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ABSTRACT A novel zero-power wireless sensor architecture is proposed and demonstrated in this paper.
The proposed wireless sensor, which is a passive sensor, combines UHF RFID and a capacitive sensor to
enable reading of physical and chemical parameters wirelessly, without compromising much on the read-
range, and complexity of conventional RFID tags. The sensor alters the phase of backscattered RFID signal,
which is detected at the receiver using a non-coherent IQ demodulator. Due to the universal nature of this
architecture, any type of sensor, such as temperature, humidity, water level sensor, can be realized. For
the sake of simplicity, a varactor diode was initially used to get a thorough understanding of the system.
Following that, a flood sensor was used to evaluate the performance of zero-power wireless sensor in a
real-world application.

INDEX TERMS Backscattering, capacitive sensor, IoT, passive sensing architecture, radio frequency
identification (RFID), RF sensor, ultra high frequency (UHF), wireless sensor, zero-power sensor.

I. INTRODUCTION
Wireless sensors are rapidly becoming an integral part of our
daily lives. They are widely being used to determine everyday
useful information ranging from monitoring temperature in a
room to measuring fluid levels in different industries [1]–[4].
Their widespread usage has become possible due to their
inexpensiveness and ease of installation. With the advance-
ments of the Internet of Things (IoT), the utilization of wire-
less sensors is expected to grow exponentially to an extent
that they will become ubiquitous [5]. Owing to this fast-paced
growth, it has now become a need of the hour that some
sophisticated designs of wireless sensors be introduced that
offer improvement in terms of implementation, performance
and cost.

At a very fundamental level, a wireless sensor is simply
expected to identify a node and send a sensed parameter
wirelessly to a base station. Thus, there are three major com-
ponents of its operation: communication, identification and
parameter sensing [6]. To perform these operations, energy is
required by a sensor. Whatever technique is used to provide
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this energy directly influences the cost, life-span, wireless
operable range, and circuit complexity [7]–[10].

One method to provide energy to a sensor node is adding
a battery to it, which could be utilized to perform all
the required operations. Although the wireless range of a
battery-assisted sensor is very long, usually in tens of meters,
the battery is actually a hurdle in a wireless sensor: it
increases the cost of the system, it needs to be replaced every
few months and it makes the sensor bulky [11]. Passive wire-
less sensors, on the other hand, harvest energy, which is sent
by a reading device, and perform all the required operations.
However, their range of operation is usually lower, up to a
few meters [1]. Therefore, it is very important to engineer the
hardware of battery-less wireless sensors in order to increase
their working range.

Zero-power radio frequency identification (RFID) tag-
based sensors, especially the ones operating in the ultra-high
frequency (UHF) band, are gaining a lot of interest [10],
[12]–[14]. Several designs have been proposed in the past.
The simplest ones are chipless based RFID sensors in which
no integrated circuit (IC) is required and the sensor data is
determined by the change in the radar cross-section (RCS)
of the RFID tag based on the sensed parameter [15]–[19].
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These are very low-cost passive wireless sensors; however,
due to their analog communication nature, they are vulnerable
to environmental effects and, additionally, they do not allow
multiple tags to be placed in a single area. Chip-based tags,
on the other hand, are considered a better candidate as they
benefit from digital modulation, thus allowing the deploy-
ment of techniques such as coding and anti-collision, which
enables reading of multiple tags simultaneously. In these sen-
sors, usually matching network of RFID is used as a sensor.
Any changes in the parameter of interest alters the operating
frequency of the tag, thus causing alteration in the read-range
at a given frequency. This technique requires measuring the
amplitude of the backscattered signal at different frequencies
to determine the sensed parameter and therefore it requires
a wider spectrum [20]–[25]. A third type of battery-less
sensors currently available in the market is the one that
incorporates a digitization circuitry that uses off-the-shelf
available sensors and digitally adds the sensed parameter’s
information to the backscattered RFID signal. However, this
digital circuitry requires extra power, thus the read-range of
the sensor drops to a distance (typically 0.7–2.2 meter) where
the power received is adequate to run both the RFID and the
digital circuitry [26]–[31]. To the best of author’s knowl-
edge, there is no RFID based sensor design that integrates
a sensor passively without affecting the read-range of the
RFID.

