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Improving Water Pressure Measurement Using

Temperature-Compensated Wireless Passive
SAW Bidirectional RDL Pressure Sensor

Zhaozhao Tang, Wenyan Wu, Jinliang Gao, Po Yang, Senior Member, IEEE, Ambreen Hussain,
Jingting Luo, Ran Tao, Chen Fu, and Tianli Li

Abstract— Currently pressure sensors utilized for water
pressure measurement need batteries for direct power supply.
However, batteries are lifespan-limited and not so reliable in the
buried water pipe environment. The maintenance work due to
battery failures leads to high cost to utility owners. Wireless
passive surface acoustic wave (WP-SAW) sensors do not need
direct power supply from batteries and can work in harsh
environment. They are low-cost and compatible with micro-
electromechanical systems (MEMS) technologies. This study
investigates a temperature-compensated WP-SAW bidirectional
reflective delay line (RDL) pressure sensor and its feasibility in
improving water pressure measurement. The linear temperature-
compensated pressure sensing functional model between the
output phase shifts and the pressure change is established
theoretically and verified by experiments. An experimental
framework for testing the sensor node is built. The water pressure
sensing adaptor is proposed. Experimental results: the
experimental data show good linearities, which fits the established
functional relationship; the numerical functional relationship has
been derived and expressed; the sensor node has a good
performance in the range of pressure difference from 0 to 0.5 MPa,
which meets the normal 28-meter water pressure sensing
requirements; the accuracy of this sensor is 7.22 kPa, which can
be utilized for the water pressure sensing tasks in water
distribution systems.

Index Terms— Surface acoustic wave (SAW), reflective delay
line (RDL), sensor, water pressure, measurement
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I. INTRODUCTION

HE water loss worldwide has been estimated to be as high
as 126 billion cubic meters annually, which can cost 39
billion US dollars [1]. Drinking water loss caused by water pipe
leakage in water distribution systems may reach up to 50% of
the input in cases of insufficient maintenance [2]-[4]. Leakage
in water distribution systems causes not only water loss, but
also energy waste and contaminations to drinking water and
environments which threatens human health [4]-[6]. Therefore,
it becomes critical to efficiently detect and effectively reduce
leakages. These tasks rely on proactive awareness of leaking
points and prediction of potential water loss in good time.
Leakage detection has been investigated for many years.
Modelling of water distribution systems and developing
leakage detection algorithms are common methods utilized in
the recent years. For example, Wang et al. [7] developed a
pressure-dependent model for fast and efficiently localizing
leakages in water distribution networks. Investigation of
utilizing new artificial intelligence (AI) technologies for
leakage detection started to step onto the arena nowadays. For
instance, Harmouche et al. [8] utilized association rules mining
techniques for long-term monitoring of water distribution
networks. Kang et al. [9] ensembled convolutional neural
network — support vector machine (CNN-SVM) and graph-
based localization in water distribution systems for leakage
detection. However, the aforementioned investigations
encounter the bottleneck that only harnessing algorithms into
processing water pressure data cannot make revolutions on the
fundamental hardware systems to improve water pressure
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measurement.

In order to improve water pressure measurement, novel
pressure sensor systems are worthy of investigation. Currently
pressure sensors utilized for water pressure measurement are
so-called active sensors. They need batteries for direct power
supply. Batteries are lifespan-limited and not so reliable in the
buried water pipe environment. Thus, the maintenance work
due to battery failures leads to high cost to utility owners. As
for the problems of batteries and further improve reliability,
wireless passive surface acoustic wave (WP-SAW) sensors are
considered. They have numerous advantages over classic active
sensors. For instance, they can be accessed wirelessly, do not
need batteries for direct power supply, and enable remote
measurement in harsh environment. Moreover, they have the
rugged compact structure, outstanding stability, high
sensitivity, rapid real time response, and extremely small size.
They are low-cost and compatible to micro-electromechanical
systems (MEMS) technologies [10][11]. They have been
developed for a variety of industrial applications to measure
physical parameters [12][13]. However, through reviewing
large quantities of literatures, so far, only our preliminary
studies reported the study of WP-SAW sensors for water
pressure measurement.

