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Abstract—A water quality monitoring application often
requires the deployment of Internet-of-Things (IoT) sensors over
a wide water body with communication links among them to
transmit, receive the data, and then uplink it to the cloud
for further analytics. Deployment of this kind requires battery-
assisted IoT sensors which require monitoring the battery level
and replacement when necessary. It is thus desirable to have
battery-free sensor tags and a suitable communication infras-
tructure to obtain data. In this article, a system that facilitates
obtaining sensed data, like pH, through passive sensor tags
based on surface acoustic wave (SAW) technology and a cellular
code-reuse scheme-based reader infrastructure is proposed. The
reader in each cell is able to read multiple sensor tags simul-
taneously, which itself has been a challenge. The SAW sensor
tags are appropriately proposed to be designed to be orthogonal
to allow simultaneous detection and the cell range of reader-
SAW sensor-tags communication is sought to be further enhanced
through a resonant loading of interdigital transducer (IDT)-based
reflectors.

Index Terms—Cellular networks, code-reuse, Internet of
Things (IoT), SAW pH sensor-tags, scalable networks, sensors,
RFID tags, water quality monitoring.

I. INTRODUCTION

THE CONSISTENT surge in human activity over the
past century is having a deleterious impact on our

environment, at the cost to human health [1]. In many devel-
oping countries, the lack of sanitation facilities followed by
the activities of mining factories all contribute to negative
impacts on the environment. To ensure sustainability, it will
be crucial to have efficient monitoring systems for monitor-
ing air quality, water quality, and also for earthquake [2]–[4].
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Of particular importance among all is the water quality
monitoring (WQM) since every living creature needs water
to survive [5]. Although water is abundant on earth, only
2.5% of the available water is fresh water [6] and roughly
20% of the world’s population do not have access to safe
and clean drinking water [7]. Currently, modernization across
urban cities with concentrated human activities are account-
able for severe water pollution, which is deemed to be one
of the major problems affecting the environment [8]. Hence,
detecting and analyzing the pollutants in water is critical.
Water quality indicates the generic composition of water in
terms of its chemical, physical, as well as biological proper-
ties. WQM can be considered as a method for systematically
sampling and analyzing the water conditions and its character-
istics with time [9]. It typically involves monitoring freshwater
sources, such as lakes, ponds, rivers, streams, wells, reser-
voirs, and wetlands to ensure that the source is providing
a safe water for drinking as well as for other human and ani-
mal activities [10]. To support the need for why we need to
monitor water quality, the spill of a coal processing chemi-
cal, 4-Methylcyclohexanemethanol (MCHM) into the Elk river
in Virginia, USA is an example that can be used. The river
had become contaminated due to this chemical and is located
roughly 2.4-km upstream from the public water supply intake
for the city in West Virginia. This water contamination was
drawn into the city’s main water supply stream leaving over
300 000 people and area businesses without water for sev-
eral weeks. The researchers too had little information on how
the spilled chemicals moved in and through the water, and
about the toxicity, the measurements, as the relevant published
information was either limited or nonexistent [11].

From the 1960s to 2000, WQM mainly relied on a man-
ual approach for water sampling and analysis, where humans
would travel to a water source, collect one or more sam-
ples, and transport them to a laboratory for further analysis.
However, these traditional systems have several limitations,
such as high spatiotemporal variability of the physical, chem-
ical and/or microbial parameters of the water, human errors
during sample collection, errors introduced by the sample
transportation items, and the presence of reagents and other
contaminants. Starting from the late 2000s, new technologies
were introduced to overcome some of these limitations, such
as new sensors that utilized biosensors, optical sensors, and
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micro electro-mechanical systems (MEMSs) to sense various
water quality parameters, such as pH, dissolved oxygen (DO),
temperature, and turbidity.

A further improvement took place when wireless sensor
networks (WSNs) started gaining increased attention as the
communication technologies and techniques improved. WSNs
have proven to be very efficient in wirelessly monitoring
the environmental data and the ability to acquire and pro-
cess data from several widely distributed sampling points
using low-power communication networks, which assists the
decision makers to capture data from multiple remote sen-
sors locations in a timely fashion. In such cases, it is not
only the sensed parameter which is needed but also the
ID of the sensor since the sensors are widely distributed
across different locations. Thus, the sensors can also provide
the necessary ID information and hence act as sensor tags
where the tag component is used for identifying a particular
sensor tag. Several IoT sensors exist among which the silicon-
based integrated circuit (IC), a very established technology,
is classified into active, passive, and semi-passive. However,
these tags suffer from severe multipath reflections in metal-
lic environments [12]. Active silicon tags utilize an internal
battery which makes it expensive while passive tags use a rec-
tifier that requires a minimum threshold power from the reader
in order to energize them. Furthermore, all silicon-based tags
suffer from harsh environmental conditions, such as high tem-
perature, pressure, humidity, and radiation. Compared to them,
the chip-less technology, such as surface acoustic wave (SAW)
sensor tags are far superior since they can overcome the
multipath reflections from metallic environments, can be read
under harsh environmental conditions, and can reflect or
backscatter at any power level emitted from the reader [13].

SAW tags or sensor tags, unlike silicon-based IC, are one
of the kinds of chipless devices and work based on piezoelec-
tricity instead of the semiconductor physics [14], [15]. The
SAW tag consists of an input interdigital transducer (IDT),
with two interlaced comb-like metal electrodes that is used
to transform the incoming electrical signal into 100 000 times
slower acoustic waves using any piezoelectric substrates, such
as Lithium Niobate (LiNbO3), Quartz, and so on, followed
by a series of strategically arranged reflectors that are used
to encode ID information in the acoustic waves which is then
read by the reader from a distance. Several works have been
reported in the area of SAW tags and sensor tags. SAW sensor
tags rely on the change in the velocity of SAW wave due to
a given sensing variable which, in turn, is measured either as
change in resonating frequency of SAW resonator or delay time
in SAW delay line. Interestingly, same device can serve both
as a SAW sensor as well as a SAW tag [16], [17]. The major
difference between SAW sensor tags and SAW tags is that
SAW sensor tags include a sensing layer, due to which piezo-
electric material parameters, such as velocity, changes when
the material properties change due to environmental influences
while still providing the tagging information at the same time,
unlike SAW tags which provide only the tagging information.
Two reflector designs based on orthogonal frequency cod-
ing (OFC) and open circuit-short circuit (OC-SC) are available
in SAW tags, among which the OC-SC is very popular and

commercialized today, mainly due to the provision of large num-
ber of codes for a given number of bits and straightforward
design [18]. Several work has been carried out in the area of
WSNs for WQM among which [19] presents a smart low-cost
remote monitoring sensor and utilizes it for performing real-
time WQM. Kuang et al. [20] described a multiparameter DO
prediction model utilizing a collection of water quality sensors
and Lambrou et al. [21] presented an IoT platform which was
applied to conduct water contaminant detection case studies.

