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Abstract

In this thesis, novel battery-less wireless sensor architectures and sensing ele-

ments are proposed and demonstrated. The proposed passive wireless sensor

architectures integrate a UHF RFID chip, and a UHF sensing element to en-

able the reading of environmental conditions wirelessly, without increasing the

complexity of a typical RFID chip and substantial loss of read range of the

chip. The architectures are designed so that the sensor only changes the phase

of the reflected RFID signal, with minimal affects to the incoming interrogator

signal to ensure optimal range. The phase change is detected by the reader

using a non-coherent IQ demodulator. Since the sensing elements must be

responsive at UHF, novel sensing elements are designed and reported.

Along with hardware development, in-depth analysis and modeling of the

proposed architectures and sensing elements are presented. Furthermore, to

address the challenges of phase ambiguity while operating at different dis-

tances, signal processing techniques are formulated. The proposed architec-

tures can easily integrate any type of sensing element such as temperature,

humidity, and water level. A flood sensor, a temperature sensor, and a voltage

sensor, operating wirelessly without a battery are demonstrated in a home and

office environment.
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Chapter 1

Introduction

1.1 Background of Battery-less Wireless Sen-

sors

Wireless sensors are becoming increasingly popular in the home and industrial

sectors and are used for a range of applications, from temperature or humidity

monitoring to food quality inspection of products being sold in a market. One

of the main reasons for using wireless technology is that it affords non-contact,

non-invasive sensing. This ability not only eliminates the need for long cables

required for information transfer, but also reduces the spread of germs, and

brings comfort to the users. To fully exploit the capabilities of wireless sensors

and automate processes, the future generation of wireless communication, 5G,

Internet of Things (IoT), and the evolving Industry 4.0 aims to incorporate

them on a massive scale, due to which research on wireless sensors is on a

dramatic rise [1–3].

For the past two decades, RFID has been widely used for object identifi-

cation and tracking purposes [4]. It took many years for this technology to

become affordable and reliable in a variety of applications. The technology

was initially focused on replacing bar codes and Electronic Article Surveil-

lance (EAS) for preventing theft. Later on, the application horizon of RFID

got wider and it was introduced in several applications such as tracking inven-

tory at a warehouse for supply management purposes, automated toll collec-

tion without the need for stopping, and automatic unlocking of doors when

entering parking structures or buildings premises [5, 6].
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As time passes the applications of RFID are rapidly expanding, and RFID-

based sensors are one of its most interesting applications. Initially, RFID tech-

nology was merely introduced for object identification. By the year 2004, the

technology started incorporating sensing capabilities [7]. Although extend-

ing the chip’s capability from identification to sensing is straightforward, the

design must ensure that the extension does not affect the performance of an

RFID tag. Hence such an addition should collect sufficient power to run the

RFID chip and the sensing element without having any significant impact on

the read range of the RFID tag [8, 9].

RFID tags are generally classified into three categories: active, semi-passive,

and passive, as shown in Fig. 1.1. An active RFID tag has its own power sup-

ply and a transmitter for communication, whereas a semi-passive RFID has

its own power source but does not have any transmitter, and instead uses a

backscattering technique for establishing communication. On the other hand,

a passive RFID chip, which is often the cheapest variety, has no internal power

source and no transmitter, and thus uses the power of the electromagnetic

field transmitted by the reader to power-up its circuitry and backscatter the

received signal [10–12].

RFID

Active Semi-passive Passive

Figure 1.1: Taxonomy of RFID tags available in the market.

A sensing element may be incorporated in any of the aforementioned cat-

egories to design an RFID sensor. Using active or semi-passive technology

requires a power source, which makes the wireless sensor bulky and expen-

sive, whereas passive technology is much cheaper but incorporating sensing

elements in it is quite challenging due to the limited available power and flexi-
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bility. Hence, passive technology must be carefully engineered to address these

challenges [3, 11, 13–20].

RFID is now a widely used technology for tracking and inventory man-

agement services, and as such, is governed by several design standards [21].

However, wireless sensors, especially RFID-based sensors, are still an emerg-

ing technology, and therefore might be referenced using different names in the

community. Particularly, passive wireless sensors are sometimes also termed

as battery-less, self-powered, or even zero-power [8, 11, 22–29].

