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ABSTRACT In this research, we have developed a novel temperature sensor to be utilized in the Cold-
Supply-Chain (CSC) for perishable items. This sensor conveys temperature threshold crossings by switching
operation between two individual RFID ICs, i.e., two individual Electronic Product Codes (EPCs). The
advantage of this sensor compared to other existing technologies is that it can operate passively (i.e., battery-
free) through multiple room-to-cold and cold-to-room temperature cycles, in real-time, without requiring
any form of resetting. This design utilizes innovative cold-responsive liquid crystal elastomers (LCEs),
which change shape when stimulated by cold temperatures and returns to a relaxed state when the stimulus
is removed. In fact, this is the first temperature sensor that conveys temperature threshold crossings by
switching between two RFID ICs using LCEs. The correct operation of the sensor is validated by RFID
measurements. ANSYS HFSS and ANSYS Circuit Designer were used for the simulation analysis. The
performance of the proposed design was validated using simulations and measurements.

INDEX TERMS RFID temperature sensor, liquid crystal elastomers (LCEs), passive RFID, multi-chip RFID

antenna, bow-tie antenna, microstrip balun.

I. INTRODUCTION

In recent years, the Cold-Supply-Chain (CSC) has grown
in demand due to the rising world population, developing
nations, technological advancements, and federal regulations
which advocate the use of CSC [1]. Moreover, the CSC is
critical to the growth of global trade and to the worldwide
availability of food and health supplies [2]. As an example of
the current demand in the CSC, the current retail food market
consists of 65% fresh-food products [3].

When transporting perishable items, it is essential that they
are maintained in a controlled temperature environment to
minimize metabolic and microbial deterioration or spoilage
[4]. Fresh-food products; such as, meats, fruits, and veg-
etables, experience discoloration and loss of nutrients when
exposed to high-temperatures [5]. Also, medicines, such as,
insulin and vaccines, can lose potency if they are not kept
in the appropriate temperatures [6]. Typically, the required
preservation temperatures for such products range from —1°
to 10° C [5], [6].
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The CSC does consist of discrete check-points, where
temperature monitoring is conducted, e.g., at the sending and
receiving stations, and within the transportation containers
[5], [7]. Such temperature measurements are used to assess
the overall quality of transported goods. Unfortunately, this
method of quality monitoring is limited as it cannot capture
all the irregularities that can occur during the CSC [8]. Firstly,
extended delay times at the loading and unloading cargo-
docks, where exposure to excessive temperature conditions is
probable and even short periods of exposure can cause con-
siderable damage [5], [8]. Secondly, operator errors; such as,
constantly opening and/or leaving the container doors open,
failure to pre-cool the container before loading, and road acci-
dents, can lead to damaged perishable goods. In addition to
operator errors, improper placement during loading is crucial
as temperature conditions can vary up to 35% within a single
pallet of goods [9]. Also, inadequate packaging may pre-
vent items from being maintained at the proper temperature
during the delivery cycle [5], [8]. Lastly, in cases of mal-
functioning refrigeration equipment (e.g., intermittent func-
tionality), perishable items can arrive damaged without the
knowledge of the operator [8]. As a result, 30% of fresh-food
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products arrive damaged to the last check-point during transit.
The global losses in the food industry equate to more than
$750 Billion per year [2], [7], [9]. Moreover, in 2015 the
global sales of organic foods totaled to $81.6 Billion and
the total sales of biopharmaceuticals totaled to $260 Billion
[2], [10] . Due to the safety-risk, high-consumption rate, and
financial-risk involved with transporting perishable goods
within the CSC an effective sensor solution to monitor such
items is critical.

In this research, RFID technology is utilized. This tech-
nology is practical as RFID uses a standardized commu-
nication protocol that supports purely passive tag designs.
Moreover, RFID technology uses non-line-of-sight wireless
communication [11, pp. 43-46]. Originally, RFID technology
was designed for cataloging and detection of people and/or
objects [11, pp. 15-22]. Over the recent years, this technology
has expanded to serve sensing applications. Sensing using
RFID technology can be acquired in two ways. The first
way uses RFID tags with onboard IC sensors. This approach
is common among RFID temperature sensors, where the
data is collected, digitized and down-linked to the reader.
Unfortunately, this type of RFID sensor has the following
disadvantages: (a) it requires proprietary decoding software,
which adds a layer of complexity within the supply-chain,
(b) it has limited operational life since it uses batteries, (c)
it is expensive due to its the complex design and (d) it
requires maintenance. Furthermore, such sensors serve as
data-loggers, which are limited to a finite amount of moni-
toring data points. Also, they are limited to operate within a
certain temperature range. To our knowledge commercially
available RFID temperature sensors, such as, the Freshtime
semiactive RFID tag from Infratab Inc., the i-Q327 by Identec
Solutions, the IDS-SL13A from IDS Microchip AG, the Sen-
sor Temperature Dogbone by Smartrac, and the SL-900A
by AMS Technologies, have one or more of these disadvan-
tages, [9], [16], [17]

Due to these limitations of commercially available RFID
temperature sensors, a second methodology of sensing
using RFID technology is adapted. Specifically, sens-
ing is conducted through controlled variations of the
RFID tag’s antenna performance [18]-[20]. This method-
ology is preferred for the following reasons: (a) no addi-
tional layer of software is required, (b) it ensures the
longevity of the sensor since it is purely passive (or
battery-less), (c) it is cost-effective due to the simplic-
ity in the design, (d) it is maintenance-free since no
batteries are required, and (e) it provides real-time tem-
perature monitoring so that operators can act quickly to
address problems and preserve the quality of perishable
goods. For these reasons, this methodology is used in this
research.

