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Abstract— A wireless, passive, and ultrasensitive temperature
transducer is presented in this paper. The transducer consists
of split ring resonators loaded with micro-bimorph cantilevers,
which can potentially operate up to millimeter-wave frequencies
(above 30 GHz). As the temperature changes, the bimorph
cantilevers deflect and result in a shift of the resonant frequency
of the split rings. A design is proposed, that has a maximum
sensitivity of 2.62 GHz/pum, in terms of frequency shift per
deflection unit, corresponding to a sensitivity of 498 MHz/°C
for an operating frequency around 30 GHz, i.e. a frequency
shift of 1.6% per °C. Theoretically, it’s about two orders of
magnitude higher than the existing sensors observed in the same
class. This sensor design also offers a high Q factor and is ultra-
compact, enabling easy fabrication and integration in micro-
electromechanical systems technology. Depending on the choice
of materials, the proposed designs can also be utilized in harsh
environments. As a proof of concept, a prototype is implemented
around 4.7 GHz which exhibits a frequency shift of 0.05%/°C,
i.e. 17 times more sensitive than the existing sensors.

Index Terms— Micro-electromechanical systems (MEMS)
cantilevers, passive remote sensing, radar cross section (RCS),
radio frequency transducer, split ring resonators (SRRs), tem-
perature sensor, wireless sensor.

I. INTRODUCTION

ASSIVE sensors are critical and highly desirable in
remote sensing platforms, where long term environment
controlling and monitoring can take place. In addition,
temperature sensing is critical for use in automotive, medical,
and industrial applications. More specific applications include
monitoring systems for engine operations, space shuttles,
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aircraft in-flight conditions, and road and bridge maintenance.
Therefore, it is highly desirable for the sensors to be wireless,
battery-less, compact, and easily integrated with other wireless
passive sensors because multi-physical sensing is required
for complete environmental monitoring. A wireless, passive
temperature transducer is a device without internal power
placed at the monitored site that can transform the local
temperature into an output signal that can be read wirelessly
by a control system located remotely from the monitored site.
Some techniques for temperature measurements include those
based on thermoelectricity, temperature dependent variation
of the resistance of electrical conductors, fluorescence,
and spectral characteristics [1]. However, most existing
temperature sensors require a power source, and those with
high sensitivity suffer from performance degradation above
130 °C [2]-[4]. Recently, a new class of passive, wireless
sensors was introduced based on the correspondence between
the physical parameters and shifts in resonant frequencies of
a resonating structure [5]-[7]. A capacitively-loaded MEMS
(micro-electromechanical systems) slot element for wireless
temperature sensing of up to 300 °C was introduced [5] but
had a low sensitivity of about 580 kHz/°C around 19.4 GHz,
i.e. 0.003% of frequency shift per °C.

A new wireless, passive, and ultrasensitive temperature
transducer operating at radio frequencies (RF) is proposed
in this paper. The transducer consists of split ring res-
onators (SRRs) integrated with bi-layer micro-cantilevers. The
bimorph cantilevers consist of layers of different thermal
expansion coefficients that cause them to bend as temper-
ature changes [6]. Utilizing MEMS allows devices to have
low costs, small form factors, and ease of fabrication and
integration. The SRRs can potentially operate up to millimeter-
wave frequencies above 30 GHz. The micro-cantilevers are
placed over split gaps of the SRRs. As the cantilevers deflect
in response to temperature changes, the resonant frequen-
cies of the SRR are shifted. The bimorph material choices
can be varied and adapted for various temperature ranges
desired for different applications while requiring little design
modification; thus, it may allow sensing applications up to
300 °C or higher. Without loss of generality, a prototype
scaled up in size with operating frequency of 4.7 GHz is
presented in this paper to demonstrate the proof-of-concept.
In a sensing system, sensor nodes should not only provide
information about the physical conditions of the surround-
ing environment, but also allow their unique identifications
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Fig. 1.

