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Abstract

Wireless sensors are needed in applications where a wired connection is difficult. Wireless
sensors are often equipped with a radio transceiver and a battery or another energy source.
These energy sources may limit life-time or operation conditions, and increase the size and cost
of wireless sensors.

Wireless sensors can also be passive. Due to the limited energy available for these sensors,
they typically only support relatively short communication distances and may not provide a
means for identifying a certain sensor. This dissertation develops a certain type of passive
wireless sensors called the intermodulation communication sensors. This type of passive
wireless sensor may potentially have many advantages compared with other passive wireless
Sensors.

Intermodulation communication sensors have been developed in many ways in this
dissertation. One challenge was that they were difficult to make compliant with frequency
regulations due to the relatively large band needed. This dissertation shows how the bandwidth
required can be reduced significantly by using a Quartz crystal or other mechanical resonators.
It is also demonstrated that such a resonator enables the utilization of a generic capacitive
sensing element in the sensor, making it possible to monitor a broad set of variables.
Furthermore, it is shown how intermodulation sensors can be made identifiable.

Despite the fact that the studied sensor circuits are fairly simple, many important parameters,
such as the read-out distance and measurements resolution strongly depend on the selected
circuit components. This dissertation derives design equations for one specific sensor
circuitry. The design equations help to choose proper component values in order to achieve the
best possible read-out resolution.

Passive wireless sensors are often used in large volume applications where low sensor
fabrication cost is important. Unit fabrication costs of electronic circuits can typically be
lowered by increasing volumes and the integration level. This dissertation studied how the
integration of intermodulation communication sensors could be increased by integrating all
the passives.

The intermodulation communication sensors are interrogated with a specific reader device.
This dissertation has contributed to the development and realization of a reader device whose
limitations affecting reader performance are studied. The reader device also needs to estimate
the sensor state from the measured intermodulation response of the sensor. Furthermore, this
dissertation has contributed to the development of an estimation algorithm for the sensor state.
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1. Introduction

1.1 Motivation and Scope

The Internet of Things, or 10T, defined as “a worldwide network of inter-
connected objects uniquely addressable, based on standard communica-
tion protocols”, offers state-of-the-art networks of devices, systems, and
services [1]. In this concept, data can be transmitted automatically over a
network of things, machines, and even animals and people, without a need
for human interaction between computers. Without requiring human-to-
human or human-to-computer interaction, dynamic data can be trans-
ferred automatically over a network cooperatively with each other by any
objects, animals, or people.

Wireless Sensor Networks (WSN) are one of the most important ele-
ments in the IoT. Wireless sensor networks (WSN) consist of networks of
tens to thousands of devices, also called “sensor nodes”, which are utilized
to monitor physical or environmental parameters and communicate wire-
lessly with a central host [2], [3]. Common monitored parameters vary
from temperature, pressure, strain, humidity, and speed to positioning,
proximity, vibration, and light intensity [4]-[7]. Markets for WSNs con-
sist of process and industrial control, home and building automation, as
well as safety and health monitoring. A rapid growth of WSNs from $ 0.45
billion in 2012 to $ 2 billion in 2022 is forecast in the latest market report
[8]. This market growth is enhanced by the penetration of smart sen-
sors based on microelectromechanical systems (MEMS) technology, which
enables smaller size, and cost efficiency, with lower computing resources
needed compared to traditional sensors [9], [10].

One way to establish a wireless connection is by using a radio transceiver.

Radio transceivers, however, require an energy source, such as a battery
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or an energy harvester in the wireless node [11], [12]. Therefore, the life-
time and operation conditions may be limited, not to mention the added
cost, complexity, and size required.

In some cases, the need for an energy source in wireless devices can be
avoided by using passive wireless sensors with an active reader. In this
approach, the communication between a sensor and reader is established
by applying modulated backscattering [13]. In this technique, a passive
sensor is actuated by an electromagnetic signal transmitted by the reader,
and the sensor communicates back to the reader by reflecting a portion of
the interrogation signal.

Typical types of passive wireless sensors include RF-identification (RFID)
[14], [15], surface acoustic wave (SAW) sensors [16], near-field coupled
electrical resonance circuit sensors [17], and harmonic sensors [18]. How-
ever, these methods have several limitations, confining the applications
where sensors are feasible. For instance, they only provide a relatively
short detection distance and are expensive.

The objective of this dissertation is to develop a passive wireless sens-
ing technology that can overcome the limitations of the existing passive
wireless sensors. In particular, the developed sensing technologies should
offer a long read-out distance and facilitate a generic sensing element. To
address these challenges, the so-called intermodulation communication
principle for wireless sensors is developed further in this dissertation. In
this concept, the sensor comprises an antenna, a mixing element, a low
frequency resonance circuit, and a generic sensing element. In this dis-
sertation, the sensor platform is optimized and developed for different ap-
plications, a frequency-based identification with the new sensor is demon-
strated, and an advanced data analysis method is applied to estimate the

sensor state.

1.2 Scientific Contribution

The scientific contributions in this thesis are the following:

1. A new passive wireless sensor platform based on the intermodulation
communication principle is presented. The analytical equations for pre-
dicting the intermodulation response of the sensor are elaborated. The
sensor offers long read-out distance and narrow bandwidth. The plat-

form utilizes a mechanical resonator, enables an ID-code to identify the
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sensor and the use of a generic sensor element. [I]

2. The intermodulation communication principle is used in passive wire-
less sensors. Optimization of the sensor structure is proposed in order to
obtain long read-out distance and good resolution. The optimization the-
ory and design equations for this purpose are presented and optimiza-
tion of the electrical circuitry is carried out. The optimization theory is

verified by harmonic balance simulations and experiments as well. [II]

3. In the intermodulation communication principle, the sensor value is es-
timated from the analog sensor response, which always contains noise.
Moreover, the relation between the sensor state and the response is non-
linear. Due to these reasons, the sensor state estimation is a challenge.
A signal model for the intermodulation communication principle is de-
veloped and the derived signal model is later used by Dr. Jussi Salmi
to estimate the quantity measured by the wireless sensor from its inter-
modulation response. The algorithm is experimentally verified with a

passive wireless inclinometer sensor at 860 MHz. [III]

4. A frequency division concept for intermodulation communication sen-
sors is introduced and realized. In this concept, each sensor replies to
the reader at different intermodulation frequencies. It enables the use
of multiple identification codes (IDs) and multiple access protocols when

several sensors are within the reading range of one reader. [IV]

5. Intermodulation sensors enable the use of generic sensing elements,
meaning that sensors can potentially make the concept suitable for many
applications. Examples have already appeared in the literature. The
intermodulation communication principle for sensing is experimentally
demonstrated in the application of electrocardiography ECG, and in in-

clinometer and accelerometer measurements. [VI[VI]

6. A novel integrated passive device (IPD) process is applied in order to
integrate the passive components of a passive wireless sensor platform.
The possibility of realizing a highly integrated sensor in the IPD pro-
cess is experimentally studied. The concept is validated with a MEMS
accelerometer sensor used to measure the sensor’s inclination in a static

gravitational field. [VII]
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7. Several approaches have been proposed to realize the intermodulation
sensor. A comprehensive comparison of different passive wireless sen-
sors based either on a mechanical resonator and an electrically non-
linear sensing element, or a separate mixer, a low-frequency resonance
circuit, and a sensing element is carried out. The comparison helps to

understand different architectures and their benefits and drawbacks.[VIII]

8. A novel system architecture combining passive wireless intermodu-
lation sensors and their associated reader is proposed. The proposed
reader architecture can provide high power levels and meet frequency

regulations in UHF RFID sensor systems [IX]
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2. Passive Wireless Sensors

Passive sensors do not require batteries. They do not require any power
source other than the electromagnetic energy from the reader device. There-
fore, they are small, less complex, cheap and have long lifetime. Depend-
ing on the working frequencies, passive wireless sensors are normally
classified into passive low-frequency (LF) sensors, high-frequency (HF)
sensors, and ultra-high-frequency (UHF) sensors [19]. Typically, LF and
HF tags have a read range of up to 1 meter [20] [21], while a simple pas-
sive UHF sensor can typically be read from 5 to 10 meters in free air [22],
although, a read range of more than 35 meters can be achieved by a high
performance UHF Gen 2 tag [23]. Another traditional way to classify
the passive sensors is based on the operational principles. Typical pas-
sive wireless sensors are RF identification (RFID), surface acoustic wave
(SAW) RFID, electrical resonance circuit sensors, harmonic sensors, and
intermodulation sensors. A comparison of different passive wireless sen-

sor technologies is summarised at the end of the chapter.