As mentioned above, RFID sensor designs with separate
onboard IC temperature sensors face many challenges. There-
fore, it is informative to directly compare the functionalities
of a commercial RFID temperature sensor to our proposed
design. Table 1 illustrates such a comparison and highlights
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TABLE 1. Comparison of our sensor with the SL-900A sensory tag chip by
AMS technologies.

Developed Sensor
Parameter in this Research SL900A
Active Operation: Uses
batteries that require yearly
Passive: replacement [17]
Technology Maintenance free OR
and Cost-effective Passive Operation:
Compromised accuracy due
to EM heating [16, p. 14]
-10° C (Adaptable
Temperature to any temperature ° °
e - +
Range by modifying the 29°Clo+38°C
design of the LCE)
Cont.mu.ous Data-Logger: Limited to a
. Monitoring: .
Tracking . finite amount of temperature
. Operates in real- . .
Domain . . storage points (i.e., 841
time without any .
. points)
resetting
Sensing Using Changes in Using an Onboard
. . Antenna
Functionality Sensor IC
Performance
Any RFID_r_e ader Extra Layer of Software is
Data can be Utilized: Reauired to Plot
Accessibility Only EPCs need to N
Temperature Data
be read

the advantages of our proposed sensor compared to the SL-
900A Sensory Tag Chip by AMS Technologies [16], [17].
Thus far, passive RFID temperature sensors that operate
through the controlled changes in the antenna performance
have been investigated. For example, a sensor whose operat-
ing frequency is dependent on the ambient temperature was
presented in [21]. This sensor consists of a dipole antenna
that is matched to an RFID IC using a combination of
meandering transmission lines and a T-matching network.
A water-pocket is placed above this matching network. The
temperature dependent relative-permittivity of the water is
linear and controls the stray capacitance of the meandered
lines. This causes temperature-dependent shifts of the tag’s
operating frequency. Unfortunately, this design was limited to
the freezing and boiling temperatures of water. Additionally,
an RFID temperature sensor, which switches its operating
frequency based on the temperature, was developed in [22].
The design consists of an antenna that uses two patches (each
one with a slot and a passive thermal switch), which resonate
at slightly different frequencies. However, for any operating
state of this sensor, two resonant frequencies exist, and the
temperature is determined based on the difference of these
two frequencies. Moreover, for one of its operating states,
this sensor has a resonant frequency outside the global UHF
RFID band of 860-960 MHz. Overall, this design entails
many difficulties for a practical implementation.
Furthermore, in [7] and [9], researchers studied passive
RFID temperature sensors that detune due to the temperature-
dependent repositioning of a ground plane in reference to
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an RFID tag. Specifically, in [7], a customized RFID tag
switches its operating frequency by actuating a ground plane
under a customized RFID tag using a heat-reactive shape
memory polymer. In [9], a design is presented that uses a pair
of conventional RFID tags along with a shifting ground plane,
which is incased in a fluid. When the fluid is in its solid state,
only one tag is read, whereas when the fluid melts the ground
plane shifts and the other tag is read. Also, a novel RFID
based temperature sensor with a substrate of paraffin wax was
designed in [23]. As the temperature threshold is reached, the
wax melts thereby changing the operating frequency of the
RFID tag. Unfortunately, all these sensors require resetting
or replacement. Hence, they are not very well suited for the
CSC.

Thus far, as presented earlier, many of the passive RFID
temperature sensor designs use the re-tuning of the operating
frequency of tags to detect changes in temperature. Another
approach was presented in [24], which proposed RFID tags
that switch operation between multiple embedded RFID ICs.
Also, in [25], designers developed a tag with two RFID
ICs, one of which is shorted through a wire-switch made
from a shape memory alloy (i.e., Nitinol, which is a Nickle-
Titanium alloy). This switch reacts to elevated temperatures
by morphing into a rigid formation and breaking the shorted
connection. This allows the second RFID IC to also be read.
Therefore, when two RFID ICs are read from the tag, the user
can then infer that a temperature threshold has been crossed.
Unfortunately, this design is limited to a single use as well.

