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Abstract— This communication reports the latest 
developments in Frequency-Modulated Continuous-Wave 
(FMCW) radar interrogation technique for chipless and wireless 
sensors. For the first time a millimetre-wave scanning radar is 
used for detecting and reading passive and chipless 
electromagnetic sensors. Measurement results show that, with a 
24 cm depth resolution and a 2 degrees angular resolution, it is 
possible to localize and distinguish two passive sensors separated 
by 5 cm at a distance of 3 meters from a FMCW radar operating 
at 30GHz. Sensing modes visualization derived from the 
millimetre-wave radar scanning of a scene makes possible the 
separation length measurement with an accuracy of 1cm. 

 

Index Terms—millimetre-wave scanning radar, passive and 
chipless electromagnetic sensors.  

 

I.  INTRODUCTION  
In the last decade, environmental, industrial, and military 

monitoring applications have motivated an enormous amount 
of research activity related to wireless sensing. Some of these 
applications require continuous and stable measurements for 
an long period of time [1][2]. For such applications, it is 
desirable that the sensing device has a long operating lifetime. 
Therefore, active and semi-passive (battery-assisted) sensors 
are not good candidates due to their high cost and the short 
life time of the onboard battery. The passive sensors research 
activity on RFID-based or chipless sensors offers promising 
solutions.The RFID-based sensors incorporate an integrated 
circuit (IC) which enables sophisticated features such as 
rewritable memory and communication protocols. The power 
rectifier that generates the required power for activating the IC 
limits the maximum reading range to few meters [3][4]. To 
the best knowledge of the authors, the achieved reading range 
with RFID-based sensors is typically lower than 10 meters 
[5]. Surface Acoustic Wave (SAW) tags offer longer reading 
distance due to the absence of ICs (22 meters was recently 
reported [6]). However, the highest operation frequency of 
this sensor is typically limited to a few GHz. Recently 
harmonic and intermodulation radars were used for sensing 
applications. A reading range of 21 meters was obtained using 
harmonic radar [7] while 55 meters may be reached by using a 
harmonic radar [8]. The limiting factor of harmonic 
interrogation is the high frequency offset between the 
transmitted and received signals which makes difficult the 

fulfilment of the frequency regulations. The conversion loss 
of intermodulation tags limits the efficiency of this approach. 

The technique based on the measurement of the RADAR 
Cross Section (RCS) variability of passive millimetre-wave 
sensors was proposed for the first time by the authors in 2008 
[9] while the proof-of-concept was demonstrated in 2010 [10]. 
Compared with lower frequencies, millimetre-waves improve 
the sensor immunity to objects located at its vicinity by 
increasing the electrical length separation distance to them. 
Moreover they allow reducing the sensor and antenna sizes 
and designing directional (high gain) antennas for 
beamforming, multi-beam or beam-steering RADAR reader. 

The wireless sensing technique based on RCS-variability 
measurement has been successfully applied to the remote 
estimation of many physical quantities (see an overview in 
[11]). A reading range of at least 30 meters was measured 
with a spatial resolution of few centimetres. Until now this 
technique was applied to the remote reading of passive 
sensors of known positions and consequently, the main lobe 
of the reader high-gain antenna could be pointed in the 
direction of the sensor. In case of the sensors occupying 
unknown positions, we show here that the scanning of the 
scene by this lobe could be performed to detect the presence 
of the passive and chipless sensors and to derive their 
locations. 

In this communication and for the first time, a millimetre-
wave scanning radar is proposed for detecting and reading 
passive and chipless electromagnetic sensors. The sensors are 
here passive scatterers composed of an antenna, a length of 
transmission line and a sensing device (variable impedance in 
the millimetre-wave frequency range). After a brief reminder 
of the beat frequency spectrum definition, a wireless 
technique to distinguish and get the positions of two sensors 
separated by a short distance is reported. This technique keeps 
unchanged the measurement sensitivity, measurement 
resolution and full-scale measurement range. 

II. MILLIMETRE-WAVE FMCW RADAR INTERROGATION 
FOR PASSIVE ELECTROMAGNETIC SENSORS: THEORY 

A. Wireless interrogation of passive sensors using FMCW 
Radar 

A physical model for the calculation of RCS of a loaded 
antenna is reported by Harrington in [12]. It includes back-
scattering of the incident electromagnetic wave by the antenna 



structure and the back-scattering due to the antenna loading 
impedance. Assuming a delay line of length l between the 
load and the antenna, the beat frequency spectrum of the 
loaded antenna can be obtained from the use of a homodyne 
FMCW radar. Considering a transmitted chirp with a radial 
frequency bandwidth Δω, the resulting beat frequency 
spectrum b(ω) measured by the radar at a given radial 
frequency ω is found to be: 

ܾሺ߱ሻ ؆ ܤ ஺ሺఠబሻଶగோమ ቂ்ೃି௧బ்ೃ ቀୱ୧୬ ௨బ௨బ ቁ ݁ି௝ቀఠబିഘమ ቁ௧బ െܵଵଵሺ߱଴ሻ ்ೃିሺ௧భା௧బሻ்ೃ  ቀୱ୧୬ ௨భ௨భ ቁ ݁ି௝ቀఠబିഘమ ቁሺ௧భା௧బሻቃ  ∑ ሺ߱ߜ െ ݊߱ோሻ௡ୀାஶ௡ୀିஶ            (1) 

where ω0 is the carrier radial frequency, R the radar-to-sensor 
distance, TR and ωR denote respectively the period and radial 
frequency of the modulation signal, t0 the round-trip duration 
from the radar to the antenna structure, t1 the delay generated 
by the line, δ represents the Dirac function and S11(ω0) the 
reflection coefficient on the sensing device at the carrier radial 
frequency. In Eq.(1) the constant B is derived from the radar 
characteristics and A(ω0) depends on antenna geometry. 
Eq.(1) shows that the beat frequency spectrum combines two 
cardinal-sine functions. The first sine function corresponds to 
the contribution of the structural scattering mode with: ݑ଴ ൌ ்ೃି௧బଶ ሺ߱ െ ௱ఠ்ೃ  ଴ሻ            (2)ݐ
while the second term is relative to the sensing mode 
contribution with: 
 