With reference to the work in SAW tags,
Hartmann et al. [22] proposed various anti-collision
strategies for SAW tags to improve the detectability.
Brandl et al. [23], [24] described a reader-based signal pro-
cessing algorithm based on integer programming and linear
block codes using two SAW tags. Zhong et al. [25] designed
a Barker code-based reflector for SAW tags to mitigate
the collision problem. Sorokin and Shepeta [26] proposed
a time-frequency strategy for SAW tags with each reflector
along a single acoustic path tuned to different frequencies to
mitigate intertag interference. In [27], we had discussed an
OC/SC IDT-based reflector with a 5-bit binary code design
using which a total of 25 codes are possible. However,
in [22]–[24], the algorithm works well for a very limited
number of SAW tags. For cases when more than 1000 SAW
tags are to be read, the read time radically increases along
with reader complexity and tag-to-tag interference. Barker
coded reflectors as in [25] possess good auto-correlation
properties but faces severe intertag interference when numer-
ous SAW tags response superpose on each other in the time
domain. For the reflector arrangement as proposed in [26]
using time-frequency approach, the design works well for
a limited number of codes and which are strictly orthogonal.
However, for all possible combinations of codes for a given
number of bits, there will be an overlap between time and
frequency domain which causes several SAW tag responses
to superpose on each other resulting in severe intertag
interference. In such cases, it is impossible to simultaneously
identify numerous tags at the same time. Above all, it is
practically impossible to indefinitely increase the number of
time or frequency slots in SAW tags as it results in a higher
amount of loss and larger delay times. Although OC/SC
reflectors can provide us with a larger number of codes in
the order of 2n where n is the number of bits, the number of
orthogonal codes that are possible is only n, which is limited,
and each reflector located in one of the n possible time
slots [27]. Therefore, if all 2n tags are physically present,
all of them cannot be simultaneously detected at a time due
to severe intertag interference. Another approach based on
frequency-division multiplexing (FDM) for SAW sensors
were proposed in [28], but the finite bandwidth limits the
number of detectable tags. Time-division multiplexing (TDM)
cannot be a solution for SAW devices because the SAW tags
or sensor tags, being passive, does not contain sophisticated
functionalities to pseudorandomly delay the responses so as
to avoid interference due to multiple tags. Hence, a fast and
error-free detection approach is needed to detect numerous
(>104 or 105) orthogonal SAW sensor tags so that a practical
number of items can be simultaneously read over a wide area.
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Fig. 1. Typical SAW sensor-tag design.

A typical SAW sensor-tag design is shown in Fig. 1 where
a sensing layer is deliberately added followed by a series of
coding reflectors. Thus, a SAW sensor tag is a single device
that performs both sensing as well as tagging (or identification)
at the same time. The tag detection is carried out by detecting
the peaks obtained after receiving the reader signal back at the
reader and correlation. The error probability versus SNR plots
are obtained, and the error probability is used to estimate the
cellular radius of the reader system.

In this article, we make use of a SAW sensor tag that performs
both sensing of pH value as well as tagging utilizing a time-
frequency lattice ID as in Fig. 1. ZnO-based pH sensing principle
is sought to be utilized as in [29]. A similar design is presented
in Section IV and is used to explain the WQM scenario.
The study is focused on simulation-based feasibility study of
a cellular-based reader system design that can simultaneously
read multiple SAW sensor tags at a time. Accordingly, the sensor
tags were not needed to be bought and physically tested.

In the light of the above, the scope and contributions of
our article are as follows. Comparing with [19]–[27], we
present a novel and efficient approach to WQM using cellu-
lar code reuse and to simultaneously identify, and, implicitly,
sense multiple orthogonal SAW sensor tags. The so-developed
approach is intended to monitor the water quality over a wide-
area pond, lakes, rivers, and coastal sea where many water-
based assets and other resources may lie. In this method,
multiple SAW sensor tags and readers are strategically divided
into several hexagonal cells that form a cellular infrastruc-
ture and by appropriately maintaining the distance between
the same group of SAW sensor tags across different cellular
hexagonal regions, the intertag interference between the same
group of codes can be easily avoided. Using the cellular code-
reuse approach in conjunction with our SAW sensor tag, the
number of orthogonal SAW sensor tags can be significantly
scaled-up, thereby allowing a greater number of them to be
deployed on water bodies over a very wide area. Our article
is further organized as follows. Section II explains the code-
reuse technique for reader-SAW sensor tags/tags. Section III
explains the SAW tag and sensor-tag model based on time-
frequency lattice approach. Section IV describes a WQM
scenario in a large pond which utilizes the cellular code
reuse with orthogonal SAW sensor tags. Sections V explains
the various reflector load conditions. Section VI presents the
simulation results for the time-frequency lattice, S11 in time
and frequency domain followed by the peak detection and
read range analysis. Finally, we conclude and provide future
directions in Sections VII and VIII.

II. CELLULAR CODE-REUSE SYSTEM

Inspired by the frequency reuse concept of cellular
networks [30] currently applied to the present mobile devices
which relies on an intelligent allocation and reuse of frequency
channels throughout a cell coverage region, the code reuse
approach follows a similar approach on an intelligent alloca-
tion and reuse of ID codes of tags throughout the coverage
region and is a relatively new realization for tag-reader
systems. Although a similar but different concept is explained
earlier [30], we attempt to explain it with a code-reuse-based
perspective such that the explanation fits the context. This
approach is equally applicable for SAW sensor tags too.
However, the concept was explained using tags to explain
the intelligent reuse of tag IDs across various hexagonal cells
over a wide area. Unlike the frequency reuse concept where
there are cellular base stations present in every hexagonal
cells covering a finite number of selective subscribers, code
reuse approach follows similar standards except that the base
station is replaced by a reader. In this approach, each cel-
lular reader is allocated a group of SAW tag codes to be
used within a small geographical area called a cell. Readers
in adjacent cells are assigned ID codes which contain com-
pletely different codes than the neighboring cells. The reader
antennas are designed to achieve the desired coverage within
the cell. By limiting the coverage area to within a cell, the
same group of tag ID codes can be used to cover cells that
are separated from one another by distances that are large
enough to avoid the collision of tags. The design process of
selecting and intelligently allocating the code groups for all
readers within a cellular system is called code reuse or code
planning. Fig. 2 illustrates the concept of code reuse where
the readers labeled with the same letter use the same set
of codes.

The hexagonal cell shape as shown in Fig. 2 is a concep-
tual and simplistic model of the radio coverage for each RFID
reader, but it has been universally adopted since the hexagon
permits a larger radio coverage area in conjunction with no
overlapping regions relative to a circle [30]. Other shapes,
such as squares and rectangles provide a lesser area for a given
side length relative to a hexagon, which makes hexagon an
appropriate choice. When using hexagons to model coverage
areas, RFID readers are depicted as either being in the center
of the cell or on any three of the six vertices. Usually, isotropic
antennas are used in center while sectored-directional antennas
are used as corner-excited cells.

To understand the code-reuse approach, consider a cellular
system which has a total of C codes available for use. If each
cell is allocated a group of n codes (n < C), and if the C codes
are divided among M cells into strictly unique and disjoint
code groups and each having the same number of codes, then
the total number of available ID codes can be expressed as in
the following equation:

C = nM. (1)

The M cells which collectively use the complete set of avail-
able codes is termed as a cluster. If a cluster is replicated or
reused K times within the system, the total number of codes,
N, can be used to measure the entire capacity of the cellular
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Fig. 2. Typical cellular code reuse framework with M = 7 cells per cluster.