In this paper, we propose a novel wireless sensor archi-
tecture that successfully solves the challenges faced by wire-
less sensors. The proposed sensor architecture consists of a
circulator, an antenna, an RFID chip and a capactive sen-
sor. These components are connected in a sequence that the
interrogation signal, which is being sent by a reader, is fed to
the RFID to harvest energy. When the RFID responds back,
the reflected signal is directed to the sensor before being
returned back by the antenna. This sequencing is accom-
plished by using a circulator. The proposed sensor is capac-
itive in nature and thus it adds phase delay to the reflected
signal, based on the sensor value. The signal is reflected by
the sensor and reaches back to the reader after being radiated
back by the antenna. It should be noted here that, since the
sensor is physically separated in our architecture, unlike other
previously discussed works on RFID based sensors, the radi-
ation characteristics of the antenna and the performance of
RFID such as read-range are not compromised by the changes
in the parameter being sensed [20]–[22].

At the reader, the phase delay due to the changes in physical
or chemical parameters experienced by the sensor, can be
easily determined by using a non coherent IQ demodula-
tor. These demodulators are widely available in commercial
RFID readers. Therefore, by using this technique, cost of the
sensors can be significantly reduced without compromising
much on the working range and complexity. This new design
can open door for several new applications ranging from
personal use to industrial ones. An illustration in Fig. 1 shows
a humidity sensor and a temperature sensor being used in a
medical room to observe the environment, and a liquid level

FIGURE 1. Potential applications of zero-power wireless sensor network
from determining environmental condition to healthcare monitoring.

detector being used to monitor the amount of dose given to
the patient.

The goals of this research are threefold:
• propose an architecture for wireless sensors that pro-
vides longer range without requiring a battery at the
node;

• using the phase of the backscattered signal for determin-
ing the sensing parameter in a passive manner;

• demonstrate its operation in a real world scenario.
The remainder of this paper is organized as follows.

In Section II, we discuss the working principle of the sensor
node. In Section III, the details of the proposed design are
discussed. While, Section IV is dedicated to the discussion of
the results. Finally, the paper is concluded in Section V.

II. WORKING PRINCIPLE
UHF RFID setup generally consists of two components: an
interrogator, which reads information of an RFID tag; a tag,
which keeps the tag ID and responds back to an interrogator.
The interrogator, sometimes also referred to as a reader,
transmits an RF signal for a small duration of time. This
signal serves three purposes. The first is to energize the tag by
transmitting an unmodulated RF signal. This energy is used to
wakeup the tag. Following that, an interrogation signal is sent
to request the tag to respond back. Finally, the tag responds
by sending its ID.

Along with the tag ID, some other useful sensing infor-
mation such as temperature, humidity, water level, moisture,
flood etc. can also be included. This inclusion allows making
a simple RFID a wireless sensor node. To send the informa-
tion, the system requires some modifications based on the
preference. The sensor information can either be sent back in
digital or in analog domain. Digital transmission is generally
more immune to noise however it also requires more power.
Analog communication, on the other hand, is more power
efficient. In a scenario where nodes are powerless, power
efficiency of the system is paramount. Therefore, analog
communication is selected in our case.
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FIGURE 2. Block diagram of proposed zero-power wireless sensor.

To realize the system, the power being reflected by the tag
is sent through a capacitive sensor on its way back to the
reader. The block diagram is shown in Fig. 2. As a result,
the sensor adds some extra phase delay, depending on the
condition of the sensor, which allows reading the sensor
value at the reader, without compromising any power. Thus,
the addition of sensor to the system doesn’t theoretically
reduce the read-range of the RFID tag.

