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Abstract—This paper describes a novel wireless passive
sensors interrogation technique based on a three-dimensional
analysis. Variable impedances acting as passive sensors are
remotely read by a 24 GHz bistatic FMCW radar at distances of
2.0 meters and 5.5 meters. The radar performs a mechanical
beam scanning to receive the electromagnetic echo level response
in a volume. Several estimators are compared to calibrate and
quantify the passive sensor input impedance. From this
impedance the physical quantity of interest (temperature,
pressure, strain ...) can be derived.

Keywords— wireless passive sensors, 3D radar imaging, remote
sensing, isosurfaces.

I. INTRODUCTION

The wireless interrogation of passive sensors (tags without
batteries and integrated circuits) is challenging. Many
applications require autonomous sensors with a long life-time
able to measure various physical quantities such as
temperature, pressure or moisture. However these sensors must
achieve good performances in terms of distance of
interrogation, size, resolution, sensitivity and full-scale
measurement range. Radio Frequency IDentification (RFID) is
the most commonly used technology for passive sensing.
Sensing elements can be easily integrated in RFID tags but the
distance of interrogation is limited to few meters due to power
regulations. Surface Acoustic Wave (SAW) sensors are also
investigated but their operating frequency is limited to few
GHz. Harmonic (or intermodulation) radars can remotely read
tags with a good achievable range. Nevertheless their different
carrier frequencies at transmission and reception do not fit with
radio regulations.

A novel passive sensor interrogation technique based on a
three-dimensional scanning has been recently reported by the
authors in [1]. A Frequency-Modulated Continuous-Wave
(FMCW) radar operating at 24 GHz was used for the detection
and localization of the sensors and for deriving the variation of
sensors input impedance from standard algorithms and signal
processing techniques applied to 3D radar images [1][2]. From
this impedance the physical quantity of interest (temperature,
pressure, strain ...) can be deduced. The present paper
compares the performances of several possible estimators for
the remote derivation of passive sensors input impedance from
the three-dimensional analysis of radar images.

Section Il describes the beam scanning radar system and
the interrogated passive sensors. Section Il defines various

possible estimators for deriving the input impedance of the
sensors from the 3D analysis of radar images. The impedance
variation is finally displayed in three dimensions using iso-
surfaces.

Il. 3D BEAM SCANNING TECHNIQUE

A. Reader system

The reader is a bistatic FMCW radar transmitting a chirp at
a carrier frequency f. = 23.8 GHz and frequency modulated
with a triangular signal. This signal has a ramp-time T =1 ms
and a frequency bandwidth B = 2 GHz. The standard definition
of the theoretical depth resolution d is the given by [3]:

d=—- 1)

where c is the celerity of light in air. In our configuration, a
theoretical depth resolution of 7.5 cm can be reached. Different
antennas are used for transmission and reception purposes. A
parabolic antenna is connected to the front-end of the Tx
channel. It has a gain of 33.5 dBi and a beamwitdh of 2°.
Knowing that the input power of the radar is 10.8 dBm, the
EIRP is 44.3 dBm. The reception antenna is a 1x5 patches
array with a gain of 8.6dBi and a beamwitdh of 80° in azimuth
and 20° in elevation. The radar and its antennas are mounted on
a pan-tilt platform automatically controlled by a computer unit
(Figure 1). It performs a 3D spherical scanning from Gy;, = -10°
t0 Oyvax = 10° in azimuth with a step 46 = 2° and g, = -10° to
ovax = 10° in elevation with a step 4¢ = 2°. For each step, a
chirp is transmitted. The signal backscattered by the scene is
then demodulated and filtered by the radar.