RFID system and is given by the following equation:

N = KnM. (2)

By substituting (1) in (2), we obtain the result as in the
following equation:

N = KC. (3)

From (2), the code capacity of a cellular RFID system is
directly proportional to the number of times (K) a cluster is
reused within the fixed interrogation area. The factor M is
called the cluster size and is typically an integer number. If
the cluster size M is reduced while keeping the cell size con-
stant, more clusters are required to cover the given area and
hence more code capacity can be achieved. Generally, a larger
cluster size implies that the ratio of cell radius to the dis-
tance between co-channel cells is high. Conversely, a smaller
cluster size explains that the ratio is small and that the two
co-channel cells are located closer together. The code reuse
factor of a cellular RFID system is given by 1/M, since each
cellular reader within the cluster is allocated only 1/M of the
total number of available ID codes in the system. Fig. 1 shows
an illustration of a total of 63 SAW tags deployed over a given
wide area although the entire M = 7 cell cluster contains only
21 orthogonal SAW tags.

A. To Find the Appropriate Hexagonal Cell to Reuse the
Same Group of SAW RFID Sensor-Tag Codes

Since the geometry contains six equidistant neighbors per
cluster and that the lines joining the centers of any cell and
every other neighbor are separated by 60◦ and multiples of it,
not all cluster sizes and cell layouts can fulfil this criterion. The
appropriate hexagonal cell to be chosen for reusing the same
group of codes is satisfied by the following equation in [30]:

M = i2 + ij + j2 (4)

where i and j are nonnegative integers. The above equation
provides the number of hexagonal cells to be used within
a cellular system while maintaining the code-reuse distance
necessary to keep the same group of codes at a sufficiently
large distance to avoid tag-to-tag interference. To find the
nearest cell where the same group of codes are used, a set
of procedures has to be followed: 1) move i cells along any
chain of hexagons such that the centers are joined along the
line passing through it and 2) turn 60◦ counter clockwise

from the earlier direction of movement and move j cells. For
instance, in Fig. 2, the group of codes used by reader A can
be reused by two cells along the chain of hexagons (i = 2)
and moving one cell (j = 1) upon turning 60◦ counter clock-
wise from the earlier direction. This will provide us the cell
at which the same group of codes can further reused, which
maximizes the capacity of the cellular RFID system. The min-
imum distance required to reuse the same group of ID codes
is called the code-reuse distance and is given by the following
equation [30]:

Dreuse =
√

i2 + ij + j2.R
√

3 (5)

where the factor R
√

3 is the distance between the centers of
any two adjacent cells. Upon substituting (4) in (5) we obtain
the result

Dreuse = √
M.R

√
3 = √

3M.R (6)

where R is the radius of a cell. Although the time slots of SAW
RFID tags or sensor tags cannot be indefinitely increased,
the code-reuse approach allows us to intelligently allocate the
same group of codes according to a predetermined set of rules
as explained previously. In the subsequent sections, we present
a SAW sensor-tag layout which will be utilized for the WQM
system framework. In Fig. 2, since there are also multiple read-
ers co-located within and throughout cells, the reader-to-reader
interference will be inevitably present and can be resolved by
utilizing an appropriate protocol [31]. With the combination
of the above techniques, it is feasible to orthogonally scale-
up the number of orthogonal SAW sensor tags by reusing the
same group of codes in another cell which can significantly
maximize the number of orthogonal codes.

III. TIME-FREQUENCY LATTICE DESIGN OF

SAW SENSOR TAGS

Fig. 3 illustrates the proposed time-frequency lattice design
for a SAW tag. In this design, the acoustic paths are present
on either side of the input/output IDT unlike other SAW tag
designs where the input/output IDT typically radiates along
a single acoustic path which is present in the right side of the
input/output IDT.

The input IDT is connected to the antenna which receives
the electromagnetic (EM) waves sent from the RFID reader.
The antenna sends this signal to the input IDT which converts
the electrical energy into acoustic energy. This acoustic energy
E with bandwidth B, before propagating, is split bidirection-
ally into energies of energy (E/2) and bandwidth (B/2) and
propagates on either side of the IDT. Various choices for the
piezoelectric substrates exist, e.g., LiNbO3, Quartz, multilayer
substrates, and so on. In the proposed design, the input IDT
transmits a wideband signal centered around a frequency f 0,
while the reflecting IDTs present on either side resonate at
two different frequencies f1 = f0−B/2 and f2 = f0+B/2 with
bandwidths equal to (B/2). These energies get reflected from
nt equispaced reflectors on either side. The delay values from
reflectors on either side are the same. The output IDT (the
input IDT also acts as output IDT) receives these successive
reflections from both the paths and upon converting them into
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Fig. 3. 2-bit time-frequency lattice design for SAW RFID tags.

electrical signals, is backscattered at the antenna to the RFID
reader. The RFID reader antenna receives the EM signal and
is analyzed in the time-frequency lattice. As shown in Fig. 3,
it is possible to analyze the signal in two different dimen-
sions (or domains) because the reflectors which are spaced
at equal time slots in both the acoustic paths can also have
either of the frequencies at any given time instant. Hence,
there is a unique combination for a given SAW tag design. The
proposed design exploits a single reflector IDT per SAW tag
which gives rise to only one reflection at any given time instant
T1 or T2 with frequency f 1 or f 2. This gives rise to a sin-
gle unique signature for one SAW tag which will be strictly
orthogonal to other SAW tags in the time-frequency lattice
as in Fig. 3. Here, the word orthogonal indicates there is no
relationship of the IDs of any two SAW tags and are unique
to each other.

The use of time slots and two frequency bands thus creates
a time-frequency lattice. Each point in the lattice is reflective
of reflection from some reflector in either frequency band.
Associated with one object, it gives the object a unique time-
frequency slot that cannot be mixed with any other slot and,
hence, stays orthogonal to other time-frequency slots. In other
words, the time frequency index can act as unique ID identifier
orthogonal to other indices. The generatable number of SAW
tags for a given number of time slots is straight forward to
obtain. For instance, a 2-time slot and two frequencies, would
contain 2 × 2 = 4 possible number of SAW tags. Similarly,
3, 4, and 5-bit time slot designs can generate a total number
of 6, 8, and 10 orthogonal SAW tags. Thus, for any given nt

time slots and nf frequencies, the total number of perfectly
orthogonal SAW tags that can be generated is given by

Northogonal = nt × nf (7)

where Northogonal is the total number of perfectly orthogonal
SAW tags that can be simultaneously detected at one time.
Our proposed tag design is such that there exists only a single
reflector for the designed time-frequency lattice for a sin-
gle tag. This reflecting IDT contains a unique time-frequency
index that is strictly orthogonal to other indices attached to
other SAW-ID tags. As a result, when several of them reflect
their ID codes, the time-frequency lattice response can effi-
ciently distinguish a single SAW tag in the midst of several
tags. With this design, any number of SAW tags or all of them
can be simultaneously detected at the same time over a wide
area with just a simple reader design and a single antenna.
Furthermore, the intertag delay which results when the tags

Fig. 4. 64-bit time-frequency lattice design for SAW sensor tags.

are present at different locations does not play any significant
role because the intertag time delay is due to EM RF waves
which is relatively smaller than the delay of acoustic waves
and appear to arrive together.

Fig. 4 shows an extended illustration of a time-frequency
lattice design for a 64 bit. Unlike Fig. 3, the design proposed in
Fig. 4 contains a sensing film/layer too. This sensing film can
be used to sense and measure physical and chemical param-
eters of external environments, such as temperature, pressure,
humidity etc. The design also contains a unique ID such that
every SAW sensor tag backscatters a sensed value along with
its ID which is used to confirm its presence to the reader. By
utilizing this design, a total of 128 orthogonal SAW sensor
tags will be possible. The following section presents a real-
time application scenario for the purpose of WQM where the
proposed SAW sensor-tag design in Fig. 4 will be adopted. The
application of proposed cellular code reuse with orthogonal
SAW sensor tags for WQM will be detailed.

