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Abstract— This contribution addresses the electromagnetic
feasibility of the wireless temperature monitoring inside a
coaxial cavity resembling a portion of a high-power highfrequency Cyclotron Auto-Resonance Maser (CARM) for
plasma heating in the new generation of DEMO TOKAMAK
machines.
The scenario is investigated as a potential
communication channel for a UHF RFID sensor network
where cavity probes are used to both excite the coaxial cavity
and to collect the temperature data scattered back by sensor
antennas. By using a theoretical near-field analysis of a
simplified model of the cavity and of the reader/sensor devices
it is demonstrated that a two-probes architecture is suitable to
interact with more than N=16 equally spaced RFID
temperature sensors (having power sensitivity of -8.3dBmW)
over the surface of a 0.5 m tube by using less than 20dBmW
power emitted by the reader. The theoretical results are
corroborated by experimental data with a mock-up of the
cavity and realistic prototypes of miniaturized RFID radiosensors and excitation probes.
Index Terms — Wireless RFID
backscattering
modulation,
Electron
temperature mapping.
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I. INTRODUCTION1
The Cyclotron Auto-resonance Maser (CARM) is an
ongoing research project [1] aimed at the development of a
Mega-Watt single beam 250 GHz oscillator in continuous
wave (CW) operation for plasma heating and current drive
in the future DEMO TOKAMAK machine [2]. The
temperature variation of the cavity wall is crucial as the
change of few degrees could dramatically affect its quality
factor and would hence push the oscillator out of resonance
conditions. At this purpose, the main cylindrical resonant
cavity (Fig. 1) is held inside a second cooling cylinder
where vacuum is enforced. The surface temperature must be
precisely controlled at many points on the external surface
of the CARM camera inside a coaxial-like environment.
Conventional measurement systems based on wired
probes are expected to be problematic due to the small
available space for cable allocation between the two
conductors of the coaxial cavity. Thus, a less invasive and
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versatile architecture could comprise a wireless monitoring
system involving cable-less sensors suitable to be
interrogated by electromagnetic waves that are excited into
the cavity by a probe. However, batteries are not
recommended due to the small available space, to the need
of reducing additional losses and to avoid risky manual
maintenance. Instead, the interaction between sensors and
the reading node should more conveniently exploit a
backscattering modulation link where the sensors are pure
passive devices that send back their information by
modulating the interrogation field they reflect. One of the
natural candidate technology is the Radiofrequency
Identification (RFID) in the ultrahigh-frequency (UHF)
band that is currently evolving from assessed logistics
applications toward more advanced sensing and diagnostics
in the Industrial Internet of Things [3]-[6]. Passive RFID
sensing tags are compact and generally less expensive than
more conventional local powered sensor nodes. One of the
most critical features of battery-less RFID sensors is
generally their modest read range (a couple of meters at
most), that is affected by the propagation loss and degrades
along with the reduction of the size of the radio sensor. The
scenario under test has a rather limited extension and, above
all, the electromagnetic interactions would take place inside
an extremely low-loss cavity with a potential great benefit to
the communication reliability [7]. Finally, the RFID
protocol is capable to handle the concurrent interrogation of
a multitude of tags so that a dense spatial temperature
sampling of the interior should be possible. Therefore, a
passive RFID sensor network looks a suitable approach to
the problem even if some challenges still exist, such as the
extreme antenna miniaturization and the cohabitation of a
grid of closely spaced sensors with the cavity resonances.
The RF propagation through cylindrical heating,
ventilation, and air conditioning (HVAC) ducts has been
already studied in [8]. Later on, the characterization of the
RF propagation in cylindrical metal pipes was formulated in
[9] for passive RFID systems. The readability percentage of
a commercial dipole-like tag inside a HVAC duct was then
experimentally tested in [7]. A different application is
proposed in [10] consisting in a VLF RFID system for
monitoring the oil and gas quality.
Overall, the few available papers [7]-[12] refer to a
scenario of merely two elements, namely, a
transmitter/receiver and an identification tag. However, in a
denser tag network, the fields inside the structure may not

be expressed as the sum of a few propagating modes. In
addition, at the purpose to provide accurate results, the
scattered field produced by reflections on the network
elements must be considered.