All the sensors presented above provide various solutions
for monitoring perishable goods in CSC. However, each
design has limitations, which can potentially prevent them
from being utilized in fast-paced environments, such as the
CSC. As aresult, we propose the following set of capabilities
for the temperature sensor that we will develop here for CSC
applications: (a) The sensor should be compact so that it
can be installed on items of various sizes. (b) The sensor
should operate continuously (i.e., monitor temperatures in
a reversible manner, from room-to-cold and cold-to-room
temperatures). (c) The sensor should operate independently
(i.e., there is no resetting of any kind required and the sensor
can operate through multiple room-to-cold and cold-to-room
temperature cycles). (d) The design should be purely passive
(i.e., battery-free) to ensure longevity, cost-effectiveness, and
convenience (i.e., does not require battery or sensor replace-
ment). (e) the design should operate wirelessly so that the
sensor can be applied to individual items. Notably, no other
current technology can simultaneously support these capa-
bilities. Also, the proposed temperature sensor will be able
to monitor the temperature of perishable goods in conditions
where the current method of discrete monitoring cannot (i.e.,
due to the CSC irregularities mentioned earlier). The wireless
capability of our sensor should support monitoring many
items (i.e., in dense sensor scenarios) in cluttered environ-
ments (many EM reflections) at once [11, pp. 68-73, pp. 361-
370]. Hence, as mentioned earlier we choose to use RFID
technology.
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Novel Liquid Crystal Elastomers (LCEs) have been used
to design temperature sensors for cold and hot temperatures
[26], [27] and reconfigurable antennas [28]. LCEs are pro-
grammable stimuli responsive polymers, which return to their
original shape once the stimulus is removed. Specifically,
in the passive RFID sensor we presented in [26], a 4D printed
triangular array of LCE cells was utilized to activate a switch
when the temperature dropped below a certain threshold and
in turn reversibly shift the operating frequency of the RFID
sensor. This design consisted of a customized patch antenna
integrated with a slot that was shorted by the mechanical
switch. In this research, we incorporate the same LCE trian-
gular array in a completely different sensor design. Specifi-
cally, we develop here a new temperature sensor that consists
of two RFID ICs. Each IC contains a unique Electronic
Product Code (EPC). Based on the temperature, our sensor
continuously switches its operation from one RFID IC to the
other. This method enables the accurate determination of the
ambient temperature conditions and satisfies all the sensor
guidelines proposed above. Finally, the temperature threshold
for the actuation of LCEs is also controllable.

In addition, we envision each Cold Supply Chain (CSC)
delivery vehicle and loading-dock to be equipped with an
RFID wireless reader. Also, handheld RFID wireless readers
are to be utilized as well. The concept is to monitor each
perishable item individually. This will be accomplished by
attaching our sensor (which is purely-passive) to each perish-
able item to conduct temperature monitoring in a continuous
(real-time) and independent (i.e., without resetting) fashion.
As mentioned earlier, these attributes are obtained by incor-
porating novel LCEs in our design. Moreover, since each
sensor conveys temperature threshold crossings by switching
between one of two unique RFID Electronic Product Codes
(EPCs), each sensor will come (from the manufacturer) with
the unique EPCs that identify the specific temperature states.
During processing, each EPC would be uploaded into the
RFID reader computing mainframe at which point each item
can be monitored wirelessly and an alert will be sent when
any item(s) exceeds a temperature threshold.

Furthermore, the above mentioned capabilities of the pro-
posed sensor address the issues of malfunctioning refrigera-
tion equipment (e.g., intermittent functionality) and operator
error (i.e., improperly placed items during loading, inad-
equate packaging, constantly opening and/or leaving the
container doors open, and failure to pre-cool the container
before loading) because now each item will have a sensor
that will continuously and independently relay temperature
conditions as opposed to a single discrete reading from the
vehicle’s thermostat to represent the temperature condition
of all items. For example, if the freezer for any reason shuts-
off and the perishable items are exposed to harmful tem-
perature conditions then suddenly turns back on, the single
thermostat reading conveys only instantaneous information
and there is no knowledge of the harmful temperature expo-
sure. However, the developed sensor presented here will con-
tinuously and independently monitor the condition of each
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a)

FIGURE 1. a) A schematic of the radial print pattern for each of the disks
within the LCE triangular disk array. b) A 3D printed LCE actuator utilized
for the sensor design in the relaxed state, c) The LCE actuator is shown in
the excited state.

item. Furthermore, since each item will have its own sensor,
unacceptable temperature exposures due to extended wait-
ing times at the loading and unloading cargo-docks will be
detectable. On the contrary, the current method of discrete
point monitoring cannot measure temperatures at these deliv-
ery cycle points (i.e., cargo-docks).

In Section II, the details of our novel Liquid Crystal Elas-
tomers (LCEs) are presented. In Section III, the design and
functionality of our sensor are described. In Section IV, the
3-port modeling of the mechanical switch is discussed. In
Section V the design of the matching networks is presented
and in Section VI our sensor’s power switching capability is
tested. Finally, in Section VII, our sensor’s functionality is
verified under various environmental conditions.

Il. LIQUID CRYSTAL ELASTOMERS

To achieve devices that respond to changes in temperature,
liquid crystal elastomers (LCEs) are utilized as soft actua-
tors within this antenna sensor. LCEs are stimuli-responsive
polymers that exhibit reversible shape change when exposed
to changes in temperature. This response is a result of lig-
uid crystalline phase transitions within the material [29].
To exhibit reversible shape change in the absence of a load,
the LCE must be processed so that alignment occurs prior
to crosslinking. The resulting material, which most typi-
cally exhibits the nematic phase, undergoes a transition into
a disordered, isotropic phase on heating causing a macro-
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FIGURE 2. Operational diagram of the proposed temperature sensor.

scopic shape change. Specifically, this phase transition causes
a reduction of length along the alignment direction and a
smaller expansion along the two directions perpendicular
to the alignment direction. This deformation is reversible
back to the original programmed state when the thermal
stimulus is removed. Researchers utilize alignment process-
ing techniques such as mechanical straining, directed self-
assembly, or 3D printing to fabricate these stress-free LCE
actuators [30]-[34].