Reading the phase at the reader is accomplished by a
non-coherent IQ demodulator, which is in-built in almost
every commercially available reader. The reader mixes an
in-phase and a quadrature version of the transmitted signal
with the received one and determines the amplitude of the
output. These amplitudes are eventually used in determining
the phase of the received signal.

To achieve the required specifications, a three-port system
was developed, for which the details are provided in the
following section.

III. SYSTEM DESIGN
The proposed system is an integration of an RFID and a
sensor in a three-port structure. In order to understand the
system, we will first discuss the three-port structure and then
the whole system.

A. THREE-PORT STRUCTURE
A three-port RFID structure uses a non-reciprocal device to
send the backscattered signal from the RFID to a different
port, which is connected to a sensor. The signal after entering
the sensor is reflected back from it with a change in phase,
based on the sensed value. It should be noted here that, since
the sensor is capacitive, the loss of signal power is minimal.
This attribute is highly desirable for a battery-less sensor.

The required characteristics of a three-port structure are
obtained in a circulator. A circulator is a nonreciprocal
device that allows power flow between ports in a certain
direction only. The direction of power flow depends on its

FIGURE 3. Signal flow graph of the sensor when RFID is in the reflecting
state.

construction and can be either clockwise or counterclock-
wise. For a typical circulator offering clockwise circula-
tion, with every port matched, the scattering matrix is given
by [32],

Scirculator =

0 0 1
1 0 0
0 1 0

 . (1)

During the power up state, when RFID is storing energy,
all the power is sent to the RFID, which acts as a matched
load. Thus the scattering matrix of the three-port structure
is considered as (1). However, in case when the RFID is
reflecting the signal for communication, the scattering matrix
is no more the same. A signal flow graph, shown in Fig. 3 can
be used to determine the characteristics of the system.

The signal that is reflected by the sensor is formulated as
follows:

0in =
b1
a1
= S11 +

S13S32S210RFID0sensor
(1− S330sensor )(1− S220RFID)

, (2)

where Sij are the scattering parameters of the circulator,0RFID
and 0sensor are the reflection coefficient of the RFID chip and
sensor, respectively.

For the case when S11 = S22 = S33 = 0ant = 0 and
S13 = S32 = S21 = 1, then the input reflection coefficient is
given by

0in =
b1
a1
= 0RFID0sensor . (3)

Considering the RFID and the sensor to be perfectly reflective
(lossless), we get

0in = ej(θRFID+θsensor ), (4)

where, θRFID and θsensor are the phase delay caused by the
RFID and the sensor, respectively. Here, θRFID depends on
the distance between the RFID and the reader and is a known
parameter. Whereas, θsensor is the phase delay caused due
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to the capacitance of the sensor. This capacitance depends
on the physical parameters that a sensor is reading. The
resulting phase delay can be easily read at the reader, which
is explained later.

A circulator can be physically realized in different ways,
such as Ferrite core, directional coupler with a mismatched
port, etc. For simplicity, we have used a low-cost ferrite-core
clockwise circulator, SKYFR-001400 from Skyworks, that
offers very low insertion-loss, less than 0.5 dB [33].

B. CAPACITIVE SENSOR
Sensors could be designed to be either resistive, in which
resistance changes with the change in the physical parameter,
or reactive, in which reactance changes with the change in
the physical parameter. The former ones are usually lossy
and not preferred when energy efficiency is a concern. In the
latter ones, since only the reactance of the sensor changes
(Z = ±jX ), they are more energy efficient. In capacitive
sensors, usually change in parameter of interest causes per-
mitivity variation that results in a change in the capacitance
(C = ε da ). Therefore, they are a good candidate for a
battery-less wireless sensor.

Capacitive sensors are widely available in the market.
However, their operating frequency range is low, usually in
the order of tens of kilohertz. Therefore, for a sensor to
operate in the proposed system, new sensors with simple
configuration were designed.