2.1 RFID

RFID is an identification technology which utilizes electromagnetic waves
to transfer information between tags and readers. It has replaced bar-
codes in many applications. The benefits of RFID are that it does not
require optical line-of-sight and hundreds of RFID tags can be read at a
time [24].

A generic passive RFID tag is composed of an antenna and an application-
specific integrated circuit (IC) chip, which enables several advantages
such as identification, rewritable memory and anti-collision protocol [25].
RFID utilizes modulated backscattering [13] to transfer the stored iden-

tification information to the reader. Fig. 2.1 illustrates the modulated
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EM wave emitted
by the reader

Reader device —< S : >—

I1 0 |
ID information

Figure 2.1. Backscattering communication principle in a RFID system. IDs are backscat-
tered to the reader as a modulated signal when the tag is illuminated by the
reader.

backscattering principle. When illuminated by a RFID reader, the tag
antenna rectifies the power from the RF signal emitted from the reader
device. The rectified power is applied to start up the IC chip. The trans-
mitted RF signal is modulated by the identification information in the IC
chip and then backscattered. The modulation in the backscattered signal
is recorded by the reader antenna which interprets the information. The
highest read out distance is limited by the power needed for the integrated
circuit (IC) and is typically 5-10 m [22].

RFID was initially used for identification and is increasingly used for
other purposes such as localization and items tracking [26]. RFID has
been used in many fields, from agriculture [27], [28] to industry [15], [29].
For instance, it is widely utilized in industrial automation applications
due to its relatively large information capacity, long read out distance,
high read-out accuracy, and good mechanical robustness. For example,
RFID can be used in the paper industry to identify individual paper and
board reels throughout their life cycle [30]. RFID attached to an automo-
bile can be used for body tracking in the manufacturing procedure [31].

The focus for developing RFID has mainly been on identification [32],
but has increasingly moved towards other possible applications such as
on sensing [33]. RFID can be equipped with digital sensors or analog
sensors. When used with digital sensors, an A/D converter, a micropro-
cessor or other digital logic, and a sensing element are added to the RFID
tag [34]— [37]. By doing this, analog sensing data is sampled in digital
format and transmitted back to the reader. This method enables the use

of generic sensor elements, which broadens possible range of applications.
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However, the additional elements further increase the power consumption
and shorten the read-out distance. For example, a 3 m read—out distance
is achieved with the approach in [38], whereas the read-out distance of a
tag without a sensor element is typically 5-10 m.

Sensing can also be realized with an analog approach [39]-[42] in which,
an antenna is loaded with a sensing element or a material whose electri-
cal properties are sensitive to the measured quantity. The sensor ele-
ment or material affects the antenna matching and impedance tuning the
operation frequency. Hence, the sensing data is modulated into the op-
erating frequency and can be retrieved by recording the shifting of the
operating frequency or by recording the strength of the reflected signal at
one frequency. Alternatively, the sensed quantity can be obtained with a
self-tuning chip which contains a tuning element to compensate for the
changed impedance due to sensor [42]. The advantage of this approach
is that a relatively long distance compared with digital sensing can be
achieved for the reason that the sensing element is one part of the match-
ing network which does not necessarily increase the power consumption.
However, this approach requires the sensing elements to operate in the
microwave range, while most of the sensing elements on the market are
designed to operate below a few MHz. Sensitive materials go higher in fre-
quency but may lack sensitivity or selectivity or otherwise be suboptimal
for sensing purposes. Moreover, there are many other factors affecting
the antenna matching and impedance. For instance, antenna impedance
in free space is obviously quite different from that when the antenna is

close to conductive or dielectric objects.

2.2 SAW Sensors

SAW tags have been available for more than 30 years. SAW sensors can
operate in harsh environments [43]. SAW tags use a time modulation,
where the ID is coded into the time delays of reflections. SAW tags are
linear, time-invariant systems. A SAW delay line is applied in the reader
to separate between the request and the response signals. Limited by the
signal-to-noise ratio, as well as by the largest allowed radiation power,
the read range of SAW tags can be up to several meters [44]. They are
purely passive, and reflect and re-emit the request. SAW tags have a
simple structure compared with IC-RFID. Moreover, SAW tags operate as

delay lines and provide a sufficient delay since they apply surface acoustic
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waves which are 100,000 times slower than EM waves [44].

The operation principle of a surface acoustic wave (SAW) sensor is based
on converting an interrogating radio wave from the reader directly into
a nano-scale surface acoustic wave on the surface of a piezoelectric sub-
strate [16].

A typical SAW sensor is composed of a transponder antenna and a SAW
Chip which consists of an interdigital transducer (IDT) and an array of re-
flectors on a piezoelectric substrate. The operation principle is illustrated
in Fig. 2.2. The antenna receives an electromagnetic (EM) signal from
the reader device and the inter-digital transducer (IDT) transforms the
electric field into a surface acoustic wave that is propagated on the piezo-
electric material. The generated mechanical pulse then propagates over
the surface of the piezoelectric crystal. The SAW pulse is partly reflected
and partially transmitted by the reflectors. These reflectors are precisely
placed on the substrate. and the reflected acoustic wave contains the cod-
ing information on the positions of the reflectors. The reflected pulses are
further converted back into the electromagnetic field at the interdigital
transducer (IDT) and emitted back to the reader device by the transpon-
der antenna. By recording the time delays of the reflected pulses, a tag
with an ID can be realized. The encoding method is known as time posi-

tion encoding or pulse position modulation (PPM) [44].

Interdigital  Reflectors

Request signal transducer // \
! 1~
Reader i
device | Transponde
antenna
q‘\c‘ﬂ‘“ A E IS Me G
: ' . _ acoustic wave
Response signal Piezoelectric

material

Figure 2.2. Operation principle of the SAW tag. Response signals are the delays of the
request signals by the reflectors.
Quartz (Si0, ), lithium niobate (LiNbO3 ), and lithium tantalate (LiTaO3)
are commonly used piezoelectric materials. The SAW propagation prop-
erties of the piezoelectric material (e.g. velocity) depend on the physical

and chemical quantities such as temperature or pressure. A change in the
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reflected acoustic wave can be detected making the sensing possible. SAW
sensors have been available for decades, and have been used in many ap-
plications [45] such as in the non—contact measurement of temperature
[46], pressure [47], [48], torque [49], and bending [47]. High sensitivity
and intrinsic reliability are the benefits of SAW sensors. Still, the rela-
tively large size, short read—out distance due to high acoustic loss [50],
and high inherent fabrication costs limit their applicability in some cases.
Furthermore, the operation frequency (up to several gigahertz) of SAW
sensors is limited by the line of the IDT structure. SAW tags only provide
hard-coded identification (ID) which is determined by the positions of the

reflectors.

2.3 Resonance Sensors

Resonance sensors are composed of a resonator, a reactive coupling ele-
ment, and a sensing element whose capacitance, inductance, or resistance
changes according to an environmental parameter. A schematic circuit
of a typical resonance sensor and a coupled reader device are shown in
Fig.2.3. The sensor in the figure is a RLC-resonator, whose inductance or
capacitance (L3 and Cs in Fig. 2.3) is sensitive to a physical quantity and
therefore also affects the resonance of the sensor [17], [61]. The reader
device obtains the state of the sensing element (i.e capacitance) by mea-

suring the impedance of the RLC-resonator. The main weakness of this

)

L] L2 Cg;

Reader device &J Sensor

=

-

Figure 2.3. Electrical equivalent circuit for the inductively coupled electrical resonance-
circuit sensor.

technology is that the read—out distance cannot be long because of the

need of near—field coupling (M in Fig. 2.3) to the reader device. Another

limitation of resonance sensors is that their resonance may be affected by

proximity to conductive or dielectric objects [52]. This kind of sensor has
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been utilized to measure strain [17], pH [53], and moisture [54].

2.4 Harmonic Sensors

The operation of harmonic radars and tags is based on the frequency con-
version of the tag in which the sensor is composed of an antenna and a
non-linear element [18]. Ideally, the antenna should be matched to the
non-linear element at the fundamental frequency and at the used har-
monic frequency to enable efficient frequency conversion. Non-linear ele-
ments are applied to generate the harmonic frequencies. When the sensor
is activated by the reader with the fundamental tone, the sensor gener-
ates and replies with signals at the harmonic frequencies. The reader can
transmit a single or multi-tone signal. In the case of a single tone f;, the
sensor replies at nf; [18]. It can also be formed by signals at multiple
frequency components. For example, with f; and f,, the sensor replies at
the harmonic frequencies n f; =mf> [565], [66]. The operation in both cases

is shown in Fig. 2.4.