In this paper, a temperature-compensated bidirectional WP-
SAW reflective delay line (RDL) pressure sensor and its
feasibility in improving water pressure measurement is
investigated. The sensor node based on a bidirectional RDL
structure and connected to one antenna is introduced. The
temperature-compensated ~ pressure  sensing  functional
relationship of the sensor node is established and verified by
experiments. An experimental framework is built to test the
sensor node and simulate the water pressure sensing adaptor,
which can provide accurate and steady temperature and
pressure in the test chamber. The experimental results are
discussed, and show that the temperature-compensated
bidirectional WP-SAW RDL pressure sensor is feasible on
water pressure measurement with good accuracy.

In summary, this paper has the following main contributions.

1) SAW sensor is brought to water pressure measurement in
water distribution systems. Compared to current water pressure
sensor utilized in water distribution systems, this SAW sensor
is a passive element and temperature-compensated, which are
advantages over current water pressure sensors.

2) A linear temperature-compensated pressure sensing
functional relationship between the output phase shifts and the
pressure change for this bidirectional WP-SAW RDL pressure
sensor node is established. It enables the elimination of ambient
temperature interference to the sensor node.

3) Experimental evaluation and tests of the temperature-
compensated bidirectional WP-SAW RDL pressure sensor and
experiments of water pipe simulator are implemented and
discussed. The temperature-compensated bidirectional WP-
SAW RDL pressure sensor is feasible in improving water
pressure measurement.

This paper is organized as follows. State of the art in WP-
SAW sensors is presented in Section II. The temperature-
compensated bidirectional WP-SAW RDL pressure sensor

node is proposed in Section IIIl. The linear temperature-
compensated pressure sensing functional relationship between
the output phase shifts and the pressure change is established in
Section IV. The experimental framework, water pressure
sensing adaptor, and experimental steps are presented in
Section V. Experimental results are discussed in Sections VI.
Finally, the results are concluded in Section VII.

II. STATE OF THE ART IN WP-SAW SENSORS

The current state of the art in WP-SAW sensors includes two
main types of architectures. They are SAW resonators and
SAW RDLs. Both the two types utilize radio frequency (RF)
signals for powering and interrogating sensor nodes. They both
utilize interdigital transducer (IDT) on piezoelectric substates
to convert interrogation RF signals into SAWs and convert
reflected SAWs back to response RF signals. The differences
are the reflectors and structures.

The SAW RDLs usually have several separate metal straps
(RDLs) etched on a piezoelectric substrate for SAW reflections
to produce different time delays on response RF signals. The
measurands influence these time delays resulting in the phase
shifts of response RF signals. Therefore, usually, the
measurands are functions of phase shifts by utilizing WP-SAW
RDL sensors. WP-SAW RDL sensors have been widely
investigated for a number of applications. For instances, Xie et
al. [14] introduced an embedded WP-SAW RDL pressure
sensor with its design and package strategies for civil structure
monitoring purpose. Devkota et al. [15] presented an 860 MHz
WP-SAW sensor with a metal-organic framework sensing layer
for CO, and CH4 measurement. Recently, new structures and
interrogation schemes of WP-SAW RDL sensors have been
investigated by researchers. For instance, Sveshnikov and
Shitvov [16] presented a new architecture of WP-SAW RDL
sensor tags with multi-transducers. Shi et al. [17] proposed a
novel scheme called dual-frequency interrogation and
hierarchical evaluation (DFI-HE) for resolving integer
ambiguity of phase shifts and obtaining precise time delays
between reflectors on WP-SAW RDL sensors.

The SAW resonators usually have Bragg reflectors which are
formed by regular arranged metal straps etched on a
piezoelectric substrate. Every strap only reflects a small
quantity of SAWSs. The superposition of the reflected SAWs
allows frequency selection of different reflected SAW
frequencies, which forms the resonant frequency of the SAW
resonators. The measurands influence the resonant frequency
on the response RF signals. Therefore, usually, the measurands
are functions of resonant frequencies by utilizing WP-SAW
resonator sensors. WP-SAW resonators have been developed
for industrial applications, e.g., wind turbines [18], marine
applications [19], automotive applications [20], etc. They have
been utilized for monitoring temperature, strain, torque,
pressure [21], etc. Researchers have been working for enhanced
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Fig. 1. The structure of a typical RDL type WP-SAW sensor node.
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Fig. 2. The temperature-compensated bidirectional WP-SAW RDL pressure
sensor node: a) structure; b) casing; ¢) photo.

accuracy and reliability of WP-SAW sensors. For example, in
order to detect sensors accurately and reliably, Yang et al. [22]
investigated an adaptive environment-aware threshold
determination algorithm for WP-SAW resonator sensors.
Khoshakhlagh et al. [23] proposed a pigeonhole principle-based
method for estimating the resonant frequency of WP-SAW
resonator sensors. Lurz et al. [24] presented a new interrogation
method for precise and fast frequency determination of WP-
SAW resonator sensors based on instantaneous frequency
measurement by a low-cost six-port interferometer.