European band (865-868 MHz) and includes an RFID
reader connected to a source probe antenna. The probe
excites the interrogation field inside the coaxial cavity to
activate the set of sensors on the surface of C1. Given the
size of the cavity, the maximum height of the sensing tags
should be around 15 mm.
A. Reader’s antenna for excitation of the coaxial
cavity

Fig. 1: Simplified sketch of the Cyclotron Auto-resonance Maser (CARM)
[2] with indication of the resonant cavity to be thermally monitored.

This paper describes a feasibility study and a preliminary
experimentation for the temperature mapping inside a
coaxial cavity based on the backscattering modulation. The
goal is to demonstrate the possibility to interrogate multiple
RFID sensor tags inside the coaxial volume and to
determine the lower bound of the reader’s power that is
required to establish a robust communication in case of
different alignments and densities of tags. Following the
description and the formalization of the near-field scenario,
(Section II), excitation probes and miniaturized RFID
temperature sensors are introduced (Section III), with
specific applicability over metallic surfaces. After the
fabrication of some prototypes, the overall sensor network is
validated (Section IV) by means of a reference mockup of
the CARM camera to corroborate the theoretical/numerical
findings. Finally, two examples of temperature
measurements are provided in section V.
II. THE SENSOR NETWORK COMPONENTS
As at time being, the CARM design is still in the
preliminary stage and several geometrical parameters still
need to be fixed, we considered a simplified model that is
also suitable to be fabricated for a preliminary test of the
proposed sensor network. The CARM mockup (Fig. 2)
comprises two concentric metallic cylinders the main
camera C1, whose temperature on the external surface has to
be monitored and the shielding and air-cooling camera C2.
Their front and back faces are closed by conducting plates
thus forming a coaxial cavity. Moreover, the length of
cavity (L = 484 mm) is roughly 3λ/2 at the UHF-RFID
frequencies and hence the cavity will host a resonant mode.
This specific boundary condition can be considered as a
worst case as it will induce a standing wave of the internal
field and hence there will be the challenge in the
interrogation of those sensors placed close to the field nulls.
The proposed UHF RFID sensing network, to be
deployed outside C1, is conceived to operate in the UHF

Unlike cylindrical pipes considered in [7]-[10], coaxial
structures allow to propagate a TEM mode that will be the
only mode propagating up to 1.3 GHz (the cut off of TE11
mode) [14]. Accordingly, all the antennas (excitation probes
and RFID sensors) must be oriented along the radial
direction to enforce the best coupling with the TEM mode.

Fig. 2: Scheme of the reference coaxial cavity and the RFID sensor
network. Sizes in [mm]: L = 484, a = 27, b = 108, probe-termination
distance zp = 70.

The considered excitation probes consist in shaped
monopoles (Fig. 3) of λ/4 length at 867MHz. The monopole
is folded twice to facilitate the placement inside the cavity.
A foam holder (closed-cell PVC, εr = 1.55, σ = 6·10-4 S/m)
is used to fix the probe to the cavity. In order to dump the
cavity resonance, a second loading probe, connected to a 50
Ω load, is placed at the end of the cavity (Fig. 2). Numerical
simulations with the Method of Moments [15] verified that
(Fig. 4) this arrangement ensures the absence of sharp blind
zones preventing the activation of RFID link. Sensing tags
can be therefore placed freely all along the C1 surface.

Fig. 3: a) Folded probe antenna for cavity excitation and tag interrogation.
Size in [mm]: l1 = 39, l2 = 5, w1 = 25, w2 = 20, ltot = l1 + l2 + w1 + w2=83,

B.