Ty !
Non-linear

Reader element

device Ry
W Antenna
nf -

Harmonic tag

(a)
filfs
Tx
Non-linear
Reader element
device Ry
J\/\/\/\j_ Antenna
nfi £mp =
Harmonic tag
(b)

Figure 2.4. Operation of harmonic sensors for cases: (a) with one input frequency com-
ponent, (b) with two input tones.

Generally, the non-linear element can be a diode, a varactor or a MEMS
(Microelectromechanical systems) resonator. The harmonic sensors are
typically passive, i.e. they only use the energy of the received electro-
magnetic waves. Although most harmonic sensors operate at microwave
frequencies, a partly optically actuated sensor is proposed for accurate

spatial localization [57].
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Harmonic radar systems have been mainly used for localization of ob-
jects. Harmonic sensors were initially developed for automotive vehicles
[58], [59] and can provide a good performance for target tracking in a high
clutter environment [60]-[62]. They have been used to track insects for
20 years [61]-[67]. For example, they are reported to provide an effective
modality for tracing insect behavior [62]. Moreover, harmonic radar and
tags can also be used to find avalanche victims [68], [69].

Harmonic tags can also be made suitable for sensing purposes. Em-
bedded harmonic tags have been developed to monitor the health of civil
infrastructure such as bridges and overpasses [70], [71]. It is also possi-
ble to apply a sensing element in parallel with the non-linear element. In
[72], it is claimed that the capacitive sensor information can be monitored
wirelessly by observing the phase of the reflected harmonic signal. Tem-
perature is reported to be monitored by placing a temperature-dependent
bandpass filter before the non-linear element [73].

In general, harmonic tags can be used at high frequencies and can pro-
vide large read-out distances. However, the concept in Fig. 2.4.(a) replies
at the harmonic frequencies, which does not comply with the frequency
regulation.

A comparison of different passive wireless sensor technologies is sum-

marised in Table 2.1.
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Table 2.1. Comparison of different passive wireless sensor technologies

. D Sensing ID N
Type Principle Advantages Read Range Application possibility possibility Limitation
ID, Rewritable Identification 4@.m . Shorter distance
Modulated . L (Digital Sensor, . .
RFID . memory anti- 5-10 m localization, " . Yes with a sensing
backscattering L. . sensitive material
collision protocol tracking, . element
in antenna)
Coverting between . e Yes High acoustic
SAW EM wave and .E_mv mm.ubm;d:@ . Several Temperature (Piezoelectric Yes loss, high
. intrinsic reliability meters Pressure Lo
acoustic wave substrate) fabrication costs
Resonance Near-field Several Strain, pH, Yes .. mvoi.m range,
. Durable . . (Capacitive, No Sensitive to
sensor coupling centimeters moisture . . .
inductive sensor) surroundings
Harmonic Frequency More than  Localization, mﬁ.:bm do not comply
. Long read range . No Yes with frequency
sensor conversion 10 m sensing

regulations
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3. Intermodulation Communication
Principle and Its Sensor Applications

In recent years, the intermodulation communication principle has been
developed for passive wireless sensors [74]-[77]. For example, it has been
used to measure the distance of the tag to the sensor in [74]. The inter-
modulation sensor is a subset of harmonic sensors. Unlike the normal
harmonic sensors in Fig. 2.4(a) which transmit one tone f; and receive a
signal at the second harmonic 2f;, intermodulation sensors are actuated
by two tones, f; and f5, and they produce the intermodulation frequency
2f1 — f2, 2fo — f1. An advantage of intermodulation sensors is that they
can be made compliant with frequency regulations because all the fre-
quencies are closely located and can be fitted into one band. Moreover,
compared to other passive wireless sensor techniques, such as RFID, SAW,
and near-field coupled resonance sensors, sensors based on the intermod-
ulation principle can provide relatively high accuracy across a large read
out range (up to tens of meters), and enable the possibility to utilize a

generic sensor element.

3.1 Intermodulation Communication Principle

In the intermodulation communication principle (see Fig. 3.1), the reader
transmits signals containing two closely located frequencies, f; and fs.
Once the signals are received by the sensor, it generates signals at the
harmonic frequencies n fi; + m fo due to the non-linearity of the sensor cir-
cuitry. These frequencies are further backscattered to the reader. The
sensor is constructed in such a way that the signal at an intermodula-
tion frequency depends on the sensor parameter. Hence, by recording the
intermodulation response as a function of frequency, the sensor informa-
tion can be obtained. In principle, all intermodulation frequencies can be

used to carry the sensor information. Lowest order modes, 2f; — f> and
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2fo — f1 are typically the strongest and therefore best suited for communi-
cation. If possible, it best use both side bands simultaneously to achieve
the strongest response. If the reader hardware allows to record only one
of them, it does not matter which one of the side bands is selected as both

are equally strong.

i o
Reader < AW fregz > Sensor
device VAN - VWUV~ device
£

Figure 3.1. Intermodulation read—out principle. The reader transmits two tones and the
sensor replies at an intermodulation frequency.

3.2 Sensor Architectures

There are several alternative ways to realize a passive wireless sensor
based on the intermodulation operation principle. In its simplest form,
a sensor can consist of one antenna and another component such as a
resonant MEMS sensor, an electrically non-linear sensor, or a mixer and
sensing elements. Some presented architectures are reviewed in the fol-

lowing sections.

3.2.1 Sensors Based on Resonant MEMS

The simplest intermodulation sensor is composed of one antenna matched
directly to a capacitive MEMS resonator. Fig. 3.2 shows the architecture
and its simplified electrical equivalent circuit.

When the sensor is activated by the reader at two closely located fre-
quencies fi; and fo, a voltage at the same frequencies is induced across
the MEMS cantilever. Because of the non-linearity of the capacitive ac-
tuation, forces at all harmonic frequencies, nf; & mfy (n, m are integers),
will be generated. The frequency difference f; — f, is selected to be equal
to the resonance frequency of the cantilever, causing oscillation at that
frequency.

The displacement of the cantilever from its initial position will change
the capacitance of the MEMS resonator. In this way vibrations cause a
modulated reflection. Due to the modulation, the device reflects signals at

the intermodulation frequencies 2 f; — f> and 2 f> — f1. The reflected voltage

28



Intermodulation Communication Principle and Its Sensor Applications
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Figure 3.2. Schematic principle of an intermodulation sensor based on a resonant MEMS
sensor (top) and its equivalent electrical circuit (bottom). The Figure is not
to scale [VIII].

Vay,— 1, at one intermodulation frequency is proportional to the mechanical
properties of the MEMS resonator. Hence, by reading the intermodulation
response at the reader side, the displacement of the cantilever will be
recorded [75].

One advantage of this kind of sensor is its simple architecture. However,
the sensor element (MEMS resonator) needs to operate at microwave fre-
quencies. This requirement may prevent the exploitation of commercially

available sensors.

3.2.2 Sensor Based on Electrically Non-linear Sensor Element

Another approach involves utilizing an electrically non-linear sensor ele-
ment. Examples of the suitable elements include: a ferroelectric varactor
exhibiting a voltage-dependent capacitance, a photodiode that is sensi-
tive to light, a varactor diode for voltage measurements, and a micro-
bolometer for temperature or strain monitoring purposes. Here, the sen-
sor utilizing a ferroelectric varactor is given as an example.

Consider a ferroelectric varactor matched to an antenna, as shown in
Fig. 3.3. When illustrated by a signal consisting of two closely located fre-
quencies, the sensor antenna generates a voltage across the ferroelectric
varactor. The generated voltage V; is determined by the quality factor @
of the ferroelectric varactor and the reflection coefficient I" of the antenna

and the varactor, and the input voltage across the antenna V,

Vi~ QU — [TV, (3.1)
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Figure 3.3. A schematic layout of a wireless sensor based on a ferroelectric varactor (top)
with the equivalent circuit model (bottom). The figure is not to scale [VIII].