III. THE BIDIRECTIONAL WP-SAW RDL PRESSURE SENSOR
NODE

A conventional WP-SAW RDL sensor node consists of one
IDT and several RDLs located at one side of the IDT. They are
paralleled to the IDT bars and vertical to the direction of SAW
propagation, as shown in Fig. 1.

The bidirectional WP-SAW RDL sensor node is shown in
Fig. 2. The core elements of this sensor node are a piezoelectric
substrate (a 0.5 mm thick Y-Z cut LiNbOs piezoelectric
crystal), an IDT (Al) and three RDLs (Ri, R, and R3) (Al)
etched (conventional photolithographic lift-off process) on the
surface of the substrate. The IDT is located in the center, and
RDLs are located at both sides of the IDT. RDLs are paralleled
to the centered IDT bars and vertical to two opposite directions
of SAW propagation. This bidirectional RDL structure enables

TABLE I
PARAMETERS OF THE TEMPERATURE-COMPENSATED BIDIRECTIONAL WP-
SAW RDL PRESSURE SENSOR NODE

Component name and unit Parameters
Center frequency (MHz) 433
SAW wavelength 4 (um) 8

Bar width (um) 2
Bar interval (um) 2
Bar length (um) 440
IDT width (um) 400
Thickness of metal Al (um) 0.2
Distance between IDT and R, (um) 7000
Distance between IDT and R, (um) 2400
Distance between IDT and R; (um) 4800

full use of SAW energies at both opposite directions of SAW
propagation.

An antenna is connected to the IDT for receiving and
transmitting RF signals. After receiving RF signals
(interrogation signals) from the reader (RF signal interrogating
and receiving unit) by the antenna, the WP-SAW RDL sensor
node is activated and the received RF signals are processed in
two steps. Firstly, the IDT converts the received RF signals into
SAWSs which propagates on the surface of the piezoelectric
crystal towards the RDLs at both sides of the IDT. Secondly,
parts of the incoming SAWSs are reflected by the specific
patterned RDLs. The parts of reflected SAWs propagate to the
IDT and are converted back into RF signals (response signals).
Response signals are transmitted back by the antenna to the
reader. The ambient interferences can change the propagation
of the SAW, which results in time delay changes and further
phase shifts of the response signals.

In order to sense pressure change, the measurand pressure
must be able to create a pressure difference and make a
deformation on the piezoelectric substrate. Before the
measurand pressure acts on the piezoelectric substrate, the
piezoelectric substrate must be kept at a constant pressure.
Therefore, the piezoelectric substrate is strictly sealed in a metal
cavity, and the right half of the lower surface is bonded and
fixed to the inner housing. Thanks to this package strategy, the
right half of the substrate is only sensitive to ambient
temperature changes and free from pressure changes, and the
left half of the substrate forming a cantilever is sensitive to both
ambient temperature and pressure changes. The sensor node is
shown in Fig. 2.

Based on the above design strategy, R, is designed as a
reference RDL, R and R3 are designed for pressure sensing and
temperature compensation purposes respectively. Pressure
changes cannot be extracted by only processing the response
signals related to R; and R, because the interference of
temperature change is also effective on the cantilever.
Therefore, a temperature-compensated pressure sensing
functional relationship by processing all response signals
related to Ry, R and R3 is established in the next section.

The SAWs reflected by substrate edges can overlap with the
SAWs reflected by RDLs. The overlaps of SAW cause
difficulties on subsequent signal processing and resolving
sensing information in time domain. Therefore, in order to
eliminate the interferences of the SAW reflected by substrate
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Fig. 3. The plane figure of the temperature-compensated bidirectional WP-
SAW RDL pressure sensor node (the plane figure of Fig. 2): a) top view; b)
side view.

edges, sound absorption materials are placed on both edges of
the substrate to absorb excessive SAW energy. To reduce
response signals overlapping with the noise caused by substrate
edge reflections in time domain, the substrate edges should be
far enough from the IDT, though edge reflection energies are
mostly absorbed by sound absorption materials.