While most LCE soft actuators are activated by controlled
heating, cooling also induces anisotropic shape change.
Shape change through cooling below the processing tem-
perature has been studied in flat films that twist and in 3D
printed conical actuators. In order to achieve coning upon
cooling, the LCE must be patterned in a radial manner [35].
Here, we utilize direct ink writing to 3D print an array of 3
LCE disks, each with a radial pattern, refer to Fig. 1(a). The
chosen printed LCE chemistry is capable of actuating below
9°C for monitoring of cold-temperature response. A triangu-
lar array of connected disks (750 um thick) was designed
and fabricated to provide the necessary force output and
displacement to activate the mechanical switch of our RFID
tag (0.14 N and 1.5 mm, respectively) upon coning in cold
environments. This triangular array is shown in the relaxed
and excited states in Figs. 1(b) and 1(c), respectively. The
chemistry and printing parameters of the LCE actuators have
been previously described in [32].

Ill. PROPOSED TAG DESIGN
Our RFID sensor tag switches between two Alien Higgs
RFID ICs based on the temperature. The internal memory
of each IC contains a unique identifying 96-bit Electronic
Product Code (EPC) [21]. Therefore, based on this unique
identifier, two different temperature thresholds can be clearly
detected by switching between two RFID ICs. Moreover,
each RFID IC has a sensitivity of —18 dBm and an input
impedance of Zjc = 18 — 164j [7], [21], [36], [37].

The functionality of the proposed sensor is best summa-
rized by the diagram shown in Fig. 2. The tag consists of
the following three components: the antenna with its balun,
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a three-port mechanical (passive) switch, and a set of match-
ing networks.

The proposed sensor consists of a wideband antenna that
operates in the RFID UHF band of 902 to 928 MHz. The out-
put of the antenna is fed into a mechanical light-duty switch,
which is utilized to keep the design purely passive [38].
Moreover, our novel cold-reactive liquid crystal elastomers
are utilized to reversibly trigger the switch upon reaching a
temperature threshold. Furthermore, in the relaxed state (at
room temperature) the switch is configured to activate the
first RFID IC (RFID IC 1). When a temperature threshold
is reached, the LCE morphs into a cone shape and activates
the switch. As a result, RFID IC 1 is then turned OFF and
RFID IC 2 is turned ON. Therefore, by switching between the
two RFID ICs, one can easily assess whether a temperature
threshold has been reached. Furthermore, since our LCE
returns to its original form when the stimulation is removed,
the sensor can operate continuously through multiple temper-
ature cycles without the use of any batteries.

A. ANTENNA AND FEED STRUCTURE

In our sensor design, a microstrip coplanar bow-tie antenna is
used. This antenna is a lightweight and practical derivative of
the infinite biconical antenna [39, pp. 487-496]. Furthermore,
the bow-tie antenna retains the wideband constant input-
impedance characteristic of the biconical antenna. Specifi-
cally, the input impedance of the bow-tie antenna depends
on its flare angle and according to Rumsey’s principle, an
antenna is frequency-independent if the antenna shape can
be specified in terms of angles [40]. To design our bow-
tie antenna for the RFID UHF band, we used the equations
presented in [39, p. 494]. Then, we optimized our design
using simulation analysis, which was performed in ANSYS
HFESS.

Furthermore, due to the symmetry of the bow-tie dipole,
this antenna is balanced [41]. As a result, the feed struc-
ture consists of a single-input 50€2 microstrip transmission
line connected to a quarter-wave transformer. The output
of this transformer behaves as a T-junction and transitions
into a pair of 50€2 microstrip transmission lines. Hence, this
transformer will translate a 50€2 transmission line impedance
into a 35.42 transmission line load. The pair of microstrip
transmission lines are then designed with a phase differ-
ence of 180°. This phase difference generates an odd-mode
current excitation, which can be naturally transferred to the
symmetric coplanar strip-line (CPS) that feeds the coplanar
bow-tie antenna [42]-[45]. The CPS was designed based
on the closed-form equations in [46], and then optimized
using simulations. The final length of the CPS is 0.3654,
(33.35mm). The ratio of the substrate-height to the trace-
width is 0.907 and the space between the traces of the CPS
is 0.1mm. Based on the equations and design plots presented
in [46], these dimensions provide a CPS with a characteris-
tic impedance of approximately 502. Finally, an optimized
design using Rogers TMM13i substrate with relative permit-
tivity of 12.85 was simulated [47]. This high permittivity
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substrate miniaturized the area of the final sensor design to
approximately 10 cm x 10 cm, as shown in Fig. 20. Thus,
this design is applicable to many shipping crates that typically
have sides larger than this area [27], [48].

The antenna and its feed network are shown in Fig. 3. Fig.
4 illustrates the simulated 3-D radiation, which shows that
our antenna provides 360° elevation-plane coverage. This is
advantageous over patch antenna designs, which only provide
coverage in a half-plane opposite to the ground plane. There-
fore, the advantage of this design is that when it is placed on
various items, the items can be read by the interrogator with
less dependence on their orientation (e.g., the antenna does
not need to directly face the interrogator).

The proposed antenna design along with its feed network
was fabricated and tested as shown in Fig. 5. An SMA con-
nector was soldered to the input of the design. Moreover,
an enclosure was designed to elevate the antenna from any
resting plane. This elevation prevents the detuning of the
antenna when it is placed on various surfaces, such as, wood,
plastic, and cardboard.
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FIGURE 5. VNA test setup with fabricated antenna.
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The measured and simulated responses of our antenna
are plotted in Fig. 6. The measurement results agree very
well with the simulated ones. Also, our antenna provides
a good impedance match over the UHF RFID bandwidth,
i.e., the reflection coefficient is less than —10 dB from 902 to
928 MHz (this equates to more than 90% power transfer
within the frequency-band).