1.2 Research Motivation

Battery-less RFID-based wireless sensors have gained a lot of interest because

they are lightweight, cheap, and long-lasting. In particular, the ones operating

at UHF are of greater interest as they offer a good compromise between size

and read range. An illustration showing the operation of battery-less wireless

sensors is shown in Fig. 1.2. There are several different designs proposed in

the past that can be generally categorized into chip-less sensors, chip-based

antenna resonance modifying sensors, multi-port chip-based sensors, digitally

integrated sensors, and chip-based ambient energy harvesting sensors. In the

following sections, we will discuss these categories in detail and observe the

benefits and drawbacks of each [8, 30–50].

Figure 1.2: Battery-less wireless sensors get energy from the reader and re-
spond by backscattering the incident power signal.
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1.3 Research Objectives

The current research, therefore, aims to develop novel passive wireless sensor

architecture designs that address the aforementioned challenges. The designs

comprise a UHF RFID chip, an antenna, UHF sensing elements, and multi-

port circuits. These components are arranged such that a significant part of

the reader signal is sent to the RFID chip to store or harvest energy, while the

backscattered signal is passively combined with the signal from the sensing

element. The UHF sensing element only introduces some phase change to

the backscattered signal that is returning back to the reader. Since these

architectures keep the sensing element and the antenna separate, the radiation

characteristics of the antenna are not altered by the changes in the response of

the sensing element, as it does in some previously published wireless sensors

[51–53].

The proposed design can be used in several different applications, and is

especially suited to smart home IoT. A smart home generally requires several

sensors such as humidity, temperature, or flood sensors, as shown in Fig. 1.3.

These sensors are required to be densely deployed in a closed vicinity. There-

fore, chip-based RFID technology is an ideal candidate as it supports spatial

multiplexing in such an environment. Moreover, the eradication of batteries

from the sensors is of key interest for home users. This is because batteries

require periodic maintenance and pose a hazard of missing an alarm in the

event of a battery run out. A fully passive system will significantly reduce any

such hazards. Lastly, a longer read-range (greater than 5 m for smart homes)

will reduce the number of readers required in a given room. These readers

may easily connect to WiFi to upload data to servers for processing and also

to keep users informed.

The goals of this research are five-fold:

• propose a wireless sensor design for mid-range applications (2 to 10 me-

ters) without needing any battery;

• provide an in-depth analysis and modeling of the proposed design on
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(a) (b)

Figure 1.3: Potential applications of zero-power wireless sensor network from
determining environmental condition (a) in healthcare monitoring (b) in a
smart home or office environment.

how the phase delay information of the reflected signal can be used to

passively determine the sensed value;

• provide signal processing techniques to remove phase ambiguity at dif-

ferent distances;

• propose novel sensing element designs operating at UHF;

• demonstrate performance of the proposed sensor in a home-office envi-

ronment.

1.4 Thesis outline

The remainder of this thesis is organized as follows. In chapter 2, we discuss

the fundamentals of an RFID-based wireless sensors to develop a basic under-

standing of how the individual components of the system may be engineered

to meet the requirements, e.g. complexity, cost, size, read range, and accu-

racy of a given application. In chapter 3, state-of-the-art system topologies of

battery-less RFID-based wireless sensors are discussed in the context of their

complexity, cost, size, read range, and accuracy. Chapter 4 shows a novel
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RFID battery-less wireless sensor architecture based on a circulator. Distance

ambiguity is resolved using the architecture proposed in chapter 5. Following

that, a six-port-based wireless sensor architecture is proposed in chapter 6.

A novel non-hybrid six-port-based wireless sensor architecture is proposed in

chapter 7. Finally, chapter 8 concludes the thesis.
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Chapter 2

Fundamental Principals of
RFID Based Wireless Sensor
Systems

An RFID-based wireless sensor consists of several components. A block di-

agram of all the key components is shown in Fig. 2.1 and details of each

component are discussed below.

Reader Rectifier Sensor
Digital 

Circuitry

RFID based wireless sensor

(Backscattered)
RF Out

ID + Sensor

RF IN
(Power-up 

+ Data)

Figure 2.1: Components of an RFID-based wireless sensor system.

2.1 Antenna

An antenna is a transducer that converts free space electromagnetic energy to

guided electromagnetic energy and vice versa to enable wireless communica-

tion in an RFID system. Although any radiating structure can be termed as

an antenna, the efficiency with which it can transform electromagnetic energy

plays a major role in determining its amenability for use in sensor communi-

cation [30].
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To design antennas, certain characteristics are of key importance. These

characteristics are the resonant frequency, bandwidth, impedance, gain, radia-

tion pattern, and polarization. Any design is a trade-off of these characteristics

and must be optimized based on the application of interest. In an RFID-based

sensor, usually small size, planar, and high gain antennas are desired to ensure

longer read range and lower fabrication cost [54, 55].