For the convenience of sensing information extraction, the
effective response signals should be single-time-reflected SAW
by the three RDLs. The intervals in time domain of
interrogation signals should be long enough to make multi-
reflected SAW attenuate thoroughly and separate effective
single-time-reflected response signals for effective sensing
information extraction.

After all factors are considered, the dimensions of all
components of the sensor node are designed, which are shown
in Table I.

IV. TEMPERATURE-COMPENSATED FUNCTIONAL
RELATIONSHIP ESTABLISHMENT BETWEEN THE OUTPUT PHASE
SHIFTS AND THE PRESSURE CHANGE

Based on the working mechanism of the WP-SAW RDL
sensor, phase differences between interrogation and response
signals are influenced by four effects: measurands, initial
setting state, transmission delay in the reader, and the distance
between the reader and the sensor node antennas. In a practical
measurement, the last effect cannot be accurately measured.
Although the second and third effects can be measured, due to
the sensor node structure, the last three effects are embodied
synergistically, resulting in the incapability of measurement
separately. A model must be built which can eliminate the last
three effects, so that the time delay directly related to
measurands can be accurately known.

Fig. 3 is the plane figure of the temperature-compensated
bidirectional WP-SAW RDL pressure sensor, which shows
some key parameters of the sensor node. Following is the step-
by-step establishment of temperature-compensated functional
relationship between the output phase shifts and the pressure
change, which was firstly presented by us in [25] and improved
in this paper.

The initial interrogation signal transmitted from the reader
antenna S(t) is given by equation (1).

S(t) = Acos(wgt + 6y) = Acos[0 (t)] 1

where w, is the initial angular velocity; t is the time; 8, is
the initial phase of the interrogation signal; A is the initial
amplitude of the interrogation signal.

The response signal reflected by R; (i=1, 2, 3) is given by
equation (2).

Si(t) = A;cos[ wo(t — t;) + 0o] = A; cos[6; ()] (2)

where t; is the time delay of the response signal reflected by
R; (i=1, 2, 3) against the interrogation signal; A4; is the
amplitude of the response signal reflected by R; (i=1, 2, 3),
which is a smaller value than A due to attenuation of SAW
propagation.

The time delay t; consists of two parts shown in equation (3),
where T; is the time delay caused by the SAW propagation from
the IDT to the R; (i=1, 2, 3) and the back way to the IDT, and
7, is the time delay caused by initial setting state, transmission
delay in the reader, and RF signals propagating between the
reader and the sensor node. 7, is identical for all response
signals. 7; can be derived by d;, the distance from the IDT to
the R; (i=1, 2, 3) and v, the velocity of the SAW propagation on
the substrate.

2d,

ti=’[i+’[e=7+re 3)

From the sensor node structure, R, and Rs3 are designed for
reference and temperature compensation respectively. @y is
defined as the phase difference which indicates the temperature
impact of the ambient environment, which is derived in
equation (4). 7, is taken out by the subtraction.

Or = @3 — P2 = Wo(ts — t3) = wo(T3 — 72)
_2(dz—dy)
= on = WoTr 4)

where 7, is the round-trip time delay of the SAW
propagation from R; to R3 and reflected back from Rs to Ro.

The relationship between 7, and the temperature T is shown
is equation (5).

_2(d3 —dp) _ 2dr

Tr - - T, [1 4+ a(T — Tp)] (5)

v

where dr is the distance between R, and R3 on the surface of
the sensor substrate; 77, is the round-trip time delay caused by
the SAW propagation from R» to R3, and the back way from R3
to Ry at the reference temperature Tj; « is the temperature
coefficient of the substrate material.

Tr, can be derived by equation (6) in which dr, is the
distance between R, and R3 on the surface of the substrate at the
reference temperature Tj,.
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= 6
TT, " (6)
According to the propagation theory of SAW, the initial
angular velocity wy is derived in equation (7), where f; is the
initial frequency corresponding to w,.

wo = 21f, (7)

Equation (8) shows the relationship between the SAW
propagation velocity v and f;, in which A is the wavelength of
the SAW propagating on the surface of the substrate.

v=fyh €))

@1, is defined as the phase difference directly indicating the
temperature impact of the ambient environment at the reference
temperature T,. Equation (9) shows the relationship between
®1, and Ty, in a similar way as equation (4).