The passive sensor is composed of three parts : (a) a horn
antenna of gain 20 dBi and a 60° beamwidth, (b) a coaxial
cable with an effective length of L = 1.35m (delay line) and (c)
a variable attenuator terminated with a short-circuit. The
measurement principle is based on load scatterers theory [4].
The structural mode is used to localize the sensor, and the
sensing (or antenna) mode is analyze to derive the input
impedance of the sensor and consequently, to deduce the
physical quantity of interest. The variation of the sensor input
impedance is simulated here from the tuning of an attenuator.
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Fig 1. Measurement system and passive sensor located at
5.5 meters

B. Data acquisition and signal processing

For each sweep step we perform an averaging of 10 time
signals. I and Q signals of the reception channel are used in
order to compute the complex signal. The time signal is
digitalized into 1024 samples and normalized with the
maximal voltage of the ADC (3.3V). A back-projection
algorithm is applied to determine the echo level for each cell
that has been scanned [5]. The rotating beam scanning
generates resolution cells in spherical coordinates. The volume
Vspher OF such resolution cell is then given as follows:

Vepner = i{(R +2]3 —(R —2)3]A6’~sin[i¢j )

where R denotes to the distance from the center of the
resolution cell to the radar. The cell volume grows with the
distance of interrogation. A transformation to Cartesian
coordinates is applied with a spline interpolation for
increasing the resolution and for facilitating the analysis of 3D
radar image. The new volume V¢ Of resolution cell and the
Cartesian grid are defined such as:

Veart = AX- Ay - Az (3)
AX = %tan(%g]
with x 4
Ay = %tan(%]
py 2
P
2B-p p

where Ryin and Rya designate the minimal and maximal
ranges in which the Cartesian transformation operates. The
parameters p, and p, are increasing resolution factors of x and
y cross-range axes. The parameter p is a pad factor which
represents a zoom range performed by the chirp-z
transformation defines as follows [6]

N-1

§=Ys(n)- A" W™ (5)
n=0
_ al-j2dkR)
with A=e _ (6)
W = glizdkp)

In Eq.(5) $ denotes the result of the chirp-z transformation of
the sampled time signal s and N is the total number of
samples. In Eqg.(6) R designates the distance from the
resolution cell to the radar and dk is the wave number
increment. The dimensions of the 3D Cartesian grid (Xuin,
XMax)v (YMin: YMax) and (ZMina ZMax) are given by:

(X Min X Max): (RMin tar1(9Min )’ RMin tan(gMax ))
(YMin’YMax): (RMin tan((”r\/lin )’ Ryin tan(¢Max ))
(Z Min ZMax) = (RMin ) \/RMax2 -X Ma><2 - YMax2 j

The Fig. 2 illustrates the Cartesian transformation Eqgs. (3)-(6).
The final step consists of displaying the data in three
dimensions. This can be achieved with the help of isosurfaces
given a representation of each layer of equal echo level (see
section 11I).

()

Fig 2. Scanning grid in spherical coordinates and its corresponding
Cartesian grid after Cartesian transformation Egs. (3)-(6) for a given
elevation cut-plane

I11. MEASUREMENT RESULTS AND DISCUSSION

Measurements are performed for different values of sensor
impedances when the passive sensor is placed at a distance of
2 meters (scenario 1) or 5.5 meters (scenario Il) from the
reader. Fig 2 shows the resulting 3D isosurfaces display for a
sensor impedance of 0Q. Structural and sensing modes are
clearly detectable and separated by the coaxial cable effective
length (1.35 meters). In such isosurfaces echo levels having
the same amplitudes are assigned to a specific colored layer.
The transparency of each layer increases when the amplitude
of the radar echo decreases. This visualization based on
isosurfaces is a great tool for displaying a global volume and
for roughly observing the 3D distribution of radar echo levels.

When the sensing mode is localized, a volume of study is
defined around the corresponding radar echo level. This



volume is defined in Table I. For the two above-mentioned
scenarios, this volume is composed of several resolution cells,
respectively 32832 cells (scenario 1) or 23598 cells (scenario
I1). The volume is of 0.29 m® (scenario 1) and of 0.21 m®
(scenario I1). Consequently the beam scanning analysis does
not only focus on a single value of the magnitude, but on
several values distributed in a three-dimensional space. This
approach allows the definition of several estimators. These
estimators may provide a direct relationship between the value
of the sensor input impedance value and the magnitude
variation of the sensing mode in a volume.

Fig.4.a shows the distribution of the echo level for a sensor
input impedance of 50 Q. By choosing a volume containing a
sufficient number of resolution cells, the distribution tends to a
log-normal distribution given by:

sx)=—" J’W} ®)

where K and ¢ are scale factors and p is the location factor.
Each black bar corresponds to the weight of cells in which the
echo level ranges between two extreme values defined by an
echo level step (a step of 1dB is chosen here for illustration
purpose). The red curve is plotted by using a curve fitting
algorithm with a cubic interpolation of 1000 points and
parameters of the log-normal distribution in equation (8) are
extracted.