Radio Sensors

The RFID sensors include the EM4325-V11 microchip
transponder [17] (power threshold PS = -8.3 dBm) capable
of combined identification and temperature sensing in the
range -40°C < T < 65°C with resolution 0.25°C. Following
the calibration in [18], the accuracy of this sensor is 0.18°C
thus fully masked by its resolution. The chip impedance
declared by the manufacturer is {23.3-j145, 17.6-j113, 14.5j95} W at frequencies {866, 915, 953} MHz, respectively.
These values were interpolated in the simulations for the
intermediate frequencies.
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Fig. 4: Numerical simulation of the electric field magnitude (dBV/m) for φ
= π and 3π/2 planes excited by a small probe with a second probe
terminated onto a matched load

inductor. The resulting antenna has the maximum size of
just one tenth of wavelength.
The power transfer coefficient τ of the tag is numerically
evaluated at 47 positions (at 1cm step) over the external
surface of cylinder C1 (Fig. 6.(a)).
The bandwidth
corresponding to τ >-3dB is equal to 50 MHz for most of the
considered positions (except for those at the borders, where
the internal field reduces due to the presence of the short
circuit terminations as in Fig. 4). The distribution of the
power transmission coefficient along the cavity is almost
uniform and hence it is rather insensitive to the
inhomogeneity of the internal field.
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wire radius = 0.5, df = 5 mm and hf = 5 mm are respectively the diameter
and height of the cylindrical foam holder.
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Fig. 6: a) Simulated power transfer coefficient of the tag a) vs. frequency
and at some positions inside the cavity and b) vs. the position inside the
cavity @867 MHz.

III.
a)

b)

Fig. 5 a) Miniaturized sensor antenna layout, size in [mm]: W = 5, L = 15,
H = 16, h = 10, w = 1.5, s = 1.5. b) Equivalent model of the lumped
inductor: L=47 nH, C=64 fF and R=4.72 Ω.

The tag antenna (Fig. 5) consists of a 3D meandered
monopole trace wrapped around the surface of a PVC
(Polyvinyl Chloride, εr = 2.3, tanδ = 2·10-4) foamboard
parallelepiped. The antenna was conjugate matched to the
chip at 867 MHz. The antenna reactance is then controlled
by a lumped inductor (47 nH) connected in series with the
chip. The numerical model of the inductor includes the
parasitic effects and the self-resonance and losses of the coil
through the RLC equivalent circuit in Fig. 5(b), whose
parameters were derived from the datasheet [13] of the

SYSTEM ANALYSIS

To quantify the performance and potential cut-off of the
proposed wireless sensor network inside the cavity, several
arrangements of RFID tags are here considered concerning
their number N and their density.
As the reader-tag communication takes place in a
shielded enclosure, the interactions among the components
take place in the near field and accordingly the Friis
equation [14] does not apply. A first-order model of the
RFID link within the cavity assumed N two-port networks,
each referred to a reader-tag link, while the other N-1 tags
are anyway present in the simulation and connected to the
microchip load. The reader-tag link inside the camera is
then modelled by the Transduction Power Gain (GT) [14],
which is defined as the ratio between the power (PR→t)
received by the chip and the output available power (Pav,R)
from the reader. It can be calculated as:
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The turn-on power is an effective performance
parameter useful to quantify the feasibility of the proposed
architecture as its upper bound is typically limited to 30
dBmW in state of the art COTS2 RFID readers.
Fig. 7 shows the distribution of the electric field inside the
camera for N= {4, 8 and 16} sensors, each connected to the
microchip impedance, and placed along a line at a same
uniform distance or according to an interleaved
configuration. Owing to the small available spaces in
between the two tubes, the field distribution is strongly
disturbed by the presence of multiple tags and the symmetry
in the empty camera (Fig. 4) is broken. In all the
configurations, the electric field close to the sensor reduces
as moving far away from the exciter and accordingly the
sensors will collect less and less power. Moreover, the field
distribution becomes more concentrated around the sensors
as their density increases. The corresponding turn-on
powers versus the position of the tags (Fig. 8) exhibit a
roughly linear behaviour (in dB) with the position of the tag
(slope g i.e. the power attenuation, is reported in Tab. 1).
The minimum power that the reader should emit for the
interrogation of all the tags increases along with the number
of sensors. For a small number of tags (N<=8), the values of
the turn-on power are rather similar for the linear and
interleaved configurations (attenuation slopes close to g=0.5
in both the cases). For a denser set of sensors (ex. N=16),
instead, the linear displacement configuration looks more
efficient since the required power to activate all the tags is
slightly lower with respect to the interleaved displacement
(attenuation slope 0.61 against 0.72) .
In case of many sensors (N=16), some of them placed at
the farthest distance from the exciter, will require a reader’s
power approaching or even exceeding the capability of
current readers (say for instance 30dBmW). A possible
mitigation of this limit is discussed in the conclusions.