P1y = WoTT, 9

Summarizing equations (4)-(5)(6)(7)(8)(9), the temperature
change AT can be derived using the phase shift Ap; which
indicates the temperature impact of the ambient environment,
shown in equation (10).

A

AT =T—-Ty=——
0 dnadr,

(‘PT - ‘PTO) = Ay (10)

B 4nadr,

The time delay t; is affected by both temperature and
pressure changes. In order to extract the independent effect of
pressure change from the response signal reflected by R, the
interference effect caused by temperature change must be
eliminated.

Similar to equation (4), @pr is the phase difference between
the response signals reflected by R; and R, which can be
derived in equation (11).

Qpr = @1 — Q2 = wo(t; — t3) = wo(T; — T3)
2(dy — d3)
—

v

(11D

= WoTpr

where Tpr is the SAW propagation time difference between
the round trip from the IDT to R; and reflected back to the IDT
and the round trip from the IDT to R, and reflected back to the
IDT.

ur is defined as the average strain caused by temperature
change, and pp is defined as the average strain caused by
pressure change (see equations (12) and (13)).

ur = a(T —Ty) = aAT (12)

up = B(P — Py) = BAP (13)

where £ is the pressure coefficient of the substrate material;
P is the measurand pressure; P, is the reference pressure; AP is
the pressure change.

Tpr can be derived by equation (14).

2(dy —dp) _ 2dpr
1%

Tpr = = Tpyr, (1 + pp + pr) (14)
where dpy is the distance difference of dy and d,; Tp 7, is
the time difference at the reference temperature T, and

reference pressure P,, which can be derived by equation (15).

2 dPo To
v

Tpyr, = (15)
where dp 7, is the distance difference of d; and d, at the

reference temperature T,, and reference pressure P,.
Summarizing equations (11)-(12)(13)(14)(15), @pr can be

derived by equation (16), and @p 1, can be derived by equation

(17).

dp,r,
Ppr = WoTpr = Wo vo >(1+ pp +ur)
d
= w, % (1 + BAP + aAT) (16)
2dpr,
ProTy = WoTpyT, = Wo — 17)

4

where @p r, is the phase difference between the response
signals reflected by R; and R; at the reference temperature T,
and reference pressure P,.

Therefore, Appr, the subtraction of @pr and @p 7, can be
derived by equation (18).

ZdPOTo
v

Appr = Qpr — Ppy1, = Wo (BAP + aAT) (18)

Summarizing equations (7)-(8)(18), the pressure change can
be derived as equation (19).

(04
AP=P—P, = Agpr = Z AT (19)

4mpdp,r,

Summarizing equations (10) and (19), the pressure change
can be expressed by output phase shifts, as equation (20).

AP

A <A<PPT _ Apr (20)

:4nﬁ’ )ZMA<PPT_NA‘PT

dPoTo dTo

where M and N are constants.

In summary, the temperature-compensated functional
relationship between the output phase shifts and the pressure
change is established as equation (20), which shows a linear
relationship.
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Fig. 4. The experimental framework and the RF signal flow for the
performance evaluation of the temperature-compensated bidirectional WP-
SAW RDL pressure sensor node.
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V. EXPERIMENTAL FRAMEWORK AND WATER PRESSURE
SENSING ADAPTOR

A. Experimental Framework Setup

Fig. 4 shows the experimental framework setup and RF
signal flow for evaluating the performance of the WP-SAW
sensor node. This structure was first presented by us in [26].
Fig. 5 is the photo of the experimental framework setup. It was
previously presented by us in [26]-[28]. The instruments
include a 20 MHz Function/Arbitrary Waveform Generator
(Agilent 33220A Function/Arbitrary Waveform Generator), a
250 kHz — 6 GHz ESG Vector Signal Generator (Agilent
E4438C ESG Vector Signal Generator), a | GHz Mixed Signal

Oscilloscope (Agilent MSO 6104 A Mixed Signal Oscilloscope)
and a 30 kHz — 26.5 GHz Spectrum Analyzer (Agilent E4440A
PSA Series Spectrum Analyzer). The Function/Arbitrary
Waveform Generator (Agilent 33220A) generates the pulse
signal is multiplied by the standard 433 MHz sine wave
generated by the ESG Vector Signal Generator (Agilent
E4438C). The multiplication result of the two signals is
transmitted out as the interrogation signal to the WP-SAW
sensor node. The sensor node receives interrogation signal from
the signal generators and then reflect it to form response signals
with sensing information to the spectrum analyzer and the
oscilloscope. The signal generators, the spectrum analyzer and
the oscilloscope work together to form the function of the reader
for the WP-SAW sensor node.