For thorough understanding of the system, first a varactor
diode circuit was utilized to mimic a capacitive sensor. These
diodes have a wide tuning range from 1 pF to 53 pF at
915 MHz. They provide important information regarding the
behavior of the system such as the amount of phase change
per picofarad. The circuit design consists of a simple bias-
ing network and a DC-blocking capacitor. An illustration is
shown in Fig. 4 (a).
Another sensor was designed to determine flooding in

a given region. In the flood sensor, a design with two
closely-spaced electrodes is used to form a capacitor. As the
water level rises, the average permitivity of the capacitor
changes, which in turn changes the capacitance of the sensor.

Finally, this change is superimposed on the RFID signal by
altering the phase of the backscattered signal from the tag and
can be easily read at the reader. An illustration of the sensor
is shown in Fig. 4 (b).

C. RFID MATCHING NETWORK
The RFID tag used for proving our concept was Higgs-
4 by Alien in a SOT 323 packaging [34]. It is a highly
integrated single chip IC that operates at UHF frequencies.
The IC is designed to meet the standards of EPC Gen 2. The
minimum required power to wakeup this IC is −18.5 dBm.
The operating frequency of the IC spans from 840 MHz to
960 MHz with an equivalent parallel RC circuit at its input.
The resistance and the capacitance of the IC are 1.8 k� and
0.95 pF, respectively.

FIGURE 4. Sensor topologies: (a) varactor (b) flood.

In order to connect the IC to the system, a matching net-
work is required to transform the tag impedance to 50 � to
match it to the impedance of the circulator. A differential or
non-differential matching networkmay be designed. A differ-
ential matching network provides out of phase signals at the
input of the IC and thus develops higher voltage difference at
the input pins but at the expense of complexity. For simplicity,
we used non-differential matching network in which one
port of the IC was grounded and other was attached to a
matching network, which was designed to match the tag’s
input impedance, from Zin = 18 − j181 � at 915 MHz to
50 �. A single-stub matching network with open circuited
series stub was used for the matching [32]. The network was
initially designed using a smithchart for 50 � transmission
lines with distance from load to stub as 83.716 degrees, while
the open-circuited stub was calculated to be 80.737 degrees.
A schematic is shown in Fig. 5.
To realize the circuit, the stubs were first meandered and

then optimized to cover the whole bandwidth from 902 MHz
to 928 MHz using Keysight’s Advanced Design System,
version 2019. The optimizer was set to vary the stubs’ widths
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FIGURE 5. Schematic of the single-stub design used to match the RFID to
50 ohms.

FIGURE 6. Final miniaturized and optimized version of the matching
circuit of the Higgs 4 IC that utilizes microstrip technology to match the IC
to 50 ohm impedance.

and lengths using the Least Pth algorithm until the reflection
coefficient of less than −10 dB for the whole bandwidth was
achieved. The final optimized circuit was fabricated on an
RO4003C substrate with relative permittivity (εr ) of 3.38,
thickness of 0.81 mm and loss tangent (tanδ) of 0.0027. The
final miniaturized circuit, with all the physical dimensions,
is shown in Fig. 6.

D. SYSTEM INTEGRATION
For a clockwise ferrite core circulator, each individual com-
ponent must be connected in a proper sequence to have
optimum performance. An antenna may be connected to the
port 1 of the circulator. If so, the RFID tag with its matching
network must be connected to the following port, in the
clockwise direction, i.e. port 2. Finally, sensor is connected
to the last remaining port, as shown in Fig. 2. The final
integrated system is shown in Fig. 7.

The reason for connecting sensor after the RFID is as
follows. Normally, a capacitive sensor is considered lossless,
however, practically, it may have some losses. If the signal
from the reader is sent to the sensor before it is sent to the
RFID tag, it will be attenuated. As a result, signal reaching the
RFID terminals will be smaller in amplitude. Thus, the RFID
will store less energy.