1
4 tags

where ΓG is the reflection coefficient at the source, ΓL is the
reflection coefficient at the load and [Sij] are the entries of
the S-parameters matrix of the two-port network describing
the probe-tag interaction. The minimum reader’s power Pto
=min(Pav,R) required to activate the chip, say the “turn-on
power”, is hence evaluated by enforcing PR→t=Ps
(sensitivity of the chip) and accordingly

Pto =

Interleaved

Fig. 7 : Simulations of the normalized electric field at 867 MHz inside the
cavity for N= {4, 8, 16} RFID tags in different arrangements when the
reader emits 30dBmW.
Tab. 1 Slope g of the turn-on power distribution versus the position of the
sensors and for various arrangements of them
N
4
8
16

Linear displacement
[W/cm]
0.23
0.49
0.36

Interleaved
[W/cm]
0.26
0.5
0.58

Fig. 8: Summary of the numerically estimated turn-on powers, at 867 MHz,
of the RFID sensors for the arrangements in the Fig. 7. Dashed lines
indicate the typical maximum output powers of state of the art readers.
Commercial Off The Shelf.

Fig. 9: External and internal view of the mockup of the coaxial cavity.
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Fig. 10: Manufactured cavity probe and its power reflection coefficient
inside an empty cavity when the second probe was terminated to 50 Ohm.

concentric arranged to form a coaxial cavity by means of
two steel caps, each provided with a circular aperture in the
middle to host the internal cylinder. Two small holes were
then drilled on the curved surface of the smaller pipe for the
mounting of the probes. Overall, the volume in the between
the two cylinders forms the needed shielded coaxial
enclosure which is fully decoupled from the internal volume
of cylinder C1. Thus, all the electromagnetic interactions
will take place inside the coaxial enclosure and the interior
of the smaller cylinder is communicating with the outside
for the implementation of the heating experiments described
later on. The meandered probe monopoles were fabricated
by manually shaping a 1 mm copper wire (Fig. 10) then
soldered to a SMA connector and supported by a foam disk
around the connector pin to facilitate the mounting inside
the coaxial cavity. The measured power reflection
coefficient satisfactorily compares with the simulation (also
including the foam spacer). The experimental -10dB
bandwidth is 850-950 MHz thus covering the worldwide
UHF RFID band.
The RFID sensors (Fig. 11) were manufactured with
adhesive copper, by means of a digital controlled cutter, and
then assembled over the PVC layer. The substrate was cut
manually whereby the tags presented slightly different
substrate dimensions and therefore they required individual
fine tuning after fabrication by iteratively trimming the
monopole tip that was hence originally fabricated longer
than the corresponding numerical design.
For the characterization of the electromagnetic
responses of the sensor inside the cavity, the excitation
probe was connected to the ThingMagic M5e reader [19]
driven by proprietary software. The turn-on power of each
reader-tag link was hence evaluated by increasing the power
emitted by the reader until the tag starts responding. The
procedure is repeated for discrete frequencies within the
worldwide UHF RFID band.
By means of a preliminary measurement with a single
tag, it was proved that the turn-on power is lower than the
minimum selectable output power from the reader,
therefore, a 6 dB attenuator was placed between the probe
and the reader (Fig. 9).
A.

Fig. 11: Manufactured prototypes of the temperature sensor tags.

IV.