IV. PROPOSED NOVEL WATER QUALITY MONITORING

SYSTEM FRAMEWORK UTILIZING CELLULAR

CODE-REUSE APPROACH AND ORTHOGONAL

SAW SENSOR TAGS

This section demonstrates the way in which WQM in areas,
such as a large pond can be performed using wireless network
of passive SAW sensor tags which measure the pH value
instantaneously. A typical scenario of a large pond where sev-
eral SAW sensor tags are strategically arranged in a cellular
fashion is shown in Fig. 5. This section aims to show that
by utilizing the time-frequency lattice-based design of SAW
sensor tags in conjunction with cellular code-reuse approach,
numerous sensor tags can be simultaneously deployed and
detected at the same time with multiple readers which provide
both the sensed pH of the water quality and the identification
signature of the SAW sensor tags. Furthermore, the data can
be uploaded by the readers to the cloud using suitable wireless
technologies.

SAW sensors consists of waves traveling along the sur-
face of a material exhibiting elasticity and since the acoustic
energy is confined in the near-surface region of the solid,
the sensitivity is higher due to various surface perturba-
tions on the acoustic wave [32]. Tang et al. [29] physically
designed a ZnO-based SAW pH sensor where no reference
electrodes are required for sensing [29]. The pH value is
sensed based on the interaction between hydronium (H3O+)
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Fig. 5. Framework of WQM system utilizing cellular code reuse with several
orthogonal SAW sensor tags deployed over a large pond.

or hydroxide (OH−) and ZnO. We assume, the same design
sensing principle can be used for pH measurement in the
proposed SAW sensor tag for WQM. As for the tag design, the
time-frequency-based lattice design approach is as explained
in section B later. By utilizing the technique of cellular
code reuse in conjunction with time-frequency lattice design,
a wide-area pond or a lake can be wirelessly monitored and
several SAW sensor tags can be simultaneously detected and
sensed using multiple readers in real-time, allowing to mea-
sure the quality of water based on pH measurements [29].
Therefore, the presented WQM system is also practically
realizable.

A. Sensing Principle and Fabrication Steps of
a ZnO-Based SAW pH Sensor Tag

The pH value of water can be determined from the SAW
sensor-tag sensing operation as follows. SAW waves are
accompanied by an electric potential wave which results in the
electric polarization of dipoles due to the mechanical defor-
mations of the piezoelectric material through electroacoustic
effect. These electric fields interact with different carriers close
to the material surface. This, in turn, influences the propa-
gation characteristics of the acoustic wave which alters the
wave velocity. The pH-based behavior of the ZnO layer can be
explained in terms of electrochemical potential at the ZnO and
water interface. The ZnO surface becomes polar by the adsorp-
tion of pH dependent hydroxyl or hydronium ions which, in
turn, causes a resulting change in voltage at the electrode/water
interface. The interaction of this pH dependent so-developed
electrochemical potential with the electric potential wave that
is associated with the acoustic wave in piezoelectric substrate
causes a proportional change in the phase velocity of the
acoustic wave [29], [33]. This change in phase velocity is, in
turn, reflected in terms of change in resonance frequency or
excess delay time which is easy to measure. The excess delay
times can be measured by utilizing a reference sensor in the
design of the sensor tag using which any difference in this
parameter can be estimated. This difference directly affects the
pH value which can be easily measured. In the proposed ZnO-
based SAW pH sensors, these excess delay times are measured
by the reader, and this information is sent to a cloud server
for constructing the map of pH values of the water over the
intended waterbody.

Since each hexagonal cell contains a reader and there are
other readers nearby, and if a backhaul is used to carry the
data to ground before uplinking to a centralized cloud server,
the issue of reader-to-reader interference or cross-talk between
readers can also be addressed by choosing an appropriate
protocol [31]. This article proposes to utilize pH as the sens-
ing parameter by analyzing the relationship between the delay
time and the change in pH. However, other sensing parame-
ters do exist and can also be used to quantitatively measure
the water quality namely the turbidity, oxidation reduction
potential (ORP), electrical conductivity, temperature, salinity,
and chlorophyll-a concentration [34], [35]. For the case when
multiple parameters are to be targeted, one sensor tag for one
parameter approach has to be used. Accordingly, the design
of SAW sensor tag has to be modified to suit the appropriate
parameter measurement individually. A single SAW sensor tag
is not expected to measure multiple parameters at the same
time. As per the design Fig. 4, the design is for a single vari-
able sensing device which acts as a sensor tag and hence the
reader will read both the sensed variable as well as the ID
information because the SAW wave contains both information
(sensing and tag ID).

The fabrication steps of the proposed SAW sensor tag can
be carried out as follows. The electrodes in the IDTs can
be made of Au (Gold). The fabrication process starts with
radio frequency (RF) sputter-deposition of ZnO thin film atop
the silicon base substrate [29]. Second, the Au electrodes can
be deposited using electron-beam evaporation and using pho-
tolithography and lift-off technique patterned atop the ZnO
thin film. This method is applicable for both sides of the
input/output IDT [29].

B. Applying Cellular Code-Reuse Approach With
Time-Frequency Lattice Detection

For demonstrating this application scenario, we utilize the
SAW sensor-tag design as shown in Fig. 4. The piezoelectric
material is chosen as ZnO [29] for illustrating the application
feasibility. Therefore, it is justifiable to utilize a SAW sensor
for the purpose measuring the pH value of water for the above
mentioned scenario. From the design shown in Fig. 4, a total
of 128 orthogonal SAW sensor tags are possible to generate
according to (7).

The SAW sensors-tags are not submerged under the water
for sensing. However, a mechanical pipette or tube is con-
nected to the SAW sensor-tag [29]. The two ends of the pipette
or tube are underwater which is used to collect the water sam-
ples above water body. These samples are then allowed to
interact with the SAW sensor tag and to the sensing film. The
SAW sensor tags are actually placed on top of the water sur-
face and can be so designed that the antenna points toward
the air or the sky which does not allow the antenna to come
in touch with the water. Therefore, the SAW sensor tags do
not radiate any RF waves inside the water and hence no
radio communication takes place under the water. Hence, the
tuning of the SAW sensor-tag antenna is not required for
this system. Multiple RFID readers will also be deployed
on top of the water surface. Since the SAW sensor tags are
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Fig. 6. Cell cluster M = 4 consisting of a single reader and 32 orthogonal
SAW sensor tags per hexagonal cell. Total number of orthogonal codes for
entire cluster = 32 (n) × 4 (M) = 128 (C).

passive/battery-free by design, power is generated using the
backscatter principle where the RFID reader probes them with
a chirped signal. The SAW sensor tag, unlike its silicon-based
counterpart, does not require a rectifier circuit to extract energy
from the signal and can directly receive the signal transmitted
by the reader and convert it into slower acoustic waves on the
piezoelectric substrate. Thus, the RFID readers generate the
power and energy which is then used to activate and energize
the SAW sensor tags. The SAW sensor tags in turn utilize this
energy to encode the necessary sensed information and the ID
code which is then “backscattered” back to the RFID reader.