ଵݑ  ൌ ்ೃିሺ௧బା௧భሻଶ ሺ߱ െ ௱ఠ்ೃ ሺݐ଴ ൅  ଵሻሻ           (3)ݐ

 
These functions are centred at the two following beat radial 
frequencies: ߱ଵ ൌ ଶ௱ఠோ்ೃ௖            (4-a) ߱ଶ ൌ ଶ௱ఠ்ೃ ሺோ௖ ൅ ௟௩കሻ        (4-b) 

with c designate the vacuum celerity of light  and vφ the phase 
velocity in the delay line. According to Eqs.(1) and (4-b), if 
the delay line is long enough to avoid overlapping of the two 
modes, the contribution of the sensing mode can be given as 
follows: ܾሺ߱ଶሻ ؄ െܤ ஺ሺఠబሻଶగோమ ଵܵଵሺ߱଴ሻ݁ି௝ሺ௧బା௧భሻሺఠబିഘమమ ሻ        (5) 
which leads to a magnitude: |ܾሺ߱ଶሻ| ؄ ܾ଴| ଵܵଵሺ߱଴ሻ|         (6-a) 
where ܾ଴ ൌ ܤ| ஺ሺఠబሻଶగோమ |         (6-b)  
  
According to (6-a), the contribution of the sensing mode is 
proportional to the reflection coefficient on the sensing 
device. Fig. 1 shows the measured level of the spectral 
component at beat radial frequency ω2 associated to the 

sensing mode for various reflection coefficients. This 
experimental result validates the convenient linearity 
predicted by Eq.(6-a). 

 
Fig 1. Measured amplitude of the spectral component at the 
beat frequency associated to the sensing mode for various 
reflection coefficients on the sensing device. 

 

B. Wireless identification of passive sensors using FMCW 
radar 
 

The length of the delay line is an additional parameter 
which is used for passive sensors identification. It controls the 
beat frequency of sensing modes and multiple configurations 
can be imagined to create specific beat frequency spectrum 
signatures. An example of delay lines and load configurations 
for passive sensors identification can be found in [13]. 

 

III. BEAM SCANNING FOR DETECTING AND READING 
PASSIVE SENSORS: FIRST EXPERIMENTAL RESULTS 

 
In our previous works based on the use of millimetre-wave 
FMCW Radar for reading and identifying passive 
electromagnetic sensor, the location of the sensor was known 
and the radar Tx-antenna pointed its main lobe in a unique 
direction. In this section, positions of passive sensors are 
considered as unknown and a wireless technique is proposed 
to detect, localize, read and identify passive sensors. The 
millimetre-wave scanning radar used in this experiment is a 
FMCW Radar with a bandwidth of Δf = 620 MHz and 
operating at 30 GHz.  The depth resolution is then given by 
[14]:   
  ݀ ൌ ௖ଶ௱௙              (7) 
 
According to Eq.(7) the depth resolution is expected to be 
d=24 cm.  A parabolic antenna having a 2 degrees beamwidth 
and a gain of 35 dB is used as the transmitting radar antenna 
(Tx-antenna). The beamwidth leads to an angular resolution 
φ=2 degrees. A beam scanning is performed with a rotational 
sweep of 0,5 degree step. The receiving antenna (Rx-antenna) 
of the radar is a motionless rectangular horn having a 
beamwidth of 60 degrees. The chirp transmitted by the Tx-
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IV. BEAM SCANNING FOR DETECTING AND READING 
PASSIVE SENSORS: MULTI-SENSORS APPROACH  

From the previous measurement results the maximum 
number of passive sensors which can be simultaneously 
detectable, identifiable and readable may be estimated. Hence 
it is possible to calculate the maximal density of detectable 
sensors at a given read range. Assuming that delay lines are 
properly chosen to avoid sensing modes overlapping, the 
resolution area a in which only one passive sensor can be 
detected is given by: a ൌ గሺሺோା೏మሻమିቀோି೏మቁమሻఝଷ଺଴     (8) 
 
and the maximal density S of detectable sensors is given by: s ൌ ଵୟ      (9) 
 
With an angular resolution of 2 degrees and a depth resolution 
of 24cm (see section III and Fig. 10), the maximal density of 
detectable sensors at 3 meters is then 39 sensors per meter 
square.  

 
Fig 10. Illustration of the beam scanning technique for a 
maximum number of passive sensors at a given read range 
(3m). 39 sensors per meter square are detectable.  
 

V. CONCLUSION 
A 30GHz scanning FMCW radar is used for detecting and 

reading passive and chipless electromagnetic sensors. 
Measurement results show that it is possible to detect two 
sensors separated by 5cm at a 3m read range. The separation 
is calculated with an error of 1cm with 24 cm of depth 
resolution and 2 degrees of angular resolution.  
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