EXPERIMENTAL VALIDATION

The proposed telemetry system is evaluated inside a
cavity mock up (Fig.9) made by two still hollow cylinders
having the same size of the simulated ones. Pipes are

Single tag in variable positions

An example of measured turn-on power (Pto) of a tag
inside the cavity, over C1 cylinder, is visible in Fig. 12 and
compared with simulations. The response of the tag exhibits
a frequency shift of about 20MHz probably due to the
imperfection of the manual manufacturing of the tag.
The RFID link was qualified by numerically and
experimentally estimating the reflection coefficient
(Fig.13(a)) of the probe and the turn-on power of the tag
(Fig. 13(b)) when the it was moved along C1 at forty-seven
different positions (ztag) by 1 cm-steps. The impedance
matching of the probe is cleraly disturbed by the tag and, in
particular, |S11|2 degrades (i.e. increases) as the tag is closer
to the standing wave peak. The corresponding oscillatory
behavior of the turn-on power of the tag in the considered

positions (Fig.13(b)) is thus mainly due to the impedance
mismatch of the excitation probe since the power
transmission coefficients of the tag are quite uniform, as
demonstrated by simulations in Fig.6(b). In all cases,
measurements are rather coherent with the simulations
provided that a 20 MHz mutual frequency shift is accounted
for, as discussed above.
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positions as in Fig. 14 concerning both the inter-element
spacing and the angular displacement. The tags are placed
so that the tag n=4 is the closest to the source probe and the
tag n=1 the farthest.
Unlike simulations, the experimental distribution of the
turn-on powers (Fig. 14) is rather uniform along the
alignment of sensors and is sensitive to the specific
arrangement. The worst configuration, both in terms of the
peak value, the average turn-on power and of its variability,
occurs with the smallest inter-tag distance (Conf. B), as
confirmed by simulation. The other two arrangements,
corresponding to aligned and alternated sensors placed at a
mutual larger distance, exhibit instead lower and similar
power distributions. Overall, the average difference between
the measured and simulated data is 3.9 dB.
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Fig. 12 : Example of measured turn-on power of a tag placed inside the
cavity on cylinder C1 in position z=10 cm and comparison with
simulations.
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Fig. 14: Diagram of the turn-on power (dBm) measured at 867 MHz for
the four prototypes in the configurations A, B and C, and the turn-on power
of a single tag in the same positions, (A’, B’ and C’).
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V. EXAMPLES OF TEMPERATURE MEASUREMENTS

47

b)
Fig.13: a) Measured and simulated reflection coefficient of the source
probe (at 867 MHz) in the presence of an internal temperature sensor as it
was placed over C1 at several positions along the z-axis. b) Measured and
simulated turn-on powers of the tag in the same conditions as above and
accounting for a 20MHz frequency shift as in Fig.12.

B. Simulatneous four tags in different displacements
Three configurations of sensor network are finally
tested by placing four tags inside the cavity in different

Some preliminary experiments of temperature
measurement inside the mockup were performed by using
the RADIOSCAN Kit [21] according to the set-up of Fig.
15. To artificially generate an internal temperature gradient,
hot air was flushed inside the mockup by using a hair dryer.
A. Aligned sensors
In a first test, hot air flow was directed into the hollow
metallic cylinder C1 from the right side of the structure. To
emphasize the heating effect, the circular aperture in the left
cap of the smaller cylinder C1 was closed by aluminum tape
(Fig.15). It is worth noting that this arrangement does not
perturb the boundary conditions of the coaxial enclosure
that is still decoupled from the interior of C1, and
accordingly the RFID link is the same as that previously
considered throughout the paper.

Four sensors were placed along and over C1 in the
configuration A (Fig. 16(a)). Consequently, the cylinder
increased its temperature from right (tag 4) to left (tag 1).
Thus, tag n.4 was the first one to reach the maximum
temperature detectable by the EM4315 chip (63.25 ºC),
quickly followed by tags n.3, n.2 and n.1. After 10 minutes
of low temperature variations due to low heating and
cooling cycles, the temperature increased rapidly (Fig.
16.(b)) and then the mock-up was left at room temperature
for the cooling cycle.
Interleaved sensors