IV. THREE-PORT SWITCH MODEL

In reference to Figs. 2 and 3, the 502 port feeds into a
passive switch. In our sensor design, we utilize a light-
duty mechanical single-pole-double-throw switch, which is
made by Omron Electronics [48]. The concept is that the
switch will be activated by our newly developed cold-reactive
LCEs. Therefore, our sensor’s operation is purely passive,
temperature dependent, and reversibly functional. However,
this switch has been designed to operate at DC. Consequently,
a model of the switch’s RF performance must be developed
in the RFID UHF band, which must be included in our
simulation analysis. Our procedure for deriving this model
is discussed in what follows.
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FIGURE 7. Mechanical switch testing circuit. (a) Mechanical switch with
de-embedding circuit. (b) De-embedding circuit for electrical length
compensation.

Initially, a de-embedding circuit is fabricated. The cir-
cuit consists of the switch with each terminal connected to
a transmission line, which is terminated to an SMA port,
as shown in Fig. 7(a). Additionally, an identical circuit is
made without the switch to compensate for the electrical
length of the transmission lines (i.e., set the reference planes
exactly at the terminals of the switch), as shown in Fig. 7(b).
The electrical lengths of transmission lines are calculated
by using the open-circuit auto port-extension feature of the
E5061B Vector Network Analyzer (VNA).

Since our switch is passive, it has S-parameters that are
reciprocal, i.e., S = Sj;, [50, p. 175]. Using the design in
Fig. 7(b), an open-circuit auto port-extension is conducted
while connected to two ports; for example, ports 1 and 2.
Subsequently, this circuit is disconnected and the circuit
from Fig. 7(a) is connected to the corresponding ports (i.e.,
ports 1 and 2). The third remaining port is terminated into
a 5092 load. The 2-port S-parameters are then measured.
This process is repeated for ports 1 and 3, and ports 2 and
3. These three 2-port measurement sets are then combined
to form a single 3-port touchstone file. This file is used as
our switch’s model and it is imported in ANSYS Circuit
Designer. Notably, the three measurements mentioned above
are conducted for both activated (ON) and de-activated (OFF)
states of the switch. The switch’s insertion losses are plotted
in Fig. 8 for both states.

V. MATCHING NETWORK DESIGN

According to our sensor’s design (see Fig. 2) an RFID
IC needs to be connected to each of the terminals of the
switch. However, before placing each IC, an appropriate
matching network must be designed. Our objective here is
to design a pair of matching networks (at the output of each
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FIGURE 8. Insertion losses of the 3-port mechanical switch for the
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FIGURE 9. Antenna and mechanical switch model.

switch terminal) that will maximize the power output to one
IC (when the switch is activated) and minimize the power
output to the other IC. Additionally, when the switch is
deactivated, the matching networks should operate to match
the ICs in the reverse fashion.

Our antenna’s simulation results agree well with the mea-
sured ones, as shown in Fig. 6. Therefore, the simulated data
for our antenna is used for our sensor’s system modeling and
design. Specifically, our antenna’s simulated 1-port model
along with the measured 3-port model of the switch (for the
case when the switch is activated and when it is deactivated)
are exported to ANSYS Circuit Designer. The remaining ter-
minals of the switch are connected to 50€2 ports (i.e., ports A
and B) as shown in Fig. 9. Using this model in ANSY'S Circuit
Designer, the impedances (with the antenna and switch) at
ports 2 and 3 can be found for both switch states (i.e., acti-
vated and deactivated). This provides the needed information
for designing the corresponding matching networks.

Firstly, the impedance at port 2 is measured for when the
switch is activated. This impedance is then matched to the
conjugate of the RFID IC 2 using a matching network. When
the switch is deactivated, the impedance at port 2 will signifi-
cantly change thereby deteriorating the matching. Therefore,
no power will reach RFID IC 2 when the switch is in the
deactivated state and will remain OFF (as intended). The
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FIGURE 10. Input impedance at port 2 for switch in activated and
deactivated states.
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FIGURE 11. Input impedance at port 3 for switch in activated and
deactivated states.

impedances at port 2 for both activated and deactivated cases
are shown in Fig. 10, and they are indeed very different.

In the deactivated case, we have indicated that little power
will be transferred to the IC at port 2; however, at port 3 we
seek to maximize the power transfer. The impedance at port
3 is measured for when the switch is deactivated using our cir-
cuit model shown in Fig. 9. This impedance is then matched
to the conjugate of the RFID IC 1 using a matching network.
When the switch is activated, the impedance at port 3 will sig-
nificantly change thereby deteriorating the matching. There-
fore, no power will reach RFID IC 1 when the switch is in
the activated state and will remain OFF (as intended). The
impedances at port 3 for both activated and deactivated cases
are shown in Fig. 11, and they are indeed very different. The
final design layout with the antenna, switch, and designed
matching networks are depicted in Fig. 12.
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FIGURE 13. Simulated Power Transmission Coefficient (PTC) at the ports
where RFID ICs 1 and 2 will be connected, as shown in Fig. 12.