The capacitance of a ferroelectric varactor is a symmetric function of the

voltage and can be approximated as
Cf(Vf) ~ Cfo + Cf/VfQ, (3.2)

where Cy is the capacitance at zero-bias and C}Vﬂ is the capacitance
change due to the voltage across the ferroelectric varactor. As a result,

the current across the varactor is calculated as
Iy =~ jw(Cyo + C}VfQ)Vf = jwCpV f —O—ij}Vfg. (3.3)

The first term in (3.3) represents linear currents and the second term
contributes to intermodulation products. The reflected signal at the in-
termodulation current is obtained by solving the voltage across the radia-
tion resistance at the intermodulation frequency. Eventually, the reflected

voltage at one intermodulation frequency is proportional to
Vafymipy ~ Q4(1 - ‘F|)4- (3.4)

As the capacitance at zero-bias of a ferroelectric varactor Cyy depends on
temperature and the zero-bias capacitance affects the reflection coefficient
between the antenna and the varactor, the temperature can be obtained
by measuring the intermodulation response of the sensor as a function

of the frequency. Therefore, the capacitance and the temperature can be
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calculated by fitting the measurements to the following model:

1 .
Ry + eri Ry + jwL

B Ry + 75 + Ra+ jwl

(3.5)

where Ry, R,,L, and C; are shown in Fig. 3.3 as the varactor resistance,
antenna radiation resistance, antenna matching inductance, and varactor
capacitance, respectively. This sensor architecture is extremely simple,
enabling the possibility to realize fabrication processes capable of print-
ing ferroelectric materials using printed-electronics. A drawback with the
approach comes from the relatively broad frequency response which does
not allow good identification. Moreover, as the antenna is part of the sen-
sor circuitry, environmental loading of the antenna causes uncertainty to

the sensed quantity.

3.2.3 Sensors Based on Mixer and Low-frequency Resonance
Circuits

The previously discussed intermodulation sensors utilize the same ele-
ment (MEMS or ferrovaractor) simultaneously for mixing and sensing. As
commercially available sensors do not typically mix microwave frequen-
cies efficiently and mixers cannot typically be used as sensors, the lack of
suitable components greatly limits the applicability of the intermodula-
tion communication concepts. Moreover, if the antenna of a sensor based
on an electrically non-linear sensor is in close proximity to a conductive
or dielectric material, the antenna impedance and matching changes, af-
fecting the sensor in the same way as if it had changed its value. Hence,
a practical way to realize an intermodulation sensor is to separate the
mixing and sensing components.

The following describes one such architecture in which the main parts of
the sensor are composed of an antenna, a passive mixing diode and finally
a low-frequency resonant circuit with sensing ability ( see Fig. 3.4).

The intermodulation generation process is broken down into the steps
shown in Fig. 3.5. The reader starts an inquiry by sending two close
frequencies f; and f,. Once the tones are received by the sensor an-
tenna, these frequencies are mixed in the diode, generating currents at
harmonic frequencies such as the difference frequency f1 — f> as well as
other frequencies, for example, 2f1, or 2f,. These currents at the har-
monic frequencies then pass through the low-frequency resonant circuit.

The currents generate a voltage that is proportional to the impedance of
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Figure 3.4. A schematic layout of an intermodulation sensor based on a separate mixer
and sensing element [VIII].

the low—frequency resonance circuit. Since the low frequency resonant
circuit is designed such that the resonance frequency is close to the differ-
ence frequency f;— f2, only the voltage induced at the difference frequency
f1 — fo gets enhanced and reflected back to the mixing diode. This voltage
further mixes with the original input frequencies, generating the current
at the intermodulation frequency 2f; — fo. Eventually, the signal at the
intermodulation frequency 2f; — f> is back scattered to the reader by the
sensor antenna. Because the voltage at the difference frequency f, — fs is
proportional to the impedance of the low frequency resonate circuit which
is directly affected by the sensing element, it contains the sensing data.
This sensing data is further transferred to current at the intermodula-
tion frequency in the mixer, and thus, the sensing data can be read out by
recording the intermodulation response.

The backscattered signal at the intermodulation frequency Vay,_y, de-
pends on the impedance of the resonator Z,.s(fa) at the difference fre-
quency

Vapa—g1 ~ A+ BZres(fa), (3.6)

where A is the intermodulation signals caused by other components in
the circuit and B shows the scale of the intermodulation signal due to the
impedance of the resonator Z,.s(fa).

For a low frequency series RLC resonant circuit in parallel to a sensing
element whose capacitance depends on some physical or environmental
parameters (shown in Fig. 3.5), the impedance at the difference angular

frequency, wa = 27(f1 — f2), can be calculated as

1
R+ jwaLl +1/(jwaC)

ZTGS(fA) = (ijCS + )_17 3.7

where R, L, and C come from the low frequency resonator and C; repre-

sents the sensing element. Note that the difference frequency can be very
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Figure 3.5. Intermodulation communication principle for a sensor based on a mixer and
a low frequency resonance circuit.
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low (in the order of 10 kHz to 10 MHz) and thus facilitates the use of most
commercially available sensors.

The low frequency resonator determines the sensitivity and the tuning
range of the sensing element. In general, the resonator should provide
both a high quality factor and large tunability. Mechanical resonators,
as compared to their electrical counterparts, provide a narrower band-
width, a higher quality factor, and greater equivalent inductance for a
given self-resonant frequency. Therefore, a sensor based on the mechani-
cal resonator enables a larger read-out distance and a smaller frequency

offset which facilitates compliance with frequency regulations.

3.3 Design Considerations for An Intermodulation Sensor

There are many components in a sensor that need to be matched together
in order to provide a large read out distance and good measurement reso-
lution. The following considers design choices for these parts.

Given the above three alternatives, it is easy to understand that a sen-
sor based on mixer and a mechanical resonator is the best structure to

form a intermodulation sensor as it facilitates the use of generic sensing

elements.
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Figure 3.6. The sensor structure consists of a matched antenna, a mixer diode, and a
mechanical resonator with a sensor element.

Let us consider a sensor structure composed of an antenna, a mixer
diode, and a mechanical resonator in parallel with a sensing capacitor as
shown in Figure. 3.6. A simplified electrical equivalent circuit of such
a sensor is shown in Fig. 3.7. The matched antenna is represented by

a voltage source V, ,,,, with a radiation resistance R, in series with the
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matching component L,, R; represents the loss of L, and C,, is used for
DC blocking. The mixer is modeled as a tunable capacitor C; with re-
sistance R;, and the mechanical resonator is simplified as a series RLC
resonator in parallel with a capacitor Cy. C; is the sensing element and
R is its resistance. A low pass filter (shown between the diode and capac-
itive sensor in Fig. 3.7) is needed in order to prevent the RF frequencies
from entering the low-frequency resonance circuit. Let us consider the

equivalent circuit shown in Fig. 3.7.

g

[
Lq

Rq R,
/ 7 Co R,
/16 ¢/ C
q
—_1

Conjugate
matched antenna sensor crystal

Capacitive Quartz

Figure 3.7. Equivalent circuit for the optimized sensor.

The normalized backscattered voltage at the intermodulation frequency

Vywra from the sensor is obtained as [II]:

V

; : jwrrCjoy (v + 1)
9wWInM 4P-3/QR g3 7 S o JWRFYj0 _
NP i RgSig(WrF) Zn(wrr) g](wRF)[QRj + 537

w?{FC’fOWQZn(QwRF) n (g n ijij)ijFijZn(wA)}
232 R; o o ’

(3.8)

where P;, is the received power at each frequency, R, is the antenna
impedance, Sj;(wrF) is the voltage transfer function from antenna to the
junction of the diode, S;;(wgrr) is the voltage transfer function from the
junction of the diode to the antenna, o = q/nkT where q is the elementary
charge, n is the ideality factor, k is the Boltzmann’s constant. T is the
temperature, R; = 1/al is the junction resistance at zero bias, I is a sat-
uration current, Cjg is a junction capacitance at zero bias, 7 is the profile
parameter, ® is a junction potential, and Z,, is the impedance across the
diode junction.