Topology of the SRRs and bimorph cantilevers.

in practical networks of multiple sensor nodes. Therefore,
based on the approach recently reported in [8] and [9],
the authors also propose a newly improved micro-sensor iden-
tification technique that allows for an efficient communication
between a network of many passive sensor nodes and a
central monitoring station. The communication is based on
the reading/monitoring of the radar cross section (RCS) level
of loaded multi-band scatterers by a frequency-modulated-
continuous-wave (FMCW) radar. The RCS measurements of
the temperature prototype are performed to illustrate a pos-
sible implementation of the transducer in passive, wireless
sensing nodes for remote sensing networks. The concept
presented in this paper was first introduced in our previous
publication [10]. In this extended work, the millimeter-wave
designs have been optimized to achieve higher sensitivities,
which is included in Sect. II. Additionally, the operational
principles of the transducer with an equivalent circuit model
are discussed in Sect. III. Direct temperature measurements
of the low frequency, proof-of-concept prototype are shown
in Sect. IV to address the linear response limits of the sensor.
An example implementation of the transducer based on radar
cross section measurements is presented in Sect. V, followed
by the conclusions in Sect. VI.

II. DESIGNS AND SIMULATIONS
A. Designs

The transducer consists of double split rings positioned on
a dielectric substrate. The slits of the rings are covered with
bimorph micro-cantilevers whose layers are made from two
different materials, gold with thermal coefficient of 14.1 (10_6
K~!) and silicon with thermal coefficient between 4.7 — 7.6
(107 K~1) [11]. The design of the SRRs integrated with
cantilevers is shown in Fig. 1. The dimensions of the split
rings are as follows: rj,;; = 230 um, ¢ = 120 um, d = 50 um,
and s = 45 um. The substrate is made of glass with dielectric
constant &, = 4.82 and a thickness of 150 gm. The cantilevers
have a length, Lcant, of 180 xm, the anchors have a length
of 50 um, and dcap is a variable parameter that symbolizes
the air gap between the cantilever tip and the ring surface,
which is the same as the anchor’s thickness in simulations.
Both thicknesses of the Au and Si layers are 0.5 um.

The SRRs of the sensor can be excited by two distinct
methods. In the first method, a plane wave is incident on
the face of the SRRs as illustrated in Fig. 2. It should
be noted that an incident electromagnetic (EM) wave must
excite the magnetic resonance of the SRR through magnetic
coupling in which the external magnetic field (H-field) should
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Fig. 2. Setup of the first approach to excite the SRRs.
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Fig. 3. Setup of the second approach to excite the SRRs with (a) 3-D
view and (b) top view of the circuit with substrate not shown and dimensions
indicated in micrometers.

be polarized perpendicular to the SRR plane, i.e. the direction
of propagation should be parallel to the SRR. However, if the
direction of propagation is normal to the SRR plane and the
incident electric field (E-field) is parallel to an imaginary line
crossing the slits (Fig. 2), the E-field coupling can induce the
magnetic resonance of the SRR [12]. In the second approach,
a coplanar waveguide (CPW) is placed on the other side of
the substrate, and the slits of the SRR, denoted by s, are
aligned to a gap between the signal line and the ground plane,
as illustrated in Fig. 3. Thus, the SRRs can be excited by
the fringing field that travels along the CPW, which has an
impedance of 50 Q.

B. Radio Frequency Simulations

Since the electromagnetic (EM) fields of the cantilevers are
mostly concentrated in the air region sandwiched between
the cantilevers and the metal rings, the deflection of the
micro-cantilevers is approximated with a uniform deflection
across the whole length of the cantilevers in simulations and
measurements. The relationship between the deflection of the
cantilever tip and temperature is shown in Eq. (1) (see [11]
for details), where 6 denotes the deflection, a; and a, denote
thermal expansion coefficients of the two layers, t; and t
denote the thicknesses of the two layers, and AT denotes
the temperature change. From Eq. (1), the design of the
cantilevers presented in Fig. 1 is estimated to have a sensitivity
of 0.19 um/°C.

_ AT(a1 —a)(1 + f1/t2)Lcant?
B 2(h + 1)

The simulation results of the first excitation approach, as
presented in Fig. 2, are shown in Fig. 4. In this model, only one

cantilever is implemented per SRR, which is positioned over
the split of the inner rings. The two resonance modes observed
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Fig. 4. Magnitude of transmission coefficient Sy of the sensor in the first
excitation configuration shown in Fig. 2.

in this frequency range (between 20—40 GHz) are excited by
the two rings in this structure. Observed from Fig. 4, the
highest sensitivity is shown to be 1.41 GHz/um, corresponding
to 268 MHz/°C using Au-Si bimorph cantilevers.