Furthermore, to test the degree of matching between each
switch port and the RFID IC, we utilize the power transmis-
sion coefficient (PTC or 7; 0 < t < 1) as discussed in [27].
In the case when 7 = 1, a conjugate match (Zport = Zikc) is
obtained that provides maximum power transfer to the IC [50,
p. 78]. Fig 13 shows the PTC for both switch states at the two
ports, where the RFID ICs 1 and 2 will be connected as per
Fig. 12. These results clearly illustrate the following: (a) when
the switch is activated, RFID IC 2 (at port 2 of the switch,
refer to Fig. 9) will be ON and RFID IC 1 (at port 3 of the
switch, refer to Fig. 9) will be OFF, and (b) when the switch
is deactivated, RFID IC 2 (at port 2 of the switch, refer to
Fig. 9) will be OFF and RFID IC 1 (at port 3 of the switch,
refer to Fig. 9) will be ON.

VI. MEASUREMENTS OF SWITCHING CAPABILITY
In this section, a prototype model of our sensor is first
fabricated. Then, it is measured using a VNA to validate
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FIGURE 14. Isolation between RFID IC 1 port and RFID IC 2 port.

FIGURE 15. Test setup with fabricated prototype for impedance
measurements at the ports where the RFID ICs are connected.

our sensor’s capability to switch the power flow from one
RFID IC to the other, as predicted by our simulation results
in Fig. 13. The measurements are conducted as follows: the
input impedance at the RFID IC 1 port is measured while the
RFID IC 2 port is left open (see Fig. 12). The RFID IC 2 port
can be left open because the isolation between the two ports is
significant (i.e., > 18 dB) irrespective of the switch activation
status, as shown in Fig. 14.

Fig. 15 shows the test setup and the fabricated prototype.
An IPX interface is used to measure the impedance of RFID
IC 1 port for both switch states (i.e., activated and deactivated)
while RFID IC 2 port is open. These measurements are
depicted in Fig. 16. Moreover, the corresponding PTCs are
plotted in Fig. 17. According to Figs. 16 and 17, the measured
and simulated impedance at RFID IC 1 port agree very well.
These results indicate good matching when the switch is
deactivated and the intentional degradation in the matching
when the switch is activated. Also, Fig. 17 shows that when

87877



IEEEACCGSS ‘ Y. Shafiq et al.: Battery-Free Temperature Sensor With LCE Switching Between RFID Chips

Measured Impedance at RFID IC 1 Port Measured Impedance at RFID IC 2 Port
+1.0 +1.0

37. 121+ﬂ160 017 Q@ 915 M

o 2/ /

0.0 o‘ S| \ — o 0.0 \ k }2 6 { M/
| \\ P 29.49§ﬂ 61.7,6?(3, 915 MH| | 8.413+j163.719 @@ {5 Hz/
\ P > Y — \ \—
= X ! —Measured Impedance When SW|tch Deactlvated
__|=—Measured Impedance When Switch Deactivated), _|——Measured Impedance When Switch Activated
402 ——Measured Impedance When Switch Activated 5.0 02 Simulated Impedance When Switch Deactivated/ 75°
Simulated Impedance When Switch Deactivated Simulated Impedance When Switch Activated

——Simulated Impedance When Switch Activated

1.0

§1.0

FIGURE 16. Simulated and measured input impedances at RFID IC 1 port. FIGURE 18. Simulated and measured PTC at RFID IC port 2.
) Measured and Simulated PTC at RFID IC 1 Port ] Measured and Simulated PTC at RFID IC 2 Port
gnmEREAREEE RN, ’-‘-—---i.\
eust aa, - -
¢-"““ - -—— —y .....".. " \~
085" 5 = -+ ~ ."ui
- ~
~
\ . .
0.6 == Measured PTC Switch Deactivated ] 0.6 = Measured PTC SW!tCh Dez.«xctlvated 7
© = Measured PTC Switch Activated &) Measured PTC Switch Activated
o «+=+ Simulated PTC Switch Deactivated e **** Simulated PTC Switch Deactivated
04  |== Simulated PTC Switch Activated 1 04 = Simulated PTC Switch Activated ]
0.2} —— L ,
—-—-—-—-—-—-—-_-_-_-_; 02 aumunss®
:---_---:--:--:--:-------_l-l:":"_ —
O ‘ ‘ ‘ : : 1 L L 1 L
900 905 910 915 920 925 930 0

900 905 910 915 920 925 930

Frequency (MHz)
FIGURE 19. Simulated and measured PTC at RFID IC port 2.

Frequency (MHz)
FIGURE 17. Simulated and measured PTC at RFID IC port 1.

the switch is activated and deactivated, the power flow to
RFID IC 1 is minimized and maximized, respectively.

To further examine the power-flow switching capability of
our design, the same test is conducted for RFID IC 2 port.
Namely, the measurements are performed at RFID IC 2 port
with RFID IC 1 port open. The simulated and measured
results for this case are depicted in Fig. 18. Furthermore,
the corresponding PTCs are plotted in Fig. 19. It is clearly
seen from these results that the measurements agree well with
simulations and confirm the intended operation of our design.
Specifically, when the switch is deactivated and activated,
the power flow to RFID IC 2 is minimized and maximized,
respectively.

FIGURE 20. RFID temperature sensor with cold-responsive LCE.