On the other hand, if the sensor is connected after the
RFID, in the circulator, the RFID wakes up with a stronger
signal resulting in a higher read-range. In this case, the only
loss a power-up signal faces is the circulator’s insertion loss,

FIGURE 7. Final fabricated design of zero-power wireless sensor.

which is only 0.5 dB. Whereas losses in the backscattered
signal will include: imperfect reflection from the tag; circu-
lator’s insertion loss from tag to the sensor; sensor loss and
circulator’s insertion loss from sensor to the antenna. As the
sensitivity level of a typical reader can be as low as−90 dBm,
backscattered signal being attenuated can be tolerated. There-
fore, this observation confirms that charging the RFID tag is
a limiting factor and advices that the capacitive sensor should
be connected after the RFID to avoid any loss in the signal
being received by the tag for the power-up purposes.

The overall power-up signal loss in this configuration can
be determined as follows. Keeping in mind that the insertion
loss of the circulator is 0.5 dB, to receive −18.5 dBm at the
RFID tag, we need tomake sure that the node receives a signal
power of −18 dBm (0.5 dB higher than the tag). Using the
Path loss formula, we can find that a 0.5 dB of path loss is
incurred for a distance of 27.6 mm. Therefore, the reduction
in the distance of the RFID in the proposed configuration is
simply 0.027 meters, which is negligible in our case.

E. READER
The reader used in our experiments was AS3993 Fermi eval-
uation kit that included all the components and was able
to provide up to 22 dBm of output power (extendable to
30 dBm for longer range) [35]. It includes a combination
of a directional coupler and a low pass filter to separate the
transmitted signal with the received one. The received signal
is fed to a non-coherent in-phase (I) and quadrature (Q), IQ,
mixer and sampled by an ADC to determine the strength of
the IQ components of the signal independently. By applying
a simple trigonometry, tan−1(QI ), the phase of the received
signal is determined.

Finally, the phase delay caused due to the setup and
distance between the RFID reader and the tag, which is
θRFID, is nullified by calibrating the system using a known
capacitance value attached to the RFID. Following that,
the extracted phase value is transformed into the respective
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FIGURE 8. Frequency response of the RFID matching circuit.

parameter, such as voltage in case of the varactor or the water
level, in case of the flood sensor, to determine the state of the
physical parameter of interest.

IV. RESULTS
A. INDIVIDUAL COMPONENTS
In this subsection, the performance of individual components
is discussed and a comparison between the simulated and the
measured results is shown.

As a first step, performance of the designedRFIDmatching
circuit was determined by measuring its scattering param-
eters. Although the simulated circuit was designed to be
matched at 915MHz, the measured response of the fabricated
circuit was found to be shifted to 895 MHz. This shift did not
have severe effects on the performance of the system when
operating at 915 MHz. The scattering parameters are shown
in Fig. 8. Here, the input is marked as port 1 and the resistance
of the RFID is marked as port 2. As port 2 does not exist in
reality, an estimated response, S21 Estimated, was calculated
using the S11 Measured. This helps in determining the power
transfer to the RFID at different frequencies.

Since the performance of the proposed sensing structure
is aimed to be demonstrated by the change in the capacitive
load (varactor diode), the characterization of the varactor
diode is required. Figure 9 shows the simulated and measured
results of the impedance response of the NXPBB135 varactor
diode [36]. The discrepancies between the simulated and
measured results can be attributed to the fact that a high fre-
quency model of the varactor diode was not used. However,
the deviation is small at lower voltages, i.e. from 0 to 10 volts.

Using the above results, a mathematical model between the
phase of the reflected signal and voltage was developed using
the process of curve fitting and reported by the following
equation,

C=3.314× 10−11e−1.218V+1.978×10−11e−0.1748V , (5)

and for a perfectly reflective capacitor,

6 0 = tan−1
−2ωCZo

1− (ωCZo)2
, (6)

FIGURE 9. Impedance response of the varactor at 915 MHz.