The sensor platform receives the two fundamental frequencies w; and
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wy, and replies at the intermodulation frequency w;y; = 2w — we. Since
the difference frequency wa is small compared to the carrier frequency
that it is assumed that wrr ~ w1 ~ wo ~ Wy

Let us consider a capacitive sensor with a relative sensitivity 5 towards

a measured physical quantity x

8, = (fj)/(‘sﬁ), (3.9)

x

where C is the capacitance of the sensor. Let us further assume that a
sensor capacitance only affects Z,,(wa) in (3.8). Considering the configu-
ration in Fig. 3.7, obviously, the highest sensitivity can be achieved when
the antenna is matched with the matching components and the diode, that
is, Ry = R+ Rgand L = (C,, + C}) /w%FCij. After some manipulation,
the voltage change at the intermodulation frequency due to the change in

the measured physical quantity is

A‘ZJM}M _Pii/Q 1 A
/Rg T4 Cj +Cn 1,
- + -
( CQO Qd)
Cs ’}/2 Az
C, } Pl
(Gnsm) + @) T @t + Rowa(Cin +Cj 4 Co - Co)?)P wrr®™ @
(3.10)

where Q,,(wrr) and Qg(wgrr is the electrical quality factor of the match-
ing circuit and that of the diode at RF, respectively. @,,(wa),Q;(wa), and
Qs(wa) are the quality factors of the matching circuit, diode, and sensor
at the difference frequency, respectively. According to (3.10), the read-out
sensitivity can be maximized by selecting the correct capacitances when
the quality factors of different components are assumed to be constant.

The sensitivity of the circuit is obtained from simulations by sweeping
the difference frequency fa, and by calculations using (3.10). In both
cases, the highest value is normalized to 1. The calculated and simulated
sensitivities as a function of C; is shown as one example in Fig. 3.8.

Fig. 3.8 shows that the calculations predict similar sensitivity behavior
as the simulations. According to both simulations and calculations, there
are optimal values for each of the components. The optimal component
values in one particular case are shown in Fig. 3.9. The values have been
rounded to the closest available component values. The components are

arranged symmetrically in this circuit such that the sensor can be easily
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Figure 3.8. Calculated and simulated normalized sensitivity as a function of C; [II].
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Figure 3.9. Circuit topology and tuned component values for one intermodulation sensor
based on a 1.24 pF varactor and a 2 MHz crystal as mixing and resonant

elements [II].
Finally, one conjugate matched antenna [78], [79] is designed to achieve
the highest sensitivity after measuring the impedance of the sensor plat-

form. Fig. 3.10 shows the final prototype of the intermodulation sensor.
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Figure 3.10. Photograph of the optimized sensor prototype [II].
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3.4 Identification of Intermodulation Sensors

In practical applications, multiple sensors are often located in the same
area. Identification (ID) and multiple access schemes are essential in such

cases to identify the specific sensor.

3.4.1 Identification Principle

Generating IDs and implementing multiple access protocol can be straight-
forward in the intermodulation sensor concept. For example, IDs can be
realized using distinct quartz resonators, each having a different reso-
nance frequency. In this case, IDs are coded to the resonance frequencies.
This also enables the frequency division multiple access (FDMA) concept
because each sensor replies only at a specific difference frequency. Let
us estimate the number of realizable IDs. Passive intermodulation sen-
sors can be designed to fit in the European UHF RFID band (866MHz-
868MHz), which means there is 2 MHz bandwidth available for IDs. If
each crystal is assumed to have a relative bandwidth in the order of 1075,
460519 IDs could be realized if the lowest resonance was at 10kHz, and
the highest at 1 MHz.

An alternative way to realize ID is to use varactor loaded crystals. In
this approach, the intermodulation sensor can be loaded with one or mul-
tiple varactors whose capacitances can be switched between two states.
This kind of ID is reprogrammable by tuning the capacitance values of

the varactor.

3.4.2 Experimental Verification and Performance

The frequency—division based ID and multi—access scheme is studied with
ten intermodulation sensors each with different crystals (see Fig. 3.11).
The used crystal models as well as their equivalent parameters are listed
in Table 3.1.

The intermodulation sensors are all equipped with switches sensitive to
a magnetic field. An external magnetic field switches the sensor capac-
itance between “ON” and “OFF” states, resulting in the shifting of reso-
nance frequencies. These sensors can be called binary sensors because of
the on/off states

Ten intermodulation sensors reply at ten intermodulation frequencies

which are well separated from each other. The resonance frequency of
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Table 3.1. Used quartz crystals and their properties

Model Resonance frequency Co Lq Rq Cq

ﬁﬁiﬁgi‘ﬁf”%"H?”H’ 32 kHz 1.15pF 8.38kH 19.9kQ 2.95f{F
i%ZLKg%L;&L 32.768 kHz 0.75pF 9.84kH 20.6kQ 24fF
8%“;% 0-000KAZF-UB, 40 kHz 1.11pF 564kH 11.9kQ 281f{F
gfrEIIzZ?NGO'OOOKAZF'UB’ 60 kHz 1.08pF 359kH 9.1kQ 196 fF
8%22‘;361\17 6-800KAZF-UB, 76.8 kHz 243pF 245 MH 139kQ 1.75fF
gerIZZ%GNwO'OOOKAZF'UB’ 100 kHz 0.73pF 1.73kH 8.31kQ 1.46fF
ﬁ%f‘éﬁ‘i%q? Aoié 307.2 kHz 9.27pF 145kH 8140 186(F
58211301311{ 1 MHz 509pF 292kH 2320 8.67fF
;‘g}fﬁﬁ%&mw PRODUCTS 1.8432 MHz 257pF 1.09H 2390 6.82fF
IL&’)‘“;‘;I;:OS%O;;@Y PRODUCTS 2 MHz 3.16pF 0.936H 87.67Q 6.86(F

each sensor depends on the binary state of the sensor. For example, the
measured responses for both the ON and OFF states of the binary sensor
at 307.2 kHz as a function of the difference frequency (as an offset from
its nominal resonance frequency) are shown in Fig. 3.12. In the ON state,
the resonance is much stronger and the resonance frequency higher than
in the OFF state. The detailed results of the ten sensors are shown in
[IV].

3.5 Practical Applications

The sensor structure based on the intermodulation communication prin-
ciple might be used as a generic multi-sensing platform for different ap-
plications. Possible sensed variables include ECG (electrocardiography),
binary state machines, accelerometers, inclination strains, temperature,

and humidity. Several examples are given here.

3.5.1 ECG Monitoring

A wireless ECG (Electrocardiography) measurement is demonstrated with
the intermodulation sensor. In this application, the intermodulation sen-

sor is loaded with a varactor as the sensing element. The heartbeat gen-
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Figure 3.11. Electrical equivalent circuit of the sensor with a magnetic switch [IV].
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Figure 3.12. Intermodulation response of the 307.2 kHz wireless sensor in ON (red) and
OFF (blue) states as a function of the difference frequency.

erates a small voltage on the skin of the chest (several millivolts), which
changes the capacitance of the varactor and consequently, the output of
the intermodulation response.

Fig. 3.13 shows the ECG measurement setup. The sensor is located in
the anechoic chamber, and two copper patches are attached to the human
body near the heart. The electric potential due to the heart’s muscular
activity biases a varactor which is used as a capacitive sensing element.
The intermodulation response is read out in the time domain so that the
heartbeat is recorded directly.

Fig. 3.14 illustrates the ECG signal of the author over a period of 60
seconds. It also slows variations due to respiration and other muscular
activity.

HRYV (Heart Rate Variability) is a physiological phenomenon where the

time interval between heart beats varies. HRV is found to correlate with
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Figure 3.14. Measured heartbeat in one minute [V].

physical and mental stress. It is used also to predict or detect heart-
related diseases. HRV can be calculated as the variation of the time inter-
val between heartbeats, which is shown in Fig. 3.15. The demonstration

suggests that the sensor might be used for ECG—monitoring.
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Figure 3.15. HRV signals in one minute [V].
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3.5.2 Binary Magnetic Sensor

The sensor platform can be utilized as a binary magnetic sensor by us-
ing magnetically actuated switches as a sensor element. Measurements
to monitor the state of the switches can be carried out in the frequency
domain as well as in the time domain. Fig. 3.12 shows the intermodula-
tion response in the frequency domain and Fig. 3.16 shows it in the time
domain. One potential application could be that a sensor monitoring the

state of a switch mounted on the ceiling.
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Figure 3.16. Measured intermodulation response of a sensor as a function of time when
the sensor is switched between ON and OFF states [IV].

3.5.3 Inclination/Acceleration Sensor

A passive wireless MEMS-based acceleration or inclinometer sensor is
devised by utilizing a capacitive MEMS accelerometer as the sensor el-
ement. Fig. 3.17 shows the simplified electrical equivalent circuit of
the transponder. The + 1 g MEMS (micro electromechanical system) ac-
celerometer is a silicon MEMS sensor element (courtesy of Murata Elec-
tronics Oy) composed of two fixed walls and one moving part. The struc-

ture is hermetically sealed and damped with gas. Acceleration is approx-
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Figure 3.17. Equivalent circuit for the optimized sensor and a photograph of the MEMS
acceleration/inclination structure [VI].

imately related to the capacitance C; according to:

CsO
Cs

a=K(=2_1), (3.11)

where K = %, and k. = 35{‘ is the effective spring constant term, F is

the Young’s modulus, m is the mass of the sensor, d is the gap between one
wall and the central moving part, A is the section area ,and Cy is the base
capacitance of the sensor.If only gravitational force affects the sensor, we
can find the relationship between the angle « of the inclination and the

sensor capacitance:
. K CSO
sina = [—(

=) (3.12)

where g is the gravitational force.