In the second experiment, the sensors were placed
according to configuration C. The air flow is introduced
between the cylinders C1 and C2 by a narrow slit opened in
the rim of right cover for that purpose (Fig. 17(a)). Also in
this case the RFID link is expected not to undergo
significant changes.
The temperature values of the four sensors vs. time are
displayed in Fig. 17(b). At time t= 0 s, the hot air flux is
hitting directly tag n.3, so that it is the first sensor to reach
the maximum temperature followed by tag n.1. Tag n.4 and
tag n.2 are in the opposite side of C1, so the hot air flux
doesn’t hit them directly and therefore they detect
temperature increase more slowly. A snapshot of
temperature distribution superimposed to the scene at time t
= 250 s is visible in Fig. 17(b). Then, at time t = 800 s, the
angle of the air flux was changed hitting directly tag n.1,
which thus reached the maximum temperature faster than
tag n.3, as it can be noticed from the different slopes of the
temperature profiles.
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Fig. 16: a) Snapshot of the temperature distribution inside the camera as
spatial interpolation of the data sampled by the sensors in case of hot air
flushed inside C1 from the right side while the left side was closed b)
Transient temperature response of the four sensors.
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Fig. 15: Temperature measurement set-up consisting of: a hot air source
producing a temperature rise, the cavity mock-up, four sensors, the load
probe connected to a 50 Ω resistor, the source probe connected to the
RadioScan reader by a coaxial cable. The reader is then connected to a
computer, by means of a USB cable, where the collected data can be stored,
visualized and processed. Sensors are placed as in configuration A and C.
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Fig. 17: a) Snapshot of the temperature distribution inside the camera at
time t = 250 s as spatial interpolation of the data sampled by alternating
sensors in case of hot air flushed inside C2 through the opened slits in the
C2 right lid. b) Transient temperature response of the four sensors.

VI.

DISCUSSIONS AND CONCLUSIONS

This contribution has proved that a passive RFID
network can be used to measure the time-variant
temperature inside a coaxial cavity, resembling a Cyclotron
Auto-Resonance Maser by means of a wireless and
batteryless infrastructure. Due to the small internal volume
of the cavity, the internal electric field is sensibly perturbed
by the presence of the tags, and the power that the reader
must emit to establish the RFID communication increases
with the number and density of sensors. In case of dense
displacement of tags (N>16), some of them could be
unreadable due to the power attenuation inside the cavity
loaded with tags. A possible extension of the reading region,
still to be experimentally evaluated, could involve the use of
both the probes in alternating interrogation mode. By using
a reader with two output ports, the two cavity probes would
be interrogated sequentially and cyclically. When the probe
n.1 is sourced, the port n.2 is connected to the internal
matched load of the reader's generator, thus acting as
termination load for the cavity. The switch between the two
ports can be generally controlled via software in common
COTS readers, as already experimented in [23]. By using
this architecture, the required reader’s power is expected to
be less than 20dBmW even in case of N=16 sensors, with
therefore still some margin either to further increase the
number of temperature sampling points or to further
miniaturize the tag size. In addition, power budget is going
to be reduced by using less power-hungry RFID IC sensors
(like RFmicron Magnus 3 [22]) not yet available during the
planning of this work.
The very still open issue concerns the cohabitation of the
RFID link with possible leakage of terahertz fields inside
the cooling cavity, given the specific susceptibility of the
tags’ microchip. Conventional RFID chips based on nonvolatile memories may indeed face a significant drawback
when exposed to high power and high frequency fields.
After irradiation, memory content could be erased or
corrupted. Moreover, in case of sensor-oriented chips,
additional critical issues could be i) an artificial increase in
the temperature due the direct warming effect of the chip
itself that is exposed to radiation and ii) an anomalous
temperature output due to the internal polarization
phenomena inside the chip silicon devices. Some possible
mitigation solutions have been already investigated in [24],
[25], and commercial radiation resistant RFID tags are
currently available on the market [26], [27]. However, a
focused research with a dedicated exposure set-up is
required to quantitatively study the possible artifacts and
corrections of the temperature sensing in such a harsh
environment and it will be the topic of a future work.
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