Fig. 6 shows a cell cluster consisting of four hexagonal
cells where each reader occupies a cell. Each cell consists of
32 orthogonal SAW sensor tags which will be simultaneously
read by a reader in that cell. Therefore, the cellular cluster
consists of four readers and since M = 4, the total number of
orthogonal SAW sensor-tags per cell cluster is 128. Consider
that these 128 SAW sensor tags are floating above the water
surface while connected to the pipette. The reader consists
of two components which are namely 1) for reading SAW
sensor tags and 2) for sending the information to an external
centralized cloud server.

The reader can afford to use any existing wireless tech-
nology, such as low-power wide area network (LoRaWAN)
or other WiFi/4G/5G Internet-of-Things (IoT) backbone
technologies [36] when considering applications, such as on
sea-like waterbodies where a base station might be required
as a gateway to communicate with a cloud server since the
signal has to propagate off-shore and over long distances (in
the order of km) from the readers. However, for this appli-
cation scenario where a large pond is considered, the readers
can transmit the sensed and ID information of all SAW sensor
tags to the cloud server directly via LoRaWAN and/or WiFi-
like technologies. A survey and review on utilizing WSNs for
WQM is provided [36], [37].

Let us assume that an RFID reader is placed in the mid-
dle of a hexagonal cell with its fixed number of stationary
sensor tags in its range. The reader emits a linear frequency
modulated (LFM) up-chirp (frequency increases linearly with
time) signal of constant magnitude throughout the time dura-
tion. We also consider that the reader emits this up-chirp signal
at a center frequency of 2.25 GHz with a transmit power of
10 mW, an antenna gain of 10 dBi, and that all the SAW sensor
tags possess an antenna gain of 7 dBi. The power require-
ment as per the federal communications commission (FCC)
rules for ultrawideband (UWB) is strictly within the power
limits since the maximum transmit power does not exceed
100 mW [38]. The read range results presented in section VI
also utilize the parameter values as mentioned above. Also,

Fig. 7. Cellular code-reuse framework with M = 4 cells per cluster where
same group of codes are reused 21 times (K = 21) giving rise to 128 (C) ×
21 (K) = 2688 (N) orthogonal SAW sensor tags.

assume that each reflector is spaced 50 ns apart from each
other followed by a 50 ns delay between the first reflector
time slot and the input IDT. From those assumptions, it is
clear that the acoustic time delay between the first SAW sen-
sor tag and the input IDT is 200 ns. Similarly, other SAW
sensor tags are present in the remaining 63 reflector time slots
in either of the frequencies f 1 or f 2. When the reader emits an
interrogation pulse, the signal is received by all the SAW tag
antennas.

The input/output IDT is directly coupled to the
antenna which receives this EM wave and converts it
into a 100 000 slower SAWs that propagates along the
piezoelectric material. The acoustic waves then reflect off
from those shelf ID as well as the tag ID reflectors and are
then received by the output IDT which reconverts the acoustic
waves into an electrical signal. The 128 SAW tag-IDs are
received by the output IDT after a delay time of T1 for
tag-1, T2 for tag-2, and up to tag-128 at T64 as shown in
Fig. 4. These IDs are backscattered to the RFID reader which
receives these ID codes at different times because each tag
is located at a distance different from others. Thus, the total
propagation time is the sum of the time taken to travel from
the tag-to-reader antenna and the delay time of SAW tags.

Assume that the SAW sensor tags are located at different
distances with tag-1 at 1 m, tag-2 at 2 m, tag-3 at 5 m, tag-4 at
6 m, and up to tag-128 which is at 10 m. This corresponds to
a EM delay time of 3 ns, 6 ns, 16 ns, 20 ns, and 30 ns. But
the SAW waves arrive at the reader only after a delay suffi-
cient enough before all the environmental echoes die away. If
T is the SAW delay time defined by T ∈ {T1, T2. . .. . ., T64}
where each element in the array represents the correspond-
ing time delay for every SAW tag, then the total propagation
time T total is {3 ns, 6 ns, 16 ns, 20 ns, 30 ns} + T . This total
time is sufficient enough for all the environmental multipath
echoes to die out before the SAW waves arrive at the reader.
When reader receives the SAW tag responses and analyzes it
in the time-frequency lattice, the lattice response will appear
as shown in Fig. 8.

From Fig. 8, tag-1 can be easily differentiated from the other
SAW tags that are also simultaneously present in the response.
Here, each SAW tag contains its own time-frequency lattice
signature which is unique to other SAW tag IDs. Since the
SAW tags are located at different distances, they all arrive at
different times and with different signal-to-noise ratio (SNR)
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Fig. 8. Typical 64 × 2 time-frequency lattice detection response for one cell
cluster consisting of four readers and 128 orthogonal SAW sensor tags.

values. Hence, the fade of the green dot is different for differ-
ent SAW tags due to varying SNR where the tag with a higher
SNR is darker than the tag with a lower SNR (a lighter dot).
The parameter values in Fig. 3 are estimated using (15) in the
light of the parameters in the results and discussion section.

Now that the strategy for deploying 128 orthogonal SAW
sensor tags is performed, the advantage of cellular code-reuse
approach has to be realized in order to derive maximum benefit
in terms of the wide area tag deployment. Since the number of
cells per cluster is M = 4, only i = 2 and j = 0 (or vice versa)
are the possible solutions that fit the equation expressed in (4).
This means that from any reader R1 in a cell, we have to move
two cells across in any direction which results in a cell where
the same group of codes can be reused. Similar procedure can
be adopted for the remaining three readers R2, R3, and R4.
Hence, in this manner, the entire cluster is now reused two
times which results in 128(C) × 2 (K) = 256(N). The dis-
tance Dreuse is the distance at which the same group of codes
can be reused. This ensures that the tag-to-tag interference
is avoided because they are spatially separated such that the
given tag of one cell will not interfere with the tags of same
code from adjacent cells and vice-versa. If the cluster is reused
again, following above reuse procedure yields us a total of
384 orthogonal SAW sensor tags.

C. Scalability of Cellular Code-Reuse Approach

Thus, by following the same procedure, if the same group
of codes in the cluster are reused 10 times (K = 10), then we
obtain a total of 1280 orthogonal SAW sensor tags. Reusing
them with K = 1000 yields 128 000 orthogonal codes. To
cover an even wider area of the pond, by substituting K =
10 000 in (3), we obtain a total of 1 280 000 orthogonal SAW
sensor tags which is roughly 1.3 million orthogonal sensor tags
that are deployed over a wide area in the pond. It is implied
that with the growing number of SAW sensor tags, the number
of readers is also increased every time a new cell cluster is
added in the scenario. These sensor tags can be simultaneously
read at a time by multiple readers over a wide area by using the
time-frequency lattice detection approach. The cellular code-
reuse approach can be applied to any number of bits in the
SAW tag and can also be scaled-up to millions of orthogonal
codes even with a 2-bit design as in Fig. 3.

Thus, from the analysis carried out in Sections IV-A–IV-C,
it is evident that the proposed approach allows us to scale-
up the number of orthogonal SAW sensor tags to any figure
of interest, without causing any tag-to-tag interference. The
readers can upload the sensed data to control center using

a time-division multiple access approach to avoid cross talk
among them. This means that every reader simultaneously
reads the assigned group of SAW sensor tags and uploads
the same in a time-division multiplexed fashion such that no
reader-to-reader collision takes place. Since, the SAW sensor
tags are passive in nature, they cannot pseudorandomly delay
their responses in a TDM fashion. Hence, no special paging
signal for the sensor tag is required. Also, there is no frequency
shifting across cell boundaries as every cell uses the same
frequency band and no sensor tags are moving. The system,
as a whole, leads to a wide-area density of SAW sensor-tag
deployment where multiple readers and SAW sensor tags are
present and the cross-talk between readers is addressed via an
appropriate TDM-based protocol [31]. The tag code collision
between different SAW sensor tags is also addressed by uti-
lizing our proposed cellular code-reuse approach while the
interference from other codes in the same cell is minimized by
an orthogonal design of the codes. As a result, a simultaneous
detection of multiple SAW sensor tags is feasible via multiple
readers and over a wide area.