It can be seen from (3.11) and (3.12) that once the MEMS element is
selected, the capacitance value C; is the only unknown parameter. C can
be obtained by fitting the equivalent circuit with the measured intermod-
ulation response.

The measurements are carried out by repeating the intermodulation
measurements at different inclination angles of the sensor from —90° to
90° at a step of 10°. The measurements are realized at a 2-meter reading
distance. Fig. 3.18 shows the intermodulation response of the transpon-
der for three cases: 0°, —90°, and 90°. The results show clearly that the

resonance frequency shifts upward when the tag is rotated clockwise.
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Figure 3.18. Intermodulation responses measured for three different inclinations of the

sensor as a function of the offset frequency from 2 MHz at a 2 m-distance
[VI].
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The calculated capacitance values as a function of the inclination angle
are plotted in Fig. 3.19. It is obvious that the measured capacitances
align very well (within the measurement setup accuracy, RMS is less than
0.014 pF) with the real capacitance values at different inclinations and
the results show that at a 2-meter distance the sensor values can be read-

out relatively precisely.

3.6 Integration of Intermodulation Communication Sensor

Intermodulation sensors were demonstrated to measure different quan-
tities in the previous section. These passive sensor transponders were
implemented using discrete passive components mounted on the antenna

substrate. This section presents an integrated realization of the concept.

Palymer 2

Palymer 1

Si or Quartz Substrate

Figure 3.20. Simplified schematic of the utilized Integrated Passive Devices (IPD) pro-
cess [VII].

3.6.1 Integrated Passive Device Process

The integration relies on Integrated Passive Device (IPD) processes [80] -
[82]. The passive components can be integrated with active components,

for example, through wafer bonding, flip-chip bonding or other similar
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techniques. IPD processes typically have thick metal layers on high re-
sistivity Silicon or Quartz to achieve good quality factors (see Fig. 3.20).
Copper conductors typically provide a quality factor in the order of 100
and the used Metal-Insulator-Metal (MIM) capacitors even higher than
that.

3.6.2 Integrated Intermodulation Sensor

The intermodulation sensors, loaded with a MEMS accelerometer, are
partly integrated using the IPD process. The MEMS component is the
same as that used in the inclination measurement. All the passive com-
ponents of the circuit shown in Fig. 3.17, that is C,,, L,,, and C}, were
realized in the IPD process. The external components include the mixing
diode, the quartz resonator and the capacitive MEMS sensor. A photo-
graph of the manufactured chip is shown in Fig. 3.21.

External MEMS

2 sensor and
diode quartz crystal

Figure 3.21. Photograph of the manufactured integrated sensor platform [VII].

Fig. 3.22 shows a photograph of the sensor platform consisting of an an-
tenna, integrated passive components, diode, quartz crystal and a MEMS
acceleration sensor. The antenna is bonded to the integrated sensor plat-
form. The transponder is designed to operate at the UHF frequency band
from 866 to 868 MHz. Fig. 3.23 shows the intermodulation response of
the transponder for three different inclination angles: —90°, 0°, and 90°.
The results show that the resonance frequency shifts upward when the

tag is rotated clockwise.
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4. Estimation of Sensor State in
Intermodulation Sensors

The sensor information is coded analogically to the response signal in the
intermodulation communication principle. The reader records the am-
plitude and phase of the intermodulation signal as a function of the fre-
quency difference between the excitation signals. The sensor value is ob-
tained with a proper algorithm from this response.

The sensor value is related non-linearly to the measured response. The
measured response, in addition to the signal from the wireless device, con-
tains noise and possibly interference. These things make it challenging to
estimate the sensor value from the measured intermodulation response.
This chapter introduces a simplified signal model describing how sensor
value is related to the measured response. An algorithm for solving the

sensed value from the response is introduced.

4.1 Model for the Intermodulation Signal Measured by the Reader

In the intermodulation communication principle, the reader transmits
two tones frr and frrpin = frr + fa, where fa << frp is assumed
because fa is in the range of several KHz to tens of MHz, while frp is in
the GHz range. The intermodulation response reflected from the sensor
is at an intermodulation frequency frr_A = frr — fA.

Let us consider the equivalent circuit of the sensor utilizing the inter-
modulation communication principle in Fig. 3.6. Since f is considerably
small compared to the carrier bandwidth frr, the intermodulation re-

sponse at the sensor is simplified as [III]:

_ Va(wrr-a)

S
Va(wrr)

=C%(A+ B Zn(wa,Cy)), (4.1)

where V4(wrp_a) and V4 (wgr) are the received signal at the intermodu-

lation frequency and the carrier frequency. Symbol C? is used to denotes
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the free space pass loss (FSPL). A and B are the same complex constants
as in Section 3.2.3. Zy is the impedance of the equivalent Norton cur-
rent source at the difference frequency fa which depends on the sensor
capacitance values C;s. For the sensor structure shown in Fig. 3.6, the

impedance Zx(wa) can be simplified as

Zn(wa, Cs) = (Yo(wa) + jwaCl + Yi(wa) + Yim(wa)) ™1, (4.2)

where Yj(wa), Yin(wa), and Y, (wa) are the admittance of the diode, the
low frequency block capacitor C,,, and the quartz crystal, respectively.
Assuming a reciprocal channel in the reader system, the reader receives

the following signal at the intermodulation frequency.
VA,RF—A = 04(A+B~ZN(UJA,CS)). (4.3)

Noise is always added to the measured response. The dominant noise
source depends on the reader and is likely to be either the thermal noise
of the antenna and the receiver front-end, or phase noise of the local oscil-
lator. Finally, after taking the noise into account, the signal model of the

intermodulation response can be considered as
VA,RF—A = A,(B/ + ZN(WA7 Cs)) + vUp, (4.4)

where A’ and B’ are unknown complex constants and v, ~ CN(0,02) is

complex white normal distributed noise with variance o2.

4.2 Estimation Methods

The above model in (4.4) relates the sensor value to the measurements.
The expression shows the measured intermodulation response is related
to a sensor element value, such as the capacitance of a capacitive sensor
element. Hence, sensor values can be extracted from a simple fitting of
the signal model to the measured response. This has been done in pre-
vious paper [77]. However, such a fitting procedure has been found to be
computationally demanding, to converge easily in local minima, and not
be a maximum-likelihood estimator in the presence of white noise or any
other noise that can be justified from physical grounds. Hence, this sec-
tion presents a maximum likelihood algorithm based on the Levenberg-

Marquardt for estimating the sensor value and also the measurement un-
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certainty.

4.2.1 Maximum-likelihood Estimator

In order to simplify the analysis, several assumptions have been made. A
mixing diode is considered a tunable capacitor without losses (Rp ~ 0),
and Y, (wa) = jwaCh,. In order to estimate the unknown sensor capaci-

tance C;s, the model in (4.4) is further simplified as
Zn(wa,z) = (Yg(wa) +jwaCy) ™, (4.5)

where Cy = Cy + Cs + C; + Cp,, and Y, (wa) can be measured once the
quartz crystal is selected . The task of the parameter estimation is then

to estimate the optimal values for the parameter set
0=1[C, RA) ) RB) BT (4.6)
from a vector of measurements with N frequency points
Y= [Yo1 Yon]’ =5(8)+n, 4.7

where y,,, = V4 rr—a(wa ;) are the measurements defined in (4.4). Vector
s(0) maps the parameters of the measurements, and n is a vector of zero-
mean complex Gaussian noise samples, with covariance matrix R = 021,
where I is the identity matrix. Given (4.5), we can model the measure-
ments as a multivariate complex Gaussian variable y ~ CN(s(6), R), and
formulate a likelihood function /(0 | y) for the parameters 6 given in the

measurements y as [83]

10 |y) = cexp(—(y —s(0)"R™H(y —5(6))).  (4.8)

1
7Ndet(R)
The maximum likelihood estimate of the parameters (4.5) is obtained by
minimizing the cost function by maximizing (4.8).