The simulation results of the second excitation approach,
as presented in Fig. 3, are shown in Fig. 5. In this model,
two cantilevers are implemented per SRR, one is positioned
over the inner ring split, and the other is placed over the outer
ring split. The resonances in Fig. 4 are different from those
observed in Fig. 3 because the effective impedance in this
structure is different from that presented in Fig. 2. From Fig. 5,
the sensitivity is recorded as 2.62 GHz/um, corresponding
to 498 MHz/°C, i.e. 1.6% frequency shift per °C, more than
two order of magnitude higher than the sensitivity reported in
[5] where a slot resonator operating between 19.3-19.5 GHz
was introduced with bimorph micro-cantilevers yielding a
sensitivity of about 580 kHz/°C or 0.003% frequency shift
per °C. In the slot design in [5], the cantilevers deflect from
200 um to a flat position, corresponding to a temperature range
of 25-300 °C.

III. PRINCIPLES OF OPERATION

The temperature sensing mechanism of the transducer is
based on two uncoupled principles: 1) deflections of bimorph
cantilevers in response to temperature changes and 2) resonant
frequency shifts in response to deflections of cantilevers. Since
they are two independent physical phenomena, they can be
optimized separately.

A. Mechanical Response — the Deflection of the Cantilevers in
Response to Temperature Change

The deflection is caused by the difference in thermal
expansion coefficients of the two materials that constitute
the two different layers of the cantilevers. This mechanism
is well-known and has been utilized widely in numerous
applications [11], [13]. As temperature changes the length of
each cantilever layer expands at different rates. Since the two
layers are bonded together, the cantilevers are bent in order
to accommodate the different rates of change in the length
of their layers. The deflection can be estimated utilizing (1)
presented in Section II. The bimorph cantilevers can realize
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Fig. 5. Magnitude of transmission coefficient Sy of the sensor in the second
excitation configuration shown in Fig. 3.

various operating ranges depending on the material choices
given that they provide the linear mechanical deflection within
the temperature range of interest. Despite extended thermal
cycling, the bimorph cantilevers are robust, and they reliably
return to the same position at a given temperature as long
as they are operated within the range limits for a particular
material choice [11]. In the fabrication of bimorph micro-
cantilevers, the tips of the cantilevers are usually deflected,
referred to as initial deflection, which is due to the stress and
strain during different MEMS processes. The initial deflection
is in equilibrium at room temperature; then, it changes in
response to temperature changes. As a result, this initial
deflection determines the resonances of the sensor at room
temperature, which can be controlled to an acceptable toler-
ance. The discussion of this tolerance limit is not within the
scope of this paper.

B. Electromagnetic Response — Resonant Frequency Shifts in
Response to the Deflections of the Cantilevers

The split ring structure was first proposed in [14] and has
attracted growing interest since. Many variations of SRRs
have been proposed to realize materials with negative values
of magnetic permeability, also known as metamaterials. The
metamaterials, based on SRRs, are highly frequency selective
suggesting that the SRR elements have a very high quality
factor (Q > 600) [15], [16]. When the SRRs are excited, an
electromotive force is induced around the rings. However, due
to the slits on each ring, displacement currents flow from one
ring to another across the slot between them; thus, the SRRs
effectively inherit a distributed capacitance. As a result, the
field at the slit on each ring has high intensity, which suggests
that for any modification of the capacitance of these slots, the
currents on the rings can be influenced significantly. Therefore,
such change in the currents may induce a significant shift in
the resonant frequencies. In the design proposed in Fig. 1,
the metal layer (gold) of the cantilever constitutes the lower
layer of the bimorph cantilever, which is supported by a gold
anchor that shorts the bimorph cantilever to one end of the
split ring. The free end of the bimorph cantilever effectively
forms a parallel plate capacitance with the other end of the
split ring, making the split gap capacitance sensitive to the
deflection of the bimorph cantilever. Note that the split gap
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Fig. 6. RLC equivalent circuit of the temperature transducer.

capacitance also influences the distributed capacitance formed
by the two concentric split rings.