V. READ RANGE IMPROVEMENT USING RESONANT

LOADING OF IDT-BASED REFLECTORS

It can be shown that a resonantly loaded IDT using an induc-
tor acts as a better reflector for SAW tags compared to open
circuit (OC) reflector design due to their relatively higher mag-
nitude of reflection. But it is necessary to analyze the load
conditions mathematically as a theoretical validation before
observing the simulations of the loading conditions.

A. Reflected Power Analysis for Different Load Conditions
When Using IDT as a Reflector (or Reflecting IDT)

The reflected power of a SAW tag design is important
because it provides a meaningful estimate of the reflection
that can be expected from the reflector IDT. The reflection
magnitude for both OC, SC and inductive loading condition is
provided in the following paragraphs as a method to mathemat-
ically validate that a resonantly loaded reflecting IDT reflects
off a higher energy relative to an OC reflector and hence proves
to be a relatively better reflector compared to existing reflector
designs in SAW tags.

1) Open Circuit Load, YL = 0: The general equation for
the reflected power in terms of the P-matrix P11 [26] is given
in the following equation as:

P11(YL) = P11,sc + 2P2
13

P33 + YL
(8)

where the term YL is the load admittance or simply the load
connected across the reflecting IDT as in Fig. 9, P13 is an elec-
trical parameter, P33 refers to the admittance which is given by
jωCt +Ga + jBa, where Ct refers to the total static capacitance,
Ga is the radiation conductance, Ba is the acoustic suscep-
tance, and P11,sc is the short-circuit reflection power. Hence,
for YL = 0, (10) becomes

P11(YL) = P11,sc + 2P2
13

(jωCT + Ga)
(9)
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Fig. 9. Load YL connected across the reflector to control the reflection [39].

Fig. 10. Inductor load connected across the reflecting IDT.

where Ba is always 0 at frequency f 0. This indicates that the
reflecting IDT when open-circuited, will reflect-off a finite
amount of power after being received and absorbed.

2) Short Circuit Load, YL = ∞: We now consider the situa-
tion when the IDT reflector circuit is closed, i.e., short circuit
(SC) condition. When there is a short-circuit, a small or an
infinitesimally small amount of reflection propagates from the
IDT reflector. At YL = ∞, (10) becomes

P11(YL) = P11,sc. (10)

This indicates that the reflection is very small from the
reflecting IDT relative to the OC condition with a reduction in
the reflection by a factor of 2P2

13/P33. Another terminology
for OC/SC-based reflector design is pulse position modula-
tion (PPM) or simply on-off keying (OOK), though in this
case, an “off” condition does not necessarily mean a zero
magnitude reflection but is used as a means to describe the
general principle behind the design.

3) Inductive Resonant Loading Load, YL = (j.ωoL)−1:
Finally, we consider a special case when the reflecting IDT is
resonantly loaded with an inductor. Note that the inductor is
connected externally across the reflecting IDT as in Fig. 10.
This cancels out the capacitive effect that usually causes a loss
in the reflection. Thus, (10) becomes

P11(YL) = P11,sc + 2P2
13

Ga
. (11)

The above equation shows that the term jωCt has been can-
celled out from (11) due to the elimination of capacitive effect
at the resonant frequency f 0. The explanation for capacitive
effect is as follows. As seen from the input source (volt-
age or current), there is a frequency dependent mismatch of
impedance. This means that the source and load impedances
are not matched properly because one of them contains a reac-
tive component while the other acts as a purely resistive
element. Therefore, in order match the impedances of both
source and load, an equal but opposite reactance has to con-
nected across so that the reactance components cancel out
each other. Since, both of them are frequency dependent,

they cancel out only at a particular frequency called reso-
nant frequency denoted by f 0. Once the circuit is matched,
maximum power/energy is delivered from source to the load.

Hence, upon resonantly loading the reflector with an induc-
tor, only the term Ga is present in the admittance which
provides a maximized power relative to the OC design. This
also indicates that there is an additional power that reflects
back once the IDT receives and absorbs the energy. Assuming
dynamic switching of SAW RFID tags, the open and SC con-
ditions do not differ a lot in geometry except that the switch
is open which releases the incident SAW waves, absorbs, and
reflects back. Hence, a finite reflection occurs for this type of
reflector. For SC, a bonding wire or a bus bar is connected
which run in parallel and the switch is closed, thus creating
a very little or no reflection from the IDT reflector relative
to OC reflector. For the case of inductive resonant loading
(IRL), more power is being reflected off from the reflector.
The amount of power reflected from it provides a numerical
way to analyze and evaluate the performance of such designs.
This in turn proves to be useful in further improving the design
and performance of SAW-ID tags. The value of inductance L
from the inductor must be chosen such that it eliminates the
capacitive effect at the resonant frequency and is given by

L = 1

(ωo)
2.Ct

(12)

where ωo is the angular frequency and is given by 2π fo. L
is the inductance (in H), and Ct is the total static capaci-
tance of the IDT reflector and is equal to CS.Ha.Np, where
CS is the static capacitance per finger pair per cm, Ha is the
acoustic aperture of the IDT reflector, and Np is the num-
ber of finger pairs of the IDT reflector. This design has been
proved to be very useful in terms of obtaining a higher magni-
tude of reflection relative to the OC/SC-based reflector design
where a resistive loading is employed to control the reflec-
tion magnitude. With this theoretical framework, the following
section will present the simulations based on the loading
conditions.

VI. DESIGN VALIDATION, RESULTS, AND DISCUSSION

A. Design Validation Based on the Existing Work

Prior to modeling our SAW tag using time-frequency
approach, we have designed and validated our model in [27]
on range maximization based on the published work [40]. The
operating frequency and bandwidth were borrowed from [40]
to validate and show the superiority of our design. An OC
design for SAW tag was carried out. A reproduction of S11
reflection loss for an OC-based single reflector was performed
and shown in [27] for the same design and parameters as
in [40]. We had estimated a reflection loss of exactly −30 dB
using coupling-of-modes (COMs) modeling which agrees with
the result presented in Fig. 7 in [40] which shows that our
design methodology is accurate.

B. RFID Reader and SAW Tag Design Parameters

Various design configurations were developed for SAW
RFID tags for the UWB technology using the COM theory
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and relevant simulations were undertaken by developing the
Transmission matrix equations for the input/output IDT, delay
line, and for reflecting IDTs [39], [40]. The COM modeling
is a universal model for simulating SAW devices and is so
mathematically designed that it presents a very valid and accu-
rate representation of the design performance of any SAW
device. Hence, the validation of the results was carried out
using the COM theory itself. Additionally, probability of error
versus SNR analysis based on peak detection for the single
reflector was also performed for feasibility of detection. The
simulations are analyzed using the reflection loss S11 in time
and frequency domain and a separate time-frequency anal-
ysis. Upon computing the S11, a bandpass filter is applied
to the incoming signal from the SAW tags such that the
two frequencies f 1 and f 2 are separated and plotted as time-
frequency plots. An up-chirp LFM signal was transmitted from
a single antenna RFID reader at f 0 = 2.25 GHz and Bandwidth
(B) = 500 MHz [40]. Upon reaching the tag, the energy is
split into two equal energies at the input IDT with equal band-
widths (B/2) = 250 MHz and frequencies f 1 and f 2 centered
at 2.125 GHz and 2.375 GHz.