The functions of each experimental instrument are as
follows. The interrogation signal is generated by the
multiplication of two signals (pulse and sine wave) generated
by two signal generators. It activates the sensor node and is
reflected by the three RDLs to form response signals. The
oscilloscope and the spectrum analyzer receive both response
and interrogation signals wirelessly and processes them in time
and frequency domains respectively. The experimental
framework includes a two-layer glass water pipe, a water bath
temperature controller and a liquid pressure transfer platform.
The temperature of the strictly sealed inner-layer glass pipe is
controlled by the cycled water in the outer-layer glass pipe with
constant temperature from the water bath container, and the
pressure of the inner-layer glass pipe can be adjusted by the
liquid pressure transfer platform. Based on Boyle’s Law, the
pressure applied in the strictly sealed inner-layer glass pipe via
the liquid pressure transfer platform is equal to the air pressure
sensed by the sensor node. The actual temperature and pressure
values can be read from the water bath temperature controller
and the liquid pressure transfer platform respectively, while the
experimental values can be obtained through processing the
interrogation and response signals.

During measurement, time delays of response signals are
extremely small. For the instance of temperature compensation,
0.1 °C variation of temperature only causes 0.01 ns variation of
time delay. If direct measurement were applied, the accuracy of

Reader
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WP-SAW pressure

sensor node

Piston Pressurized air

AN

Water PVC Water

pressure p]pe pressure

\ = \

—> [ —

Fig. 6. The proposed water pressure sensing adaptor for WP-SAW sensor
system.
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pressure change AP at constant temperature 25 °C (Reference pressure: 1
atm).

measuring instruments would have to reach picosecond level.
This is difficult to be achieved by current hardware. However,
phase shifts can be measured instead of direct measuring time
delays because the time delay of a signal at a certain frequency
is a function of the phase difference. One period time delay
corresponds to 360° phase difference. Generally, the frequency
of an RF signal varies from several tens’ Hz to several GHz. A
period of an RF signal is usually at nanoscale. It is easier to
reach picosecond level by measuring phase shifts. To measure
phase shifts, high frequency RF signals are processed through
down conversion, low-pass filtering and quadrature sampling.
Through these processes, phase shifts can be obtained from
measured RF interrogation and response signals.

B. Water Pressure Sensing Adaptor

Showed in Fig. 6, inspired from the experimental framework,
the water pressure sensing adaptor is proposed, which is
improved from our previous one in [29]. The WP-SAW sensor
node was attached to the top of the inner chamber of the
adaptor. It can directly sense the pressurized air pressure above
the piston. Similar to the experimental framework, according to
the Boyle’s Law, the pressurized air pressure above the piston
is equal to the water pressure below the piston. Therefore, water
pressure can be measured through pressurized air pressure in
the sensor node chamber without contacting the water.

Due to the electromagnetic shielding effect of metals, this
adaptor is only designed for non-metal material pipes, e.g.,
polyvinyl chloride (PVC). The RF interrogation signal emitted
from the reader activates the WP-SAW pressure sensor node in
the adaptor and the RF response signals with water pressure
sensing information transmit back to the reader for processing.
This sensor node is battery-free benefitting from its passive
feature.

VI. EXPERIMENTAL RESULTS AND DISCUSSIONS

The sensor node is initially characterized by the network
analyzer (Keysight E5071C 100kHz — 4.5 GHz ENA Series
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Fig. 12. Absolute errors (AE) of output phase shift A@p depending on the
pressure change AP at constant temperature 25 °C (Reference pressure: 1
atm).