Fig.4.b shows that the shape of the log-normal distribution
changes with the sensor input impedance. Hence it is possible
to define estimators which depend directly from the log-
normal distribution parameters. In order to estimate the
variation of the echo level, five estimators are compared:

(a) emax is the maximal value of the measured echo level.
Hence it concerns only one resolution cell. This is the most
instinctive estimator;

(b) en is the mean echo level in the entire volume. It
considers every echo level values of cells with the same
weight;

(c) ew represents the weighted arithmetic mean of the
distributed echo level given by:

M-1
ey =W, P, )
n=0

where P, corresponds to a sliding threshold, W, the
percentage number of cells for which magnitude A is such as
Pn+1>A>P,, M is an integer such as Py;= 0 dB (or the maximal
reachable value of echo level). As mentioned before, the echo
level step is Pn.1-P, = 1dB. Cells with higher values are
assigned to higher weights;

(d) e, is the location parameter of the log-normal
distribution. It is defined such as:

e, = eXp(U) (10)
It represents the shift of the log-normal distribution;

(€) emode is the mode (maximum point or value of the peak)
of the log-normal distribution. It is defined as:

moae =00 (- 0?) (11)
Value indicators of these estimators are plotted on Fig.4.a.
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Fig 3. Structural (square) and sensing (circle) modes representation with
isosurfaces for a sensor position at (a) 2m and (b) 5.5m.

TABLE |
SENSING MODE VOLUME CHARACTERISTICS
Scenario | Scenario Il
Minimal range Ruin 320m 6.84m
Maximal range Rax 4.00m 7.18m
x-resolution scale Px 3.2 6.84
factor
y-resolution scale Py 3.2 6.84
factor
Pad factor p 10 10
x-axis resolution Ax 3.5cm 3.5cm
y-axis resolution Ay 35cm 35cm
z-axis resolution Az 7.5mm 7.5mm
X Cross-range size [Xwmin- [-31cm, 31 [-59 cm, 31
Xniax] cm] cm]
y cross-range size [Ywmin- [-38 cm, 21 [-31cm, 31
Ymax] cm] cm]
Resolution cell volume Veart 9cm® 9cm®
Total number of cells N 32832 23598
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Fig 4. Distributio(n )of the echo level:
(a) for a sensor input impedance of 50Q
and a log-normal model (red curve)
(b) log-normal model distribution for multiple sensor input impedances
Estimators are plotted on Fig.5 for the scenario | and
scenario Il. The estimator ey., has the best performances in
terms of the full-scale measurement range (17.1dB and
15.6dB) with a good sensitivity (>-0.4dB/ Q). However there
is minimal threshold starting from 40 Q where the sensor
impedance cannot be estimated. That is why the four other
estimators are helpful: they take into account the magnitude
fluctuation of surrounding cells. Best results are obtained with
the estimator e, (location parameter of the log-normal
distribution). It has full-scale measurement range of 16.5 dB at
2.0 m and 10.8 dB at 5.5 m with a sensitivity of -0.3dB/Q.
Moreover, it has a linear behavior with a correlation
coefficient R2 > 0.990.

IV. CONCLUSION

A novel scanning technique has been described in order to
remotely read passive sensors. After a brief explanation of the
Cartesian grid construction, a display with isosurfaces allows a
representation of structural and sensing modes in 3D radar
images. Then a study on a specific volume centered on the
sensing mode is applied for two sensors positions (2.0m and
5.5m) and for various sensor impedances (from 0 Q to 50 Q). It
is observed that the echo level distribution can be modeled as a

log-normal distribution and specific estimators are defined to
derive the sensor impedance variation for radar images.
Estimators that take into account several resolution cells show
better results in linearity than one (more intuitive) which
considers only the value of the maximal echo level.
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Fig 5. Echo Level vs. the sensor input resistance using the 5 studied
estimators at (a) 2.0m and (b) 5.5m
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