The design parameters for input/output IDT are as follows:
f 0 = 2.25 GHz, 128◦ Y-X cut LiNbO3 as the piezoelectric sub-
strate with substrate velocity (V0) = 3997 m/s, capacitance per
finger pair per cm (Cs) = 0.5 nF, Bandwidth, B = 500 MHz
and chosen according to the FCC standards of UWB tech-
nology requirements [38], acoustic aperture (Ha) = 100λ0,
number of finger pairs (Np) = 4, width (w) = 6.46 μm and
electrode thickness (h) = 150 nm. The design parameters for
the reflectors in the left side of the input IDT are as follows:
f 1 = 2.125 GHz, (B/2) = 250 MHz, Ha1 = 83λ0, w1 =
14 μm, Np1 = 8, and electrode thickness (h1) = 150 nm = h
and similarly the design parameters for right sided reflectors
include, f 2 = 2.375 GHz, (B/2) = 250 MHz, Ha2 = 79λ0,
w2 = 14 μm, Np2 = 9, and h2 = 150 nm = h1 = h. The
inductance L used for resonant loading for the frequencies f 1
and f 2 is given by 8.96 and 7.55 nH. The corresponding total
static capacitance values are given by 0.63 and 0.59 pF, respec-
tively. The round trip time for the first and second location
reflectors are 100 and 200 ns, respectively. This corresponds to
the first reflecting IDT located roughly 400 μm and the second
reflecting IDT located roughly 800 μm from the input IDT.

As far as the reader-tag communication is concerned the
relevant parameters are as follows: reader transmit power
(Pt) = 10 mW (within FCC limits), reader antenna gain
(Greader) = 10 dBi, tag antenna gain (Gtag) = 7 dBi, sig-
nal integration time (Ti) = 1 ms, noise figure (NF) = 5 dB,
SNR = 12 dB and 17 dB, Boltzmann’s constant (k) = 1.38
× 10−23, absolute temperature (T0) = 300 K, and losses due
to SAW tag (Ltot) = 23 dB for OC reflector, and 16 dB for
IRL reflector, on average.

C. Time-Frequency Lattice Response and S11 Responses
When All SAW Tags Are Simultaneously Present in
Reader Response

Simultaneous detection of all the 4 UWB SAW tags will be
an important step to analyze the performance of the proposed
SAW tag design and to test the orthogonality when several

Fig. 11. Time-frequency lattice detection response when all four SAW tags
are simultaneously present in the received response (OC load condition).

Fig. 12. S11 time domain response for SAW tags 1 and 2 at frequency f 1
(OC load condition).

Fig. 13. S11 time domain response for SAW tags 3 and 4 at frequency f 2
(OC load condition).

of them are simultaneously present and when all of them can
be simultaneously detected at the same time. The simulations
presented in this section will provide the proof that all the
4 interrogated SAW tags can be simultaneously detected using
the time-frequency lattice approach based on our proposed
tag design even when all the designed UWB SAW tags are
simultaneously present in the RFID reader response.

Figs. 11–13 present the simulations for OC design and
Figs. 14–16 present the simulations for the IRL design.
Comparing Figs. 11 and 14, it can be seen that the IRL design
shows a darker dot in the time-frequency lattice response
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Fig. 14. Time-frequency lattice detection response when all four orthogo-
nal SAW tags are simultaneously present in the received response (IRL load
condition).

Fig. 15. S11 time domain response for SAW tags 1 and 2 at frequency f 1
(IRL load condition).

Fig. 16. S11 time domain response for SAW tags 3 and 4 at frequency f 2
(IRL load condition).

which indicates that the energy radiated from the reflect-
ing IDT is higher than for OC reflector. The corresponding
improvement can be observed in the reflection loss responses
shown in Figs. 17–20 where the reflection improvement for
an IRL reflector is roughly 7-dB relative to the OC reflec-
tor. The corresponding S11 time domain simulations for OC
design are shown in Figs. 12 and 13 where the reflection ampli-
tude is roughly −55 dB. For an IRL design, the simulation
results presented in Figs. 15 and 16 show an improvement of
about 7 dB indicating a −48 dB peak amplitude (roughly).

Fig. 17. Reflection loss (S11(f 2)) for SAW tags 1 and 2 (OC load condition).

Fig. 18. Reflection loss (S11(f 2)) for SAW tags 1 and 2 (IRL load condition).

Fig. 19. Reflection loss (S11(f 1)) for SAW tags 3 and 4 (OC load condition).

The ripples around the center frequency of reflection loss is
due to the triple transit effects that are present in the SAW
device. However, the performance analysis and improvement
in reflection loss is not affected by these effects as shown in the
simulation results in Figs. 17–20. The ripples that arrive after
the time-frequency signature for Figs. 11 and 14 are also due to
the triple transit echoes that are inevitably present in any given
SAW tag. Every yellow dot in Figs. 11 and 14 corresponds
to the response from a single SAW tag. Therefore, even when
all of them are simultaneously present in the response, they
are not affected by these echoes since the signal strength is
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Fig. 20. Reflection loss (S11(f 1)) for SAW tags 3 and 4 (IRL load condition).

relatively higher. When the reader receives the LFM response
from the SAW tags, band-pass filtering can be used to separate
it into two frequencies f 1 and f 2 to analyze them in the time-
frequency lattice. To observe the S11 time domain responses,
an inverse fast Fourier transform (IFFT) also has to be applied
to the two frequency signals independently.

D. Probability of Error and Read Range analysis

A peak detection analysis is performed with respect to the
time domain response of the SAW tag to analyze the detection
peak performance of the tags against other spurious second-
order effects and noise as shown in Fig. 21. For the case of
simultaneous detection, the peaks of two SAW tags are com-
pared against the second order effects and hence the detection
threshold is set such that only the peaks that lie within ±5 dB
from the strongest peaks will be considered, while the spurious
reflections arising due to second-order effects and which arrive
after a few microseconds will be discarded. While estimating
the probability of error, every detected peak/peaks is concluded
as having no error, i.e., as “count = 0” while undetected peaks
are concluded as missed detection and “count = 1.” After
a fixed number of iterations or trials, the number of detection
counts is added up and averaged over the total number of tri-
als. The resultant fraction gives the probability of error. The
dependent noise factors during the simulation include the addi-
tive white gaussian noise (AWGN) channel noise along with
second-order spurious reflections that are generated within the
SAW tags which are simulative of a real world cluttered envi-
ronment. A threshold-based probability of detection analysis
is mathematically analyzed [41].

In the light of the error probability analysis, the entire proces
is repeated for varying SNR values ranging from 2 dB and
up to 19 dB to represent a complete behavior. In this light,
two arbitrary SNR values at error probabilities of 1 error in
10 trials and 5 errors in 1000 trials which are 12 dB and 17 dB,
respectively, were taken for estimating the read range as the
detectability of tags at SNR’s below 12 dB was low. The read
range is given by the radar [27]

r = λ

4π

4

√
Pt,reader.G2

reader.G
2
tag.Ti

Ltot.k.T0.SNR
. (13)

Fig. 21. Probability of error versus SNR (in dB) analysis for peak amplitude
detection.