FIGURE 10. Impedance response of the flood sensor at 915 MHz as the
level of the water changes while keeping the electrodes 7 mm above the
base of the container.

where, Zo = 50�, ω = 2π f , V is the voltage applied across
the varactor and C is the capacitance of the varactor. These
equations are useful in predicting the change in the phase of
the reflected signal for voltages ranging from 0 to 10 volts.

The flood sensor was also fabricated on the same substrate.
The impedance response of the sensor with respect to increas-
ing water levels was recorded and the results are presented
in the Fig. 10. The measured results are compared with the
simulated results that were obtained by performing a full 3D
EM simulation. The sensor was designed to have 7mm empty
space below the electrodes. Thus the actual electrodes were
7 mm above the base of the container. As the water level
increases, a change in the reactance of the sensor can be seen.
The change is significant as the water reaches closer to the
electrodes at h = 0 mm. It can also be seen that the resistance
of the sensor also starts increasing as the level of the water
increases. This, in turn, may result in the reduction of the
range and, therefore, its use should be avoided in this region
if long range is a concern.

A mathematical relation between phase of the reflected
signal and voltage was found by developing the following
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FIGURE 11. Zero-Power wireless RFID sensor with varactor attached at
the sensor port.

exponential curve,

Xc =

{
0.483h− 75.17 −∞ < h < −1
−75.06e−0.3893h + 34.4 −1 ≤ h < 9.

(7)

Using the relationC = 1/ωXc, we can again use (6) to predict
the phase change with respect to the change in the height of
the water.

B. FULL RFID SYSTEM
We will now show the full zero-power wireless sensor setup
and its performance. The setup consists of a reader, that mea-
sures the phase change and the proposed zero-power wireless
sensor. For initial testing, the varactor diode was attached and
the response of the system was observed. The setup is shown
in Fig. 11 and the results are shown in Fig. 12. A clear one
to one relation can be seen in the results. Small variations
in the results are expected since in order to mimic a realistic
scenario, the experiments were performed on a metallic table
without the use of RF absorbers.

In the initial test, a triangular voltage was applied across
the varactor diode to change its capacitance from 53 pF to
3 pF at 915 MHz. The corresponding voltages were between
0 and 10 volts. It can be observed from Fig. 12 that the phase
at the reader changes as the voltage across the varactor diode
is varied. Initially, when the time is 0 sec, the voltage is at
5 volts and the phase is 49 degrees. Next, when the voltage
reaches its maximum value of 10 volts, the phase also reaches
its maximum value of 75 degrees. Similarly, when the voltage
across varactor reaches 0 volts, the phase at the reader is read
as 23 degrees. The multiple sweeps show how repeatable the
values are. An estimated phase, that was calculated using (6)
and (5), is also shown in Fig. 12 to compare the simulated and
measured results.

The proposed sensor was found to be working up to
7 meters. This was also verified through simple calcula-
tions. We need −18.5 dBm to power-up the tag. Therefore,
the maximum acceptable path loss can be calculated using
the following relation:−18.5 dBm= 22 dBm (reader power)
+ 2.1 dBi (reader antenna gain)− PL+ 6.5 dBi (tag antenna
gain) − 0.5 dB (circulator insertion loss) which leads to PL

FIGURE 12. Measured phase change at the receiver as the voltage across
varactor is changed with respect to time.

FIGURE 13. Sensitivity of the sensor at various distances.

= −48.6 dB. At 915 MHz, this path loss is incurred for a
distance of 7 meters.

The experiments were repeated at different distances,
ranging from 1–7 meters, to find out the sensitivity of
the sensor, while the Tx power level was set to 22 dBm.
As shown in Fig. 13, no noticeable change in the results was
observed. The reason that the sensitivity remains unchanged
is attributed to the fact that the charging of the tag is currently
the limiting factor and it does not allow the reading of the
sensor node at distances where the reflected signal would
reach close to the sensitivity level of the reader.