To further understand how the frequency shift of the SRRs
corresponds to the deflection of the cantilevers, an RLC equiv-
alent circuit (Fig. 6) is employed to model the sensor. In Fig. 6,
R accounts for the total losses at resonance, L, is the average
inductance comprising of the self-inductance of the inner and
outer rings, and C,, is the equivalent capacitance of the circuit
comprising the capacitances at the two slits, Cg1 and Cgo,
and the total capacitance, C;, distributed along the separation
of the rings. Thus, the resonance can be approximated by
Eq. (2) [17].

1

= (2)

! 2z (Lavceq)
Lav = (L1 +L2)/2 (3)

Ct
Ceq = 27 Cgi1 +Cg2 (4)
C = 27 Cpu 5)
Con ~ €, Cntn where n — [1 for inner ri.ng ©)
Sn 2 for outer ring

The inductance in Eq. (3) is an approximation obtained
from [17]. The mutual inductance between the two rings
is neglected — only self-inductance of each ring remains in
the equation. C; s the total capacitance resulting from the
separation of the two rings, which can be estimated by Eq. (5),
in which r is the average radius of the two rings and C,,; is
the distributed capacitance per unit length of two parallel strip
lines [18], [19]. Cg1 and Cg represent the capacitances at
the splits (not loaded with cantilevers) of the inner and outer
rings respectively, and can be approximated as parallel plate
capacitances shown in Eq. (6), in which c¢ is the width of
the ring strip, ¢ is the metal thickness, and s is the split gap
(Fig. 1). This model has been studied in literature and shown
to be sufficiently accurate in modeling the resonant behavior
of the conventional double split rings [16], [17], [19]. In most
applications of SRRs, the split capacitances are relatively small
and can be neglected. However, in the temperature sensor
proposed here, where the splits are loaded with cantilevers,
the values of the split capacitances, Cg1 and Cyg2, vary by
about an order of magnitude over the operation range of the
sensor, resulting in large shifts of the resonant frequencies
as the displacement dcap changes due to the deflection of
the bimorph cantilevers. This is because these capacitances
can be estimated approximately as &,cAx / dcap, where ¢
is the width of the ring strip and the cantilever, Ax is the
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overlap length of the cantilevers and the rings, and dcap is
the height of the cantilevers with respect to the ring surface.
Therefore, as dcap increases, Cy1 and Cgo decrease; hence,
the resonant frequencies increase according to Eq. (2) (Figs.
4 and 5). Observe that the rate of change of capacitance is
proportional to I/dcap® which would give higher sensitivity
as dcap is decreased. On the other hand, if the cantilever gap
dcap is decreased below certain limit, the circuit would appear
as a short circuit to the operating frequency. Therefore, to give
the sensor a good dynamic range for a given sensitivity, the
initial gap should be chosen appropriately given the limitations
of the fabrication technology. Furthermore, fully obtaining the
resonant frequency as a function of the cantilever deflection
is not trivial and is investigated in the next step of this work.
Once the applications specify the temperature operating range,
the choice of the materials, which is limited by the working
environment, should be chosen to produce the largest differ-
ence between the thermal expansion coefficients of the two
layers that constitute the bimorph cantilevers. Next, the desired
sensing range (deflection induced by temperature change)
should fit the linear range of the sensor’s electromagnetic
response due to its strong dependence on the choice of the
initial deflection. Demonstration of such optimization is not
within the scope of this paper.

IV. FABRICATIONS AND MEASUREMENTS OF
PROOF-OF-CONCEPT PROTOTYPES

As stated in Section III, the operation of the first principle
is independent from that of the second principle; hence, these
two uncoupled mechanisms can be optimized separately. As
a result, the sensitivity and the upper and lower limits of the
temperature sensing range are determined mostly by the choice
of materials utilized in the bimorph cantilevers. To demonstrate
the proof-of-concept of the proposed temperature transducer,
lower frequency prototypes were constructed around 3—5 GHz
due to fabrication limitations. The size of the cantilevers was
scaled up so they could be fabricated with quick and manual
processes. Prototypes of both excitation methods (Figs. 2
and 3) were constructed. It should be noted that in the first
prototype design (Fig. 2), only one cantilever is loaded, while
two cantilevers are loaded on the second prototype design
(Fig. 3).