Fig. 22. Read range analysis for various reader transmit powers (in watts)
for both OC and IRL load conditions.

From Table I, it can be shown that the read range values
have been estimated for different transmit power values obey-
ing the wireless personal area networks (WPANs) limits. The
values in Table I have been plotted as shown in Fig. 22 for
the corresponding SNR values 12 dB and 17 dB relating to
the above mentioned error probabilities. It can be shown that
many such SAW tags can be simultaneously detected from
a much larger distance of up to 50 m for a reader transmit
power of 100 mW. Shibata et al. [42], [43] achieved a read
range of 6.2 m and 15 m for a reader transmit power of
20 mW. Therefore, comparing the above results with a 20 mW
transmit power as in Fig. 22, we obtain a read range of approx-
imately 34 m, which is more than double the existing read
range. Therefore, we show that an IRL design acts as a better
reflector in comparison to the existing designs and can guar-
antee a higher read range. To summarize the results, we show
that it is feasible to design orthogonal SAW tags such that
they can all be simultaneously detected at the same time over
a wide area and with a simple reader design.

In previous results, we explained the feasibility of the time-
frequency lattice-based orthogonal SAW tag design with 2 × 2
layout which results in four orthogonal SAW tags. As men-
tioned earlier, this is a scale-down version and that the number
of orthogonal SAW tags/sensor tags can still be significantly
scaled-up from 4 tags to the order of 106 or even billion
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TABLE I
READ RANGE EVALUATION FOR BOTH THE REFLECTOR DESIGNS

orthogonal SAW tags with a 2 × 2 (2-bit) design by utiliz-
ing the cellular code-reuse approach with appropriate cluster
parameter values. It is possible to use M = 4 cells per clus-
ter for a 2-bit design except that there will be 1 orthogonal
SAW tag and reader per cell, 4 orthogonal SAW tags per clus-
ter, and reuse distance equal to

√
12.R according to (6). By

reusing this cluster with K = 100, 1000, and 106, the num-
ber of orthogonal SAW tags can be significantly scaled-up
from 4 to 400, 4000, and 4 million orthogonal SAW tags.
This can still be scaled-up to billions of orthogonal SAW tags.
Achieving this order of magnitude was not possible with the
existing SAW tag designs and the amount of increase was
very limited too. Within a hexagonal cell, the maximum range
with which the reader can read a SAW sensor tag is up to
38 m (approximately) at a transmit power of 100 mW for
17-dB SNR corresponding to about 5 × 10−3 error rate, and
up to 51 m for 12-dB SNR corresponding to 0.1 error rate as
shown in Table I. It can also be used as sensor tag if a sens-
ing film is placed along the delay line. Intelligently reusing
the same group of SAW tag ID codes at such spatially dis-
tinct hexagonal cells can help avoid the tag-to-tag interference
while the reader-to-reader interference between adjacent cells
can be avoided by utilizing an appropriate reader-to-reader
anti-collision protocol [31]. Thus, with the combination of the
proposed design approaches, it is feasible to design a wireless
sensor-tag network with thousands of orthogonal SAW sensor
tags and multiple readers in a cellular code-reuse infrastructure
which can simultaneously sense and detect many orthogonal
SAW sensor tags at a time from a long distance over a wide
water body, such as ponds, lakes, rivers, or coastal areas.

VII. CONCLUSION

This article presented a feasibility study of a novel cellular
code-reuse approach to deploy suitable designed orthogonal
SAW sensor tags utilizing the cellular-based reader system to
monitor water quality of a large water body. The SAW sensor
tags being battery-free, the system has an inherent long-life
advantage. The readers in the system are able to simultane-
ously detect numerous orthogonal SAW sensor tags at a time
with the design of each reader per cell remaining simple.
A generic 2 × 2 time-frequency lattice design and detec-
tion followed by S11 responses was also shown to explain that
multiple orthogonal SAW tags can simultaneously be detected
at a time from a longer distance by resonantly loading the IDT-
based reflector. It is also worth pointing out that the advantage

of cellular code-reuse approach with orthogonal SAW sensor
tags can be easily extended to a WQM scenario. A reader
placed in the center of a hexagon can access the ID and
sensed pH variable values from multiple SAW sensor tags kept
30–50 m away at the same time using only 100 mW for less
than 1 μs.

Our proposed cellular code-reuse approach for SAW tags
provides two unique advantages over the traditional designs.
Unlike the current anti-collision SAW tag designs where
the number of orthogonal tags are few and no scalability
is possible, the code-reuse approach allows the same group
of SAW tag ID codes to be reused in another hexagonal
cell at a predetermined distance so as to avoid tag-to-tag
interference. In this way, these group of codes can be reused
as many times as possible over a wide area depending on
the nature of RFID application. This shows that the number
of orthogonal SAW tags is scalable. Second, the scalability
of orthogonal SAW tags is ensured by keeping the number
of reflector time slots constant, i.e., the scalability is inde-
pendent of the number of time slots the SAW tag contains.
By utilizing the cellular code-reuse approach with orthogo-
nal SAW sensor tags, we had shown that it is feasible to
scale-up the number of orthogonal SAW tags and simulta-
neously detect all of them at a time from a distance and
over a wide area. The cellular code-reuse approach is practi-
cally feasible and does not necessarily require an experimental
validation as the concept is inspired from frequency reuse
which is universally applied in today’s mobile communication
networks.

VIII. FUTURE WORK

The proposed cellular code-reuse approach for SAW sensor
tags is the first and unique technique to significantly maximize
the number of orthogonal codes in them. Unlike existing work,
this approach allows us to scale-up the number of orthogonal
SAW sensor tags to any figure of interest, to even more than
million or billion codes when required. Besides that, certain
limitations and issues deserve additional attention, which can
be addressed as part of the future work in SAW RFID tags.

1) The number of time slots in SAW tags cannot be indef-
initely increased due to two losses namely the: a) SAW
propagation loss and b) diffraction loss, which results
in the bending of SAW waves around the edges of the
reflecting IDT. SAW propagation loss is a function of
distance and is an inevitable consequence resulting due
to increasing the number of reflector time slots. But it
can be resolved by further improving the reflectivity of
SAW tag reflectors. Diffraction loss can be mitigated by
appropriately designing the reflecting IDT such that the
wavelength of SAW wave is sufficiently smaller than the
acoustic aperture.

2) This work uses a bidirectional IDT which radiates SAW
wave equally in both directions resulting a total of
−6-dB loss. However, this can be resolved by utiliz-
ing a unidirectional IDT which radiates the SAW wave
in only one direction thereby contributing to only a total
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of −3-dB loss. This will accordingly reduce the reflec-
tion loss and further extends the read range compared
to a bidirectional reflecting IDT.

3) This work also utilized a resonant loading based on
inductor that can maximize the read range relative to
an OC reflecting IDT. However, loading the inductor
across the reflecting IDT requires an additional work
during the fabrication process which also increases the
overall cost per SAW tag. But this additional increase
in cost can be reduced or even further through the
use of silicon-based multilayer substrates or polyvinyli-
dene fluoride (PVDF) [44], [45] in conjunction with an
appropriate choice of fabrication technique. Thus, the
components, such as the antenna and the inductor for
resonant loading can be built and integrated with reflect-
ing IDTs on the same low-cost substrate which reduces
the cost per SAW tag and as a bulk.
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