This behavior could be further explained by considering
the following situation. The RFID tag in the sensor node must
operate until it receives the minimum required, power-up
signal, of −18.5 dBm. Considering the worst case scenario
of the tag being at a distance of 7 meters, the backscattered
signal received at the receiver can be calculated using the
following relation: Prec = −18.5 dBm (minimum required
power of the power-up signal) − 1 dB (loss due to imperfect
reflection from the tag [37]) − 0.5 dB (circulator’s insertion
loss) − 1.5 dB (loss in the sensing element) − 0.5 dB (circu-
lator’s insertion loss)+ 6.5 dBi (tag antenna gain)− 48.6 dB
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FIGURE 14. Zero-Power wireless RFID sensor with flood sensor attached
at the sensor port.

FIGURE 15. Performance of flood sensor shown by adding and removing
water repeatedly.

(Path loss for 7 meters) + 2.1 dBi (reader’s antenna gain).
Therefore, the signal strength of the backscattered signal is
calculated as −62 dBm. Nevertheless, the backscattered sig-
nal of−62 dBm, is still much higher than the sensitivity of the
reader, which is −90 dBm. Therefore, the sensitivity of the
sensor node remains unchanged for its distance of operation
of 7 meters, and hence it can be said that the sensitivity of the
proposed sensor is dependent on the receiver’s sensitivity.

Finally, performance of the zero-power wireless sensors in
a real-life applicationwas observed. In this test, a flood sensor
was used to determine the level of water in a beaker. The
setup is shown in Fig. 14 and the results are shown in Fig. 15.
Initially, there is no water in the beaker and the phase is
calibrated to around 0 degrees. As soon as water is injected
into the beaker, the phase delay increases as shown in Fig. 15.
When the water level reaches the electrodes (h = 0 mm),
the value reaches to around 65 degrees. For a comparison,
phase calculated using (6) and (7) is shown in Fig. 15. The
measured results are in a good agreement with the simulated
ones.

To evaluate the performance of the sensor, the beaker was
filled four times and the maximum value of all the four
peaks were observed to be slightly different. This indicates
that the sensor may not be used to accurately measure water
levels, however, in case of flood sensing, a threshold value to
10 degrees is always observed to be crossed, thus a reliable
flood sensing is possible.

TABLE 1. Comparison of the proposed system with other passive wireless
sensors.

All the above experiments were performed at a fixed dis-
tance from the reader. As the phase difference is dependent
on the distance between the reader and the tag, the phase is
expected to be different for different distances and is thus
ambiguous for all the distances. To remove the ambigu-
ity, phase difference between three frequencies, two closely
spaced and one further, can be used to determine exact dis-
tance. Then the phase change due to distance can be adjusted
to find the exact value of the sensor. Another method is
to use a separate reference tag that is not affected by the
environment. The phase difference between the reference tag
and the sensor can be used to remove the phase ambiguity.

A comparison of the proposed zero-power wireless sen-
sor with the other state-of-the-art wireless sensors is done
in Table 1. It can be seen that the proposed sensor offers low
complexity, and allows multiple nodes to operate simultane-
ously along with a good operating range of 7 meters.

V. CONCLUSION
In this paper, a novel zero-power wireless sensor is proposed
that works without a battery. The proposed architecture inte-
grates an RFID tag with a sensor and antenna using a circula-
tor. The sensors, which are designed to be capacitive in nature,
add phase delay to the signal transmitted by the UHF RFID
tag based on the parameter that is being sensed by the sensor.
A general system consisting of a varactor diode and a real
system with a flood sensor are demonstrated. Results show
that the architecture can be used to sense different parameters
such as water level, flood and moisture. It was also discussed
how this architecture provides longer range compared to other
sensors available, without the use of batteries and thus can be
used in several different applications ranging from healthcare,
and industrial to smart home monitoring.
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