Network Analyzer). The test result shows that the center
frequency of the fabricated sensor node is 425.1220 MHz. In
order to guarantee the quality of both interrogation and response
signals to effectively extract sensing information, 1 pus width of
the interrogation signal is selected. This is because the time
delay from the IDT to every RDL is a multiple of approximately
1 ps. Less than 1 ps width influences the sampling of the signals,
while greater than 1 ps causes overlaps of response signals.
Therefore, a 1 pus width 425.1220 MHz RF pulse is selected as
the interrogation signal. 20 ps is selected as the period of the
interrogation signal to avoid signal overlaps in two adjacent
interrogation periods.

Fig. 7 shows the recorded waveform of the interrogation
signal and three response signals reflected by three RDLs in
time domain. Every response signal is independent and does not
interfere with each other. The first RF pulse showing the largest
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Fig. 13. Measurement data of output phase shift App; depending on the
temperature change AT at different AP (0, 0.1 MPa, 0.2 MPa, 0.3 MPa, 0.4
MPa, 0.5 MPa) (Reference temperature: 55 °C)(Reference pressure: 1 atm)
(before temperature compensation).
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Fig. 14. Measurement value of AP depending on the temperature change AT
at different actual AP (0, 0.1 MPa, 0.2 MPa, 0.3 MPa, 0.4 MPa, 0.5 MPa)
(Reference temperature: 55 °C)(Reference pressure: 1 atm) (After temperature
compensation).

amplitude is the interrogation signal because the RF
interrogation owns the largest power compared to three
reflected RF response signals. The second RF pulse is the
response signal reflected by R, because R, is the nearest
reflector to the IDT. The third RF pulse is the response signal
reflected by R because Rs is the second nearest reflector to the
IDT, and the fourth RF pulse is the response signal reflected by
R because R is the farthest reflector to the IDT compared to
R, and Rs. The remaining low-amplitude RF pulses are high-
order reflections between the IDT and three RDLs, and
substrate edge reflections. These low-amplitude RF pulses are
considered as interfering signals, and do not have any
influences on the effective extraction of sensing information
because of no overlaps in time domain with the first four
effective RF pulses (interrogation signal and three response
signals primarily reflected by the three RDLs).

The influence of interrogation distance (the distance between
the reader and sensor node) on amplitudes of RF response
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TABLE II
RELATIVE ERRORS (RE) OF OUTPUT PHASE SHIFTS (A@, A@pr) DEPENDING ON THE TEMPERATURE CHANGE AT AT CONSTANT PRESSURE 1 ATM (REFERENCE
TEMPERATURE: 55 °C).

AT(°C) -1 -2 -3 -4 -6 -7 -8 -9 -10
REAQpr 1.04% -3.94% 4.88% 6.21% -6.12% -1.19% 2.06% -4.02% -0.02% 1.84%
REAQ, -15.41% 4.82% 3.01% -5.90% 2.17% 3.27% 0.42% -2.59% 3.12% 0.75%
AT(°C) -11 -12 -13 -14 -15 -16 -17 -18 -19 -20
REA@py 1.98% 0.09% -1.93% -0.51% -0.89% 1.46% 0.56% 0.19% 0.66% -0.43%
REA@; 2.13% -2.60% -2.44% 0.45% 0.82% -2.78% 1.21% 1.08% -0.68% -0.43%
AT(°C) 21 -22 -23 -24 -25 -26 =27 -28 -29 -30
REA@pr -0.72% -0.67% 0.36% -0.97% 0.04% -0.09% -0.28% 0.39% 0.26% 0.47%
REA@, 0.99% 1.00% -1.88% -1.84% 0.00% 0.46% 0.49% 0.36% 0.74% -0.23%
TABLE III
RELATIVE ERRORS (RE) OF OUTPUT PHASE SHIFT A¢p; DEPENDING ON THE PRESSURE CHANGE AP AT CONSTANT TEMPERATURE 25 °C (REFERENCE PRESSURE: 1
ATM).
AP(MPa) 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
REAQpr 14.84% 16.44% -8.80% -5.45% -8.44% 1.21% 1.85% -1.10% 0.04% 1.82%
TABLE IV

ABSOLUTE ERRORS (AE) AND RELATIVE ERRORS (RE) OF MEASUREMENT VALUE OF AP (MAP) AT DIFFERENT ACTUAL AP (AAP) (REFERENCE PRESSURE: 1 ATM).