To achieve small size, different miniaturization techniques are used. Amongst

them, meander line antennas are of great interest due to their simplistic design

[56–63]. In these antennas, the antenna arms are folded to reduce the size and

produce distributed capacitive and inductive reactance that produces a global

effect on the antenna impedance. Operating an antenna well below its natural

resonance frequency to satisfy space constraints implies that the antenna be-

comes more difficult to match, and impedance matching directly impacts the

RFID read range. Therefore, the reactance must be properly engineered to

effectively reduce the size of the antenna [64, 65].

Although a significantly smaller size can be achieved with meander line

dipole antennas, they are prone to degradation due to nearby objects and

cannot be placed directly on metallic surfaces. Therefore, for applications

where a wireless sensor is required to be placed on a metallic object, different

classes of antennas may be considered. Normally patch antennas have a ground

plane attached at one side, and can thus be used for this purpose. However,

due to their large size at UHF frequencies, modified versions such as fractal

and meandered patch antennas are preferred for RFID tags [55, 66–69].

2.2 Rectifier

A rectifier in an RFID tag is the main circuit that converts the incident elec-

tromagnetic energy received by the antenna into a DC supply voltage. This

voltage is required to operate all the internal circuitry of the tag, which in-

cludes the analog circuitry, base-band DSP circuitry, and memory of the tag

[70–75].

The power efficiency and stability of the rectifier are determining factors
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for the range of the RFID tag. Generally, Schottky diodes are used in AC/DC

rectifiers, however, for RFID tags they are avoided. This is because they

can not be co-fabricated with CMOS technology, which is required for DSP

and memory design, whereas, a separate fabrication of both would result in

inconsistencies that degrade the performance of the chip. Therefore, diode-

connected MOS FETs are preferred when designing RFID rectifiers as they can

be accurately co-fabricated with other components [76–78]. A detailed model

incorporating the fabrication process yields rectifiers with optimum perfor-

mance [79–82].

If standard threshold voltage CMOS devices are used, the rectifier cannot

be turned on when the voltages at its terminals are lower than its turn-on

voltage, which affects the read range of the RFID tag. Solutions using near

differential-drive rectifiers, photovoltaic-assisted rectifiers, and zero threshold-

based technologies such as Silicon-on-Sapphire, and Hetero-junction Tunnel

FET provide a significant improvement to read range [45, 83–91].

2.3 Digital Circuitry

Generally, an RFID tag consists of digital circuitry that is used to transmit

the identity data of the chip. This circuitry obtains data from the memory of

the tag and modulates it over the backscattered signal. To integrate a sensing

element into an RFID tag, additional digital circuitry that can utilize off-the-

shelf sensing elements may be added. This addition allows the recording of

sensed data directly inside the tag and sending it back to the reader using

digital modulation techniques along with the identification data. The major

benefit of this technique is that the accuracy of the sensor can be very high [23].

However, a clear drawback is that this digital circuity will require additional

power. For passive RFID tags, the power is limited, and these additional

circuits can only operate at the expense of read range reduction.

On-chip digitally integrated sensors are comprised of three major blocks

— a digital control circuit, an off-the-shelf sensing element, and an analog-

to-digital converter (ADC). The digital control circuitry drives the sensing
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element by providing the required current or voltages. The element generates

an analog voltage based on the physical parameter being measured. This

voltage is converted into a digital format using the ADC and transmitted back

to the reader using the aforementioned RFID circuitry. Using this technique,

different sensing elements such as temperature, gas, and food-quality can be

easily connected [23, 35, 92, 93].

2.4 Sensing Element

The sensing element is the heart of the wireless sensor. It is the component that

is actually sensitive to the parameter of interest. From a point of view, there

are two types of sensing elements: resistive and reactive [94–97]. Resistive

sensing elements are the ones for which the resistance across the terminals

changes with variations in the physical parameter being measured. Similarly,

reactive sensing elements are usually capacitive or inductive in nature whose

reactance varies. Resistive sensing elements are usually lossy as power must be

dissipated to read their value. On the other hand, reactive sensing elements,

especially the capacitive variety, can be very energy-efficient as very little

current is drawn to operate them. A simple structure of resistive and capacitive

type humidity sensing element is shown in Fig. 2.2 [98].

Based on the layout or packaging design, sensing elements can exhibit cer-

tain parasitics. As a result, not all sensing elements can be used at high

frequencies, such as those employed in RFID. If on-tag digital circuitry for the

tag exists, generally off-the-shelf sensing elements may be used. However, if