Burr, = argming{ (y — 5(8))" R~ (y — s(60))}. (4.9)

A gradient-based iterative optimization algorithm, such as the Levenberg-
Marquardt (LM) algorithm [84] can be applied to obtain the solution of
(4.9). The LM requires the computation of partial derivatives of the model
w.r.t the parameters. The Jacobian matrix D(f) € C(N x P) for P param-
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eters is firstly defined as

_ 0s(0)
oot -

It can then be shown that the partial derivatives w.r.t. log likelihood

L(0 | y) =log.(1(6 | y)) are given by [85]

D(6) (4.10)

OL(6) |y

=2 R{D(O)R ' (y — 5(0))}, (4.11)

QO |y, R) =
and the Fisher Information Matrix J(6, R) as
J(8,R) =2 -R{D"(0)R'D(6)}. (4.12)

Using the definitions (4.11)-(4.12) and an initial value 9{0}, the LM itera-

tions are given by
o — o L (10" Ry Tod (8" R) Q0" | v R), (4.13)

where ¢ is an adaptive scaling factor used for controlling the convergence.
The derived estimator in (4.13) is iterative due to the non-linear relation
between the estimated parameters and observations. Iteration can be
considered time consuming in some cases. However, in the present case
the algorithm can operate at much faster speed than the reader hardware.
Therefore, the algorithm does not hinder the system performance in any

way.

4.2.2 Experiments And Estimation Results

The estimation algorithm is applied to the estimation of the measured re-
sponse of a passive wireless inclination sensor (See Fig. 3.17 in Section
3.5.3). The wireless passive inclination sensor is placed at a fixed distance
from the reader and the intermodulation response is recorded as a func-
tion of the difference frequency for different positioning angles from - 90°
to + 90°, at a step of 10°. This measurement procedure is repeated for
three different distances: 30 cm, 1 m, and 2 m.

Fig. 4.1 shows the amplitude of the measured responses at the three dif-
ferent distances, and the modelled responses using initial and estimated
parameter values. Each measured frequency response at a specific in-
clination angle is limited between the vertical dashed lines. Comparing
Fig. 4.1 (a), (b), and (c), the linear amplitudes are one and two orders of

magnitude weaker at distances of 30 cm, 1 m and 2 m, respectively, and
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Figure 4.1. Measured (solid blue) and fitted (pink dot) intermodulation responses at dif-
ferent measurement distances and sensor inclinations. The dashed vertical
lines mark the separation between different inclinations. The measurement
distances and relative RMSE are 30 cm and 0.18 (a), 1 m and 0.29 (b), and 2
m and 0.29 (c), respectively [III].

especially weak for the measurements closer to zero angle at furthest dis-
tance. The latter is potentially due to the combination of the multipath
propagation and the minima in the sensor antenna pattern in the direc-
tion of the reader antenna.

Fig. 4.2 shows estimation results for C(x). Alongside the estimates,
dashed curves are shown which are obtained by numerically fitting a sine
function (the shape that the force on the accelerometer should be a func-
tion of the inclinometer angle). From Fig. 4.2, it is obvious that there
is some difference in the model at close distances as the estimates from
1 m and 2 m distance align very well (within the measurement setup
accuracy), whereas the measurements at 30 cm distance show an offset
of about 0.2 pF (also the angular alignment of the sensor seems to have
some mismatch). The model mismatch is likely to derive partly from the

intermodulation generation in the receiver.
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Figure 4.2. Estimates of C§(z) at different distances compared to fitted sine curves [III].
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5. Reader System

Intermodulation communication sensors require a specific reader device
capable of transmitting at two frequencies and receiving at an intermod-
ulation frequency. This section describes a prototype reader developed for

the intermodulation sensors.

5.1 Read Range

The read range is a very important parameter. Here we derive the read
range for an intermodulation sensor.

Let us consider a reader system with antenna gain G,, transmitting
power P;, and sensor antenna gain G, the input power P;, received by
the sensor tag is calculated according to the Friis equation [86]:

— A 2
Pm - (H) PthGr~ (51)

The power converted to the intermodulation frequency Pjj; from the
input power P;,is
Pryp = LPy, (5.2)

where L is the conversion loss from input power to intermodulation power,
conversion loss L is proportional to the square of the input power in the
small-signal region [76].

Again, the intermodulation signal reflected to the reader is calculated
using the Friis equation. The read range r is calculated by equating the
intermodulation signal at the reader with the reader sensitivity. And we

further assume the reader sensitivity is limited by the reader noise level
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P,. Finally, the read range r can be solved as:

e

5.2 Reader Architecture

From (5.3), it is easy to recognize that once the sensor is optimized, sensor
antenna gain G and conversion loss L are fixed values; therefore, the
reader antenna gain G,., reader output power P;, and reader noise level
P, are the remaining parameters that affect the read range. Typically, a
patch antenna is selected as the reader antenna because of its relatively
high gain of 8 dB, commercial availability, and reasonable price. Noise
level P,, on the other hand, requires a huge amount of work to reduce
even 10 dB. Reader output power P; is the only parameter that can be
easily enlarged to 27 dBm (allowed power in the frequency regulation for
UHF RFID sensor) in the specific reader compared with 10 dBm from the
VNA. The objective of this design, therefore, is to promote the highest
output power while keeping the noise level as low as possible.

In order to have two output frequencies f; and fs, the transmitter part
of the reader needs to have two separate synthesizers, each consisting of
a VCO (Voltage Controlled Oscillator)controlled by a PLL, enabling both
exact, sub-Hz stable output frequencies, and pure, dual-tone output. The
reader architecture is shown in Fig. 5.1. The receiver is a typical super-
heterodyne receiver. The signal is first mixed with (f; + f2)/2 to the in-
termediate frequency (IF), and then passes through the low pass filter.
The IF signal is then amplified and further down-converted to DC for
sampling. The high power transmitting signal is well isolated from the
receiver part by a circulator. The first reader system is implemented with
evaluation boards and discrete amplifier blocks according to Fig. 5.1.

It turns out that the sensitivity of the reader is not limited by the ther-
mal noise but limited by the intermodulation signal generated in the
reader itself. Therefore, the spurious-free dynamic range of the reader
is considerably smaller than the linear dynamic range. The strongest in-
termodulation distortion comes from the non-linearity of the PAs and the
signal leakage through the circulator. The thermal noise floor for the sys-
tem is estimated to be -125 dBm while the intermodulation generated by

the reader itself is measured as — 70 dBm from the receiver’s input. The

58



Reader System

Circulator  Antenna

Bandpass Amplifier Combiner
filter

|
|
:
|
|
|
|
l
|

Transmitter

Analog-to-digital Baseband Bandpass
Converter amplifier  filter IF amplifier DC mixer  IF mixer

1
|
1
:
~ I®
o, H |
e
&Y :
1
I
1
I
I
1

Figure 5.1. Block diagram of the reader system [IX].

intermodulation distortion is much higher than the noise floor and it lim-

its the read range of the reader system.

Table 5.1. System parameters for the read range measurement

Trasmitted power P, =16 dBm
Reader antenna gain G, =8dBi
Wavelength A =0.346 m
Sensor antenna gain G, =2 dBi1

Third order intercept point I7P; =-70 dBm

A photograph of the reader and the measurement setup is shown in
Fig. 5.2. The sensor is attached to a ventilation valve located several
meters away from the reader. The tuning position of the valve controls
the ON/OFTF state of the sensor. The reader parameters are listed in Table
5.1.

The maximum read out distance is about 7 m. This happens when the
intermodulation noise power is — 70 dBm. Using calculations, it is pre-
dicted that 25 meters distance can be achieved if the noise level could be
limited to — 100 dBm. Detailed results of the measurements can be found

in [IX].
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Figure 5.2. The reader-sensor tag system used in the measurements: The magnetic
switch is connected to the ventilation valve [IX].
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6. Summary of Articles

Publication I: “Passive wireless sensor platform utilizing a mechanical
resonator”

This paper presents a new passive wireless sensor platform based on the
intermodulation communication principle. The platform utilizes a quartz
crystal or other mechanical resonators and enables the sensor to have a
narrow bandwidth and ID-code to the sensor. Analytical modelling of the
intermodulation response of the sensor is elaborated and verified by sim-

ulations and the concept is experimentally demonstrated at 1.25 GHz.

Publication II: “Optimization of wireless sensors based on intermodula-
tion communication”

In this publication, an analytical expression for optimizing the electrical
circuitry of a sensor based on the intermodulation communication princi-
ple is derived and verified by harmonic balance simulations. An optimized
sensor is designed, fabricated, and experimentally characterized. Results
show that a 1 % change in the sensor capacitance can still be detected at
a distance of 13 m and the read-out principle can enable an extreme reso-

lution at shorter distances (less than per mille below 5 m).

