work has studied the feasibility of using a wideband
(7-12 GHz) active backscattered modulated transponder based
on a couple of bowtie antennas interconnected by a two-stage
amplifier for FMCW radar applications. The basic operation
theory of the system is explained. Since the RCS is modulated
using an oscillator that drives the amplifier bias, interferences
which come from stationary clutter can be removed using a
simple background subtracting technique, which consists of
subtracting the non-modulated from the modulated
transponder measurements. Experimental results are obtained

4

using commercial low-power X-band FMCW radar (9.25-
10.75 GHz) working as a reader. The transponder has low
production cost and its power consumption is lower than other
systems presented in several works presented in literature,
based on injection-locking oscillators or Van Atta arrays. The
use of the amplifier allows detecting the transponder at
distances up to 18 m, near the non-ambiguous distance of the
system. An 80° angle in H-plane at 3-dB beamwidth is
measured.
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