VII. VALIDATION OF TEMPERATURE SENSOR

The final design of our sensor is depicted in Fig. 20. The

mechanical switch has been fitted with a customized housing which is anchored to the base of the switch. The second
consisting of two parts. The first part is a stationary housing, part consists of a platform to support the LCE array and is
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FIGURE 21. RFID temperature sensor with RFID reader inside freezer at
room-temperature.

situated on the lever of the switch. When the environmental
temperature is lower or equal than approximately —10° C,
the LCE is activated (i.e., cold-responsive LCE) and it pushes
against the stationary housing and triggers the switch. When
the environmental temperature rises and becomes larger than
approximately —10° C, the LCE returns to its relaxed state
and the switch returns to its original position on its own.
The operating temperature range of the Alien Higgs III
RFID IC, which was used in our sensor, is —50° C to 85°C
[51]. Therefore, the performance of this IC is unaffected
by the temperature conditions that our sensor is exposed
to during our experimentations. Also, this RFID IC should
perform with no issues in practical applications as the preser-
vation temperatures for perishable goods between —1° C
and 10° C are well within the IC’s operating temperature
range. Additionally, the temperature sensing ability of our
RFID passive sensor is tested using the ThingMagic RFID
reader as detailed here. The test setup is depicted in Fig. 21.
To distinguish which RFID ICs are read during the different
stages of our test, the “Tag Aging”’ feature is activated in the
RFID reader’s software. This feature highlights in gray any
unreadable tags within the read range of the reader. Initially,
the sensor is placed inside a non-operating freezer. Therefore,
the inside volume of the freezer is at room temperature (i.e.,
23° C). Since our cold-responsive LCE is not activated at such
temperatures, the switch is also not activated and the RFID
reader senses only the ID of RFID IC 1, as shown in Fig. 22.
Subsequently, the RFID reader is removed from the freezer
while our sensor stays inside the freezer. Then, the freezer
is shut and turned on. Due to its chemical composition, our
LCE array was designed to actuate at approximately —10 °C.
In other words, —10 °C serves as the minimum required
temperature to achieve full actuation. The temperature during
experimentation was exceeded (i.e., —15 °C) to ensure the
LCE has been actuated. Furthermore, this colder tempera-
ture allowed for a time window (until the temperature rises
above —10 °C) to conduct our RFID measurements as the
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FIGURE 22. Only RFID IC 1 is read at room temperature.

FIGURE 23. RFID temperature sensor with RFID reader inside freezer at
—15° C. The sensor and reader are arranged in a “worst case” scenario
with perpendicular (polarization) antenna alignment with respect to one
another.

measurements were conducted with the freezer door open
with the sensor exposed to the ambient room temperature.
The RFID reader was then reinserted into the freezer as shown
in Fig. 23. In this case, we see that due to the cold temperature
the cold-responsive LCE has activated the switch and only
the ID of RFID IC 2 is read, as shown in Fig. 24. The ID
of RFID IC 1 is clearly highlighted in gray, which means it is
not detected by the reader. Moreover, the software also shows
that two unique tags were detected (with two different EPCs)
within the total time-duration of our test.

Furthermore, our sensor and the reader were oriented in a
“worst case” scenario; that is, they were positioned so that
their antennas are perpendicularly polarized with respect to
each other (the E-field polarizations are labelled in Fig. 23).
As a result, 30 cm is the largest distance at which the RFID
reader can recognize our sensor in this setup (see Fig. 23).
However, the read distance can be greatly improved by align-
ing the polarization of the antennas on our tag with the
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FIGURE 24. Only RFID IC 2 is read at —15° C.

RFID reader. To demonstrate this, we utilize the Polarization
Loss Factor (PLF) which accounts for the loss due to the
polarization misalignment between the two antennas. The
PLF equates to |cosy/|?, where ¢ defines the difference in
the polarization angles between the reader and the sensor
antennas (i.e., 90° in Figs. 21 and 23) [39, pg. 71]. For angles
approaching 90°, the PLF equates to a loss of approximately
31.6 dB or 0.0006 in linear scale. Moreover, using Friis trans-
mission equation, from [39, pg. 89], the read-range distance,
R, between two antennas can be resolved as:

1 |Pr
R = — | —G7rGgA2 |cos ¥ |> PTCT PTCg (D)
4 P R

where Pt Pr Gt ,Gr,A, PTCt, and PTCR, represent the
transmit power of the RFID reader (30 dBm or 1 W),
the received power or the sensitivity of the RFID IC
(=18 dBm or 0.000016 W [21]), the gain of the reader
antenna that is a half-wave dipole (2.15 dBi or 1.64), the gain
of the sensor antenna which from Fig. 4 is 4.6 dBi or 2.88,
the wavelength (1) is 0.328 m, the matching efficiency of the
reader transmitter to the antenna (P7Cr) is 100% or 1, and
the matching efficiency (PTCg) of the sensor antenna to the
load which from Figs. 17 and 19 equates to approximately
80% or 0.8, respectively. Substituting these values into (1)
provides the read-range distance of approximately 31 cm,
which agrees well with the measured distance of 30 cm (with
only 3% error). This proves the parameter values that we
have utilized are correct. Hence, if we redo this calculation
assuming the reader antenna and the sensor antenna are now
perfectly aligned (i.e., |cosy|?> = 1), the range or distance
increases by a factor of approximately 30. Finally, our results
show that this design has potential to be utilized in the cold
supply chain in terms of its read-range distance. Furthermore,
as mentioned in the introduction, we envision each delivery
vehicle to be equipped with an RFID wireless reader. There-
fore, these readers are stationary and high gain antennas can
be utilized to increase the Effective Isotropic Radiated Power
(EIRP) and effectively increase the read range. Also, these
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readers can be equipped with circularly polarized antennas in
which the PLF will not exceed 3 dB [52].