A. Fabrications and Characterizations of Cantilevers

In the low frequency prototypes, the cantilevers were made
from a 100 gm thick Al sheet. A smaller sheet of PET
(Polyethylene terephthalate) with different thicknesses was
laminated on top of the Al sheet. Then, the two sheets were
diced, Imm into the side of the AI-PET and 1.5 mm into
the side of PET to form cantilevers with attached anchor,
thus making 2.5 mm long cantilevers assembled with a PET
anchor and preset thicknesses (Fig. 7). In this formation, PET
was the anchor’s material. The cantilevers were then stamped
onto the SRR, over the splits, and mechanically stabilized
with conductive epoxy at one end. The conductive epoxy
also serves to short the cantilevers to the rings (Fig. 7).
The air gaps between cantilevers and rings, denoted as dcap in
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Fig. 7. Capture of an AI-PET bimorph cantilever under microscope with
PET anchor of 50-um thickness.

Fig. 1, were measured with an optical scanner (a profilometer)
after the assembly. Two samples with different anchor heights
were fabricated to emulate the uniform deflection of the
cantilevers. When SRRs are loaded with these cantilevers,
without inducing temperature change, the frequency measure-
ments on these samples could validly demonstrate the second
operation principle (the electromagnetic responses for a given
deflection) of the sensor. Note that although this formation
of the cantilevers for prototypes operating around 4-6 GHz
range utilizes different materials from the cantilever formation
shown in Fig. 1 (PET and aluminum instead of silver and
silicon in the respective order), the split ring structures loaded
with the bimorph cantilevers in Fig. 2 and 3 share the same
circuit topology (Fig. 6) with those in Fig. 10, 13. Recall
that the operation of the sensor is based on two indepen-
dent principles (Sect. III), in which the mechanical principle
(deflection versus temperature) is well-known. Thus, the proof-
of-concept prototypes presented in the subsections IV B-C
seek to validate the electromagnetic principles, from which the
frequency shifts occur as observed in the thermally static RF
simulations. The order of the bimorph cantilever layers would
only affect the deflection direction of the cantilevers (up or
down) for a given temperature change (increased or decreased)
but not the range of the deflection. In all of the thermally static
RF simulations presented in this work, the deflection direction
of the cantilevers does not influence the frequency shifts but
only the range of the deflection does. An optical measurement
capture is shown in Fig. 8 where the surface height is coded
in color. Different reflecting points along the red line in Fig. 8
are plotted in Fig. 9, where the cantilever in the measurement
is shown to slightly deflect upwards after the assembly and
annealing processes.

B. Fabrications and Measurements of the Temperature Sensor
Prototype Built for Incident Wave Excitation

Four SRRs, each loaded with one cantilever, were fabricated
into 2 x 2 array configuration as shown in Fig. 10 without a
ground plane. The substrate was RT5870 (e, = 2.33, substrate
thickness = 787 um). The dimensions of the SRRs are as
follows: rjpy = 3.5 mm, ¢ = 1.0 mm, d = 0.5 mm, and s =
1.0 mm.

The measurements were performed with a horn antenna and
a vector network analyzer (VNA). Reflection-only calibration
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Fig. 10. Array of four SRRs loaded with bimorph cantilevers.

was performed using short, open, and load standards. To obtain
temperature measurements, a horn antenna was directed at
the sample as shown in the setup (Fig. 11). The sample was
attached onto a foam mat, and the temperature probe was
placed next to the sample. The horn antenna was connected to
the VNA for a 1-port measurement, and S1; was recorded. At
first, the temperature surrounding the sample was heated up to
about 100 °C with a lamp. Since this was an open environment,
it was difficult to obtain the steady state of temperature since
the heated air was diffused quickly away from the heated
sample. Therefore, the temperature was allowed to cool down
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Fig. 12.  Frequency response for two different temperatures of the prototype
with a four-SRR array loaded with cantilevers.