AAP(MPa) 0 0.1 0.3 0.4 0.5
AE MAP(MPa) 1.62x1072 1.29x1072 7.29%x1073 4.81x10° 4.78x1073 1.60x1073
RE MAP 1 11.45% 3.52% 1.58% 1.18% 0.32%

signals are shown in Fig. 8. Within 0.1 m interrogation distance,
the response RF signal amplitudes are at high level. This range
of interrogation distance is in favor of recording phase shifts of
response RF signals. Therefore, the measurement data of phase
shifts are recorded at 0.1 m interrogation distance. Beyond 0.1
m interrogation distance, the response RF signal amplitudes
decrease dramatically. With the increase of interrogation
distance, the response RF signal amplitudes fluctuate and
decrease to 0 eventually. Within approximately 2.35 m
interrogation distance, the WP-SAW sensor node is
interrogatable, which means phase shifts can still be recorded
but the interference of noise is strong. Beyond approximately
2.35 m interrogation distance, the response RF signal
amplitudes sink into the noise and phase shifts cannot be
recorded.

Fig. 9 shows the measurement data of temperature changes
and phase shifts (A@r, A@pr) at constant pressure 1 atm
(Reference temperature: 55 ©°C). Fig. 10 shows the
measurement data of pressure changes and phase shift App; at
constant temperature 25 °C (Reference pressure: 1 atm). Fig. 11
shows the absolute errors of temperature changes and phase
shifts (Agr, Appy) at constant pressure 1 atm (Reference
temperature: 55 °C). Fig. 12 shows the absolute errors of
pressure changes and phase shift A@pr at constant temperature
25 °C (Reference pressure: 1 atm). Table II shows the relative
errors of temperature changes and phase shifts (A@;, Appr) at
constant pressure 1 atm (Reference temperature: 55 °C). Table
[T shows the relative errors of pressure changes and phase shift
A@pr at constant temperature 25 °C (Reference pressure: 1
atm). Absolute error is defined as equation (21), and relative
error is defined as equation (22). Fig. 13 shows the
measurement data of output phase shift Agpr and the
temperature change AT at different AP (0, 0.1 MPa, 0.2 MPa,
0.3 MPa, 0.4 MPa, 0.5 MPa) (Reference temperature: 55

°C)(Reference pressure: 1 atm). Table IV shows the absolute
and relative errors of measurement value of AP at different
actual AP (Reference pressure: 1 atm).

Absolute Error (AE) = Experimental — Theoretical (21)

Absolute Error (AE)

Relative Error (RE) = Experimental

(22)

From Fig. 9 and Fig. 10, linearities of measurement data are
shown. Therefore, fitting techniques can be utilized to analyze
the theoretical functional relationship. Fig. 11 shows the range
of absolute errors of temperature measurement is within
approximately £7°. Fig. 12 shows the range of absolute errors
of pressure measurement is within approximately £3°. Fig. 13
(measurement data of output phase shift Appy) reflects the
features before temperature compensation, while Fig. 14
(measurement value of AP ) reflects the features after
temperature compensation.

Utilizing fitting techniques, the variances of A@; and A@pr
in Fig. 9 are 0.9997 and 0.9994, and the variance of A@py in
Fig. 10 is 0.9946. All the variances of experimental data are
close to 1, which means the experimental data of both Fig. 9
and 10 show good linearities and they fit the established
functional relationship in Section IV. The functional
relationship between the output phase shifts and the pressure
change can be expressed as equation (23).

23 1.2681

AP = 12365 2" ~ 12365 - 12297 T 14365

(23)
where 1/143.65 and 23/(143.65*12) are the constants M and

N in equation (20), and 1.2681/143.65 is the correction.
The sensor node has a good performance in the range of
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pressure difference from 0 to 0.5 MPa, which meets the normal
28-meter water pressure sensing requirements. The accuracy of
this sensor is 7.22 kPa.

VII. CONCLUSIONS

This paper established the functional relationship between
output phase shifts and the pressure change for the temperature-
compensated bidirectional WP-SAW RDL pressure sensor
node. It was tested by an experimental framework which
simulates a water pressure sensing adaptor. The experimental
results: the experimental data show good linearities, which fits
the established functional relationship; the numerical functional
relationship has been derived and expressed; the sensor node
has a good performance in the range of pressure difference from
0 to 0.5 MPa, which meets the normal 28-meter water pressure
sensing requirements; the accuracy of this sensor is 7.22 kPa.
Overall, this WP-SAW sensor node can be utilized for the water
pressure sensing tasks in water distribution systems.
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