In addition, to show consistency in our experiment, Figs.
22 and 24 are time-stamped. Finally, once the freezer is
turned off and the temperature returns to room temperature
(i.e., 23°C), the LCE returns to its relaxed state and the
switch is deactivated. In this case, the RFID reader returns to
reading only RFID IC 1 as shown in Fig. 22. The developed
sensor was tested with many temperature cycles (i.e., room-
to-cold and cold-to-room temperature cycles) as described
in the procedure above with consistent successful results.
Therefore, our experiment clearly proves that our passive
RFID sensor is a not a single-use sensor. In fact, our sensor
provides continuous and independent temperature monitoring
and detects multiple temperature threshold crossings from
cold to room temperature and vice versa. This performance
of the developed sensor is reliable because LCEs have shown
to provide stable operation over a wide range of tempera-
tures; however, like all materials, thermal degradation can
occur at extreme temperatures. LCEs of similar chemistry
were found to undergo significant degradation above 300° C
[53]. In practice, we have observed fully recovered properties
when heating to temperatures as high as 200° C for moderate
periods of time. For temperatures below 100° C, degradation
is not expected even after long exposure times. If thermal
degradation does occur the shape change of the material
would become partially irreversible and this would change
the threshold for switch activation in our design.

In addition to the successful test results discussed above,
the sensor is compact and due to its battery-free operation it
has low cost and long operational life. As a result, it can be
easily installed to numerous items of various sizes. Therefore,
issues regarding malfunctioning refrigeration equipment and
operator error, such as, improperly placed items during load-
ing, inadequate packaging, constantly opening and/or leaving
the container doors open, and failure to pre-cool the container
before loading, can now be detected (and no longer be over-
looked) as each item can be constantly monitored. Finally,
since each individual item has a sensor attached to it, issues
at the cargo-docks are resolved because a form of temperature
monitoring is now available due to this sensor.

Finally, the temperature at which Liquid Crystal Elas-
tomers (LCEs) respond to can be adjusted by modifying their
chemical composition. For example, in [27], a 4D printed
high temperature reactive LCE array was utilized to design
a novel temperature sensor. The design presented here is
the first sensor that uses cold-responsive LCEs to convey
temperature threshold crossings by switch operation between
two RFID ICs and it serves as a proof-of-concept for pas-
sive detection of cold temperatures (i.e., at —10° C). Con-
sequently, LCEs that react to other temperatures can also
be inserted in this sensor to adjust its operating tempera-
ture. Furthermore, as mentioned in Section I, the range of
preservation temperatures of perishable items, such as, meats,
fruits, vegetables, insulin and vaccines, is from —1° C to
10°C. Since the developed sensor’s triggering temperature
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point is customizable based on the LCE, each item could
have a separate sensor configured to trigger at a specific
temperature. To conclude, this sensor operates with a binary
functionality; that is, the operation of the sensor switches
between the operation of two RFID ICs (two Electronic Prod-
ucts Codes) depending on whether a temperature threshold
has been crossed or not. Future work could pursue designs
that are able to detect three different ranges and they would
need new LCE designs to be developed.

VIil. CONCLUSION

In this work, we focused on developing a new temperature
sensor design that serves as a proof of concept for sensors
that integrate novel LCEs, antenna systems, and RF circuits,
to reversibly and reliably convey temperature threshold cross-
ings. Specifically, we have developed a sensor that conveys
changes in temperature by switching its operation between
two unique RFID ICs. Therefore, our sensor detects temper-
ature threshold crossing in a very clear and robust manner,
i.e., at cold temperature one RFID IC ID is read and at
room temperatures another RFID IC ID is read. Our sensor
uses novel cold-reactive liquid crystal elastomers that oper-
ate reversibly. Hence, this sensor can autonomously operate
through multiple room-to-cold and cold-to-room temperature
cycles in real-time. Also, our sensor has a battery-free opera-
tion (i.e., it is purely passive). In fact, this is the first tempera-
ture sensor that operates by switching between two RFID ICs
(based on temperature) using cold-responsive liquid crystal
elastomers.

For this sensor, we designed a wideband bow-tie antenna,
which operates in the UHF RFID band of 902-928 MHz. The
antenna was fed with a CPS to microstrip transmission line
conversion. A balun was also designed using a pair of feed-
lines 180° out of phase, which are matched to 50<2 using a
quarter-wave transformer.

A three-port model of the mechanical switch was devel-
oped using 3 two-port measurements. This model was used
with the antenna model to design matching networks, that
maximize power transfer to one RFID IC while minimizing
the power to the other IC when the switch is activated and
visa-versa when the switch is deactivated.

A custom housing and platform were also designed to
translate the actuation of the LCE array to the switch without
any external intervention (i.e., automatic resetting) as fol-
lows: activate the switch when the LCE is stimulated (i.e.,
at cold temperatures) and deactivate the switch when the
stimulus is removed (i.e., at room temperature). The battery-
free and autonomous functionality of this sensor makes it a
robust option for temperature monitoring in the CSC.
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