until the reading on the thermometer became relatively stable.
Also because of the open environment and limitations in the
test conditions, an array of four ring sets was chosen in this
test to achieve relatively uniform temperature induced by the
lamp. Then, the temperature and S1; results could be recorded.
With such a measurement setup, only two data sets corre-
sponding to two temperature points of 60 °C and 32 °C could
be validly recorded in which the temperature appeared to be
relatively stable with a tolerance of about +/— 5 °C. However,
in this demonstration only the difference in temperature is
important. The plot of this measurement is shown in Fig. 12,
which shows a resonant frequency shift of 70 MHz, from
4.77 GHz to 4.70 GHz, corresponding to a sensitivity of 2.5
MHz/°C, i.e. 0.05% of frequency shift per degree based on the
center operating frequency of 4.735 GHz . In comparison to
the sensitivity of 580 kHz/°C as reported in [5], i.e. 0.003% of
frequency shift per degree based on center operating frequency
of 19.36 GHz (Fig. 8 in [5]), our transducer prototype at
4.7 GHz is 17 times more sensitive. The sensitivity achieved
for this prototype is not proportional to that reported in the
millimeter-wave model in terms of dimension ratio because
it is largely limited by the AI-PET bimorph cantilevers in
the mechanical responses to temperature changes as opposed
to the Au-Si material choice. In this setup, the height of
the cantilevers cannot be recorded during measurements so
the sensitivity (frequency shift per deflection unit) is not
reported. Due to limitations of fabrication and measurements,
the linearity response of the sensor is not addressed in this
prototype. In order to investigate the linearity response of the
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Fig. 13.

Sensor prototype with CPW excitation.

sensor design, a better controlled environment for temperature
measurements was constructed for the prototype excited with
the CPW.

C. Fabrications and Measurements of the Temperature Sensor
Prototype Built for CPW Excitation

In this configuration, the SRRs are loaded with two bimorph
cantilevers and are excited by the traveling field of the CPW
printed on the other side of the substrate (Fig. 13). The
prototype was realized on Neltec N9217 substrate (¢, =
2.17, substrate thickness = 787 um). The dimensions of the
SRRs in this model are as follows: rj,;; = 2.5 mm, ¢ =
1.0 mm, d = 0.5 mm, and s = 1.0 mm. The width of the
signal line is 4 mm (50 Q of impedance), and the ground-
signal separation is 150 xm. Since there is little control over
this process of fabrication (discussed in Section IV-A, the
cantilevers assembled on the same prototype have different
heights. Two prototypes were built, and the average heights
of the cantilevers are approximately 128 ym and 101 gm for
each pair of the cantilevers assembled on the two prototypes.

1) Frequency response measurements at room temperature

for prototypes with different cantilever heights for uni-
form deflection approximation.

The simulated and measured results for this design are
shown in Fig. 14. It should be noted that after the optical
characterization step to evaluate the heights of the cantilevers
was performed, the measured height values were used in
simulations; therefore, the simulated models corresponded to
the physical prototypes. Note that the simulations presented in
Fig. 14 have the same configuration, materials, and dimensions
of the prototype shown in Fig. 13. The simulations were
performed with the actual dcap values obtained from the
profilometer measurements (Fig. 9) of the sensor prototype
in order to validate the theoretical prediction of the frequency
shifts. The plots in Fig. 14 show good correlation between
simulations and measurements in terms of resonant frequency
peaks. Thus, the agreement in Fig. 14 directly validates the
electromagnetic principles behind the frequency shifts corre-
sponding to fixed dcap values representing a given deflection
of the cantilevers. Consequently, the results also indirectly val-
idate the electromagnetic responses observed in the thermally
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Fig. 14. Magnitude of Sp; for the SRR sensor prototype with solid black

curve is simulated results of dcap = 101 xm model, solid green curve is
simulated results of dcap = 128 um model, dashed red curve is measured
results of dcap = 101 pm sample, dashed blue curve is measured results of
dcap = 128 um sample.