Publication III: “Maximum Likelihood Estimation for Passive Wireless
Intermodulation Communication Sensors”

In this publication, equations are derived to estimate the quantity mea-
sured by the wireless sensor from its intermodulation response and the
equations are experimentally verified with a passive wireless inclination
sensor operating at 860 MHz. The results show that the sensor values
can be estimated at a wide range of distances. The derived equations
can be further used to improve the interrogation speed of the sensor by

investigating less measurement points located in the vicinity of the inter-
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modulation response.

Publication IV: “Realizing Frequency Division Multiple Access with Pas-
sive Wireless Intermodulation Communication Sensors”

This publication introduces an approach to generate identification (ID)
codes in the intermodulation communication sensors. IDs are coded to
the resonance frequency. This also enables the frequency division multi-
ple access (FDMA) concept. The ID and multiple access scheme based on
frequency division is experimentally demonstrated with 10 binary passive

wireless sensors operating simultaneously at 866 MHz UHF.

Publication V: “On the Use of the Intermodulation Communication To-
wards Zero Power Sensor Nodes”

This publication demonstrates the use of the intermodulation communica-
tion principle for long-range reading wireless passive sensors. Analytical
expressions and measurement results are reviewed and the outputs of an

ECG (electrocardiography) wireless sensor are given.

Publication VI: “Long Range Passive Wireless MEMS-based Inclination or
Acceleration Sensor Utilizing the Intermodulation Communication Prin-
ciple”

This publication describes a MEMS-based passive wireless transponder
relying on the intermodulation communication principle that is applied to
inclinometer or accelerometer measurements. The transponder operates
at the UHF band and provides + 1 g acceleration and + 90 degrees incli-

nation within a reading distance of several meters.

Publication VII: “Integrated Passive Wireless Sensor Transponders based
on the Intermodulation Communication Principle”

This paper describes a passive intermodulation communication sensor
platform where passive components are realized using the Integrated Pas-
sive Device (IPD) process. The concept is experimentally verified with a
MEMS accelerometer sensor used to measure the sensor’s inclination in a

static gravitational field.
Publication VIII: “Review of Passive Wireless Sensors Utilizing the In-

termodulation Communication”

This publication reviews different kinds of passive wireless sensors uti-

62



Summary of Articles

lizing the intermodulation communication principle. The reviewed sensor
architectures are based either on a mechanical resonator, electrically non-
linear sensing element, or on a separate mixer, low-frequency resonance
circuit and a sensing element. The benefits and drawbacks of different

architectures are compared and some experimental results are presented.

Publication IX: “Achieving Long Reading Ranges with Passive Wireless
Intermodulation Sensors”

This paper presents a system architecture combining batteryless wireless
intermodulation sensors and their associated reader. The achievable read
range of such a sensor-reader system is analyzed. The computed read
range is compared to those provided by harmonic and passive UHF RFID
sensor systems. Effects of both reader thermal noise and third-order dis-
tortion by the reader itself on the read range of the system are considered

by means of theoretical analysis, simulations, and measurements.
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7. Conclusions and future work

In this dissertation, a sensor system utilizing intermodulation communi-
cation was developed. The results of the research work are published in
publications [I]- [VI]. Chapters 1-6 summarized the background and the
theory behind the topics, the development of the intermodulation com-
munication sensors and their applications, the optimization of the inter-
modulation communication sensor, the reader system, the signal model
and the estimation method of the sensor parameters, and the scientific
contribution of the work.

The intermodulation communication principle was fully explained in
this dissertation, and three approaches to realize the intermodulation
communication sensors were reviewed. The first approach utilizes a res-
onant MEMS sensor simultaneously as a mixer and sensor. The second
approach is based on an element which is both electrically non-linear and
sensitive to a measured quantity. The two approaches have very simple
structures and can be made on a small-scale without great cost. However,
the environmental loading of the antenna and the lack of commercially
available sensor elements working at microwave frequencies limit their
range of applications. The last approach consists of a separate mixer and
low frequency resonance circuits that hence solves the problems of the
first two approaches.

Applying the quartz crystal or other mechanical resonators as the low
frequency resonance circuit increases the quality factor of the intermod-
ulation sensors; thus, it offers a longer read-out distance and a narrower
bandwidth. The signal model to predict the intermodulation response was
elaborated and verified by simulations and the concept was demonstrated
at 1.25 GHz.

For the intermodulation communication sensors with a mixer and a

quartz crystal as the low frequency resonance circuit, one optimization
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theory was established in [II]. Equations to optimize the circuitry of the
sensor were derived and verified by harmonic simulations. The results
showed a 1 % change in the sensor capacitance detectable at 13 m distance
and an extremely high resolution was achieved at shorter distances.

Identification (ID) can be easily generated in the intermodulation com-
munication sensors. IDs can be coded for example in the low frequency
resonance circuit, realizing the frequency division multiple access (FDMA)
concept. The FDMA concept is validated with 10 binary ON/OFF inter-
modulation communication sensors. In future work, reprogrammable IDs
could be achieved with paraelectric varactors which are loaded onto the
quartz crystals.

Sensors based on the intermodulation communication principle enable
a wide range of applications. The feasibility of the intermodulation com-
munication principle was experimentally studied for ECG, binary state
machines, and an acceleration/inclination sensor. The experiments shoed
that the sensor is quite sensitive to small signals (the ECG signal is only a
few millivolts) and the sensor has a long read out distance. In the future,
multiple sensing can be realized by using different resonant frequencies
and the sensing elements can be integrated on one sensor platform.

Integrated Passive Device (IPD) processes were applied to verify the
integration of the sensor based on the intermodulation communication
principle. The integrated platform was demonstrated with inclination
measurements. An achievable distance of 14.5 m was predicted and the
possibility of realizing a highly integrated sensor in the IPD process was
experimentally studied. In this study, only the passive component was
integrated. In future work, the diode and low frequency resonance circuit
could be further integrated to minimize the size of the sensor.

A specific reader is requested to read out the intermodulation response.
The reader architecture is shown in [IX]. It was shown that the read
range is limited by the intermodulation signals generated in the reader
transmitter, especially by the synthesizers and PAs. A 7 m read out dis-
tance was achieved with a reader whose intermodulation noise level was
-70 dBm. In future work, a reader with better intermodulation response
is required, and coupling and intermodulation noise should therefore be
reduced. Additionally, harmonic insertion methods are planned to be used
in the transmitter.

Sensor values can be obtained by analyzing the intermodulation re-

sponses. A maximum likelihood estimator was derived for this purpose.
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The estimation equations were experimentally verified by a intermodu-
lation communication sensor equipped with a MEMS inclination sensor.
The results showed that the sensor values can be estimated reliably at a
wide range of distances. Moreover, the interrogation speed of the sensor
was improved by utilizing the maximum likelihood estimation equations.

This dissertation shows that intermodulation sensors can be read—out
precisely at long distances, comply with frequency regulations, enable
IDs, and can be used in many potential applications. Hence, the intermod-
ulation communication sensor enables the deployment of passive wireless
sensing.

Currently, all intermodulation sensors are equipped with dipole type
antennas whose gain is about 2 dBi. In the future, a sensor antenna
with high gain will be designed such that the resolution can be further
improved. Ultimately, the sensor can be integrated into MEMS (micro-
electromechanical systems) so that the size of the sensor will be greatly

reduced.
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Errata

Publication I

In the second paragraph of subsection II. B, p. 3447, it should read “...and
L= (Cer + Cj)/W]?{FCmC’j-”
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The dissertation focuses on the
development of passive wireless sensors
based on the intermodulation
communication principle. The research in
this dissertation contributes in three parts:
Firstly, the dissertation discusses on the
sensor based on the intermodulation
communication principle and its
applications. The study shows that the
sensor can be used as a generic multi-
sensing platform with some potential
applications such as monitoring ECG, the
state of a switch, inclination, and
acceleration. Secondly, the dissertation
discusses the read-out and estimation of the
sensor states. A signal model which deals
with the intermodulation response is
established and the maximum-likelihood
estimation method is applied to precisely
read out the sensor state. Thirdly, the
dissertation describes the reader part of the
system. Considerations affecting the read
range of the sensor are discussed. A reader
architecture is described and the limitations
affecting the reader performance have been
studied.
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