static RF simulations shown in Figs. 4 and 5 because of the
same circuit topology that the two structures share. On the
other hand, electromagnetic behavior of the sensor responses
to real time dynamic temperature changes (including the
mechanical response of deflection versus temperature change)
is presented in Fig. 12 and Fig. 18 (next subsection). In Fig.
14, the low value of Sy; in the measurements reflects a high
insertion loss due to the transition between CPW and the
coaxial cable. Unfortunately, due to limitation of fabrication
and assembly of this transition specifically to this prototype,
the control of the fabricated dimensions was less than perfect.
There were gaps between the SMA connectors and the CPW
signal line, and the SMA outer radius was also slightly smaller
than the width of the CPW signal line that caused reflection as
the signal was launched into the CPW. However the negative
effect has little significance concerning the proof-of-concept.
A frequency shift of about 800 MHz, from 4 GHz of the
101 um dcap sample to about 4.8 GHz of the 128 um
dcap sample, is observed resulting in a sensitivity of about
30 MHz/um that is approximately two orders of magnitude
higher than the 700 kHz/um reported in [5], which is based on
a 19 GHz resonating slot. Note that this comparison is in terms
of how well the resonator is designed to convert a cantilever
deflection into a frequency shift, whereas the conversion of
temperature change into cantilever deflection is an independent
principle.

2) Frequency response measurements with respect to

different temperatures.

In this measurement, a close environment surrounding the
transducer prototype was constructed. The prototype was
concealed in a small plastic box having two coaxial cables
connected to the device through the sides of the box as shown
in Fig. 15. The open holes, where the cables access the device,
were sealed with rubber to ensure a closure. The temperature
probe was inserted next to the sample and also running through
the side of the box to connect to an external thermometer
for temperature monitoring. The sample and the air trapped
inside the box were then heated to 100 °C with a lamp and
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Fig. 15. Close environment construction of the CPW prototype for direct
temperature measurement.
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Fig. 16. Temperature measurement setup.

then allowed to cool down. It should be noted that the lamp
was kept at a constant distance d from the sample to maintain
constant illumination of thermal flux as illustrated in Fig. 16.
Thus, at any given temperature, distance d could be adjusted so
the temperature inside the box could be brought into thermal
equilibrium with the outside region illuminated by the lamp.
This configuration also allowed for the characterization of
the height of the cantilevers loaded on the rings without
removing the prototype from the box. The captured image,
shown in Fig. 17, presents the actual setup with VNA and
SMA connectors present. The lamp was removed after heating
to avoid interference with the RF reading during the cool-down
process. The temperature readings from the probe decreased
at a much slower rate because heat diffusion was taking
place instead of air diffusion. As a result, the temperature
reading was obtained in the range of 54 °C to 20 °C
with a significantly improved tolerance of about +/— 1 °C.
It should also be noted that it took about 10-15 minutes for
each temperature step in this measurement and about an hour
and a half for temperature to be heated up to 100 °C and
then cooled down to about 27 °C. The sample was allowed
to cool overnight, and the measurement at room temperature
(recorded to be 20 °C) was carried out on the following
day. The measurement results are shown in Fig. 18, where
six different temperature responses were recorded. The plots
show a relatively linear response of frequency shifts from
4.85 GHz at 47 °C to about 4.80 GHz at 20 °C, a sensitivity
of 1.85 MHz/°C or a 0.04% frequency shift per °C. This
sensitivity is slightly lower but on the same order of magnitude
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Fig. 17. Image of temperature measurement setup with VNA (blue cables)
and with the reference temperature probe inserted inside the plastic box (brown
wire).
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Fig. 18.  Frequency response of the temperature sensor prototype excited

with CPW at different temperatures.
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Fig. 19. RCS measurement system for remote sensing and identification.

with 0.05% of frequency shift per °C reported in Section IV-B,
which was obtained with higher tolerance in the measure-
ments. The curve of 54 °C appears to be nonlinear indicating
the limit of the linear region of operation. In a practical
implementation, the linear region of each operational principle
should be characterized to obtain the overall linear response
for the temperature transducer in terms of frequency shift
versus temperature change. It is worth noting that in previous
measurements of Section IV-B, one temperature point at 62 °C
is outside of the linear range of response as indicated in Fig.
18, which explains the higher recorded sensitivity of the sensor
prototype in Fig. 10.
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Fig. 20. Captured image of RCS measurement system.
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Fig. 21. RCS measurements of the low frequency prototypes for one sensor
sample with dcap of 101 m (solid line) and another sample with dcap of
128 m (dashed line).

V. RCS MEASUREMENTS AND REMOTE SENSING
IMPLEMENTATION OF THE TEMPERATURE TRANSDUCER

A frequency modulated continuous wave (FMCW) radar
operating at 3 GHz was utilized as an interrogation device
in the communication system illustrated in Fig. 19. In this
technique of remote identification and data acquisition, the
radar transmits RF signals and receives a modified response
from the sensors while signals scattered from the rest of the
environment remain unmodified. The loaded horn antenna,
located 3.5 m away from the terminal of radar system, operates
in the band of 1.8 GHz to 3.4 GHz with a gain of 15 dBi.
The sensor prototype is treated as a load on the horn antenna
side of the system and is terminated with a 50 Q load at the
end of a 13 m long cable. The captured image of the radar
cross-section (RCS) measurement system is shown in Fig. 20.
Based on the total travel distance of the signals, each object
gives a different beat frequency with a different RCS level.
Although multipath reflections are possible, the signal level is
negligibly low (close to noise level). The corresponding beat
frequency for the sensor prototype (Fig. 13) in this setup is
22 kHz as indicated in Fig. 21. At this frequency, the fluctu-
ation of the RCS level between the two average dcap values
(101 #m and 128 xm) of the two prototypes is observed to be
about 3 dBm. Thus, with different lengths of the transmission
lines connecting the sensor nodes with the communicating
antenna, i.e. the loaded horn antenna in this setup (Fig. 19),
the positions of different sensor nodes in this passive sensing
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network can be identified (indicated by beat frequencies)
along with its sensing information (indicated by RCS levels).
When the measurements were repeated twice (with one day
in between each measurement), the same RCS fluctuation was
observed. Thus, the RCS readings corresponding to the two
dcap values are shown to be capable of reliable sensing. Note
that in this example of implementation, the horn antenna is
conveniently used as the communication antenna (the loaded
antenna in Fig. 19). In practice, it could be replaced by
low profile highly directive antenna arrays, such as a highly
compact Yagi-type array of patch antennas [20], [21].

VI. CONCLUSION

A new wireless passive ultrasensitive temperature trans-
ducer based on SRRs and bimorph cantilevers is developed
establishing a new class of RF sensors. The transducer can
potentially operate up to the millimeter-wave frequencies
around 30 GHz based on two principles: well-known can-
tilever deflections induced by temperature changes, and the
newly introduced principle of SRR resonant frequency shifts
induced by the deflection, of cantilevers. The newly designed
sensor is shown in simulations to have a high sensitivity
of frequency shift to cantilever deflection (2.62 GHz/um),
corresponding to 498 MHz/°C or 1.6% of frequency shift
per °C for the operating frequency around 30 GHz. The pre-
sented transducer design is completely passive, miniaturized,
and has a high quality factor that allows high resolution of
sensing which may enable integration of different types of
sensors without saturating the operating frequency band of
the sensing system, thus achieving multiphysics sensing in a
single passive network. Scaled prototypes were also designed,
fabricated, and presented in this paper to illustrate the proof-
of-concept of the sensor. The scaled models operated around
4 GHz, and measurements were performed with a heat source
that resulted in a sensitivity of 2.5 MHz/°C and 1.82 MHz/°C
or 0.05% and 0.04% of frequency shift per °C, respectively
for the two sensor designs featuring 1-2 orders of magnitude
in improvement over similar wireless sensors. In addition,
the RCS measurements of the temperature sensor prototype,
implemented in the newly proposed technique of remote sens-
ing and identification, demonstrate a correlation between the
deflection of the cantilevers of the sensor and the observable
RCS at a particular beat frequency. As a result, this system
is capable of remote sensing and identification that could
potentially enable “rugged” and completely passive sensor
networks. Such sensor networks can be implemented, for
example, on the wings of aircraft while the temperature can be
read remotely and continuously in real time from the cabin of
the aircraft with a radar system. This type of sensor is currently
characterized by lower resolution in temperature detection
compared to those in CMOS technology but offer tremendous
advantages of being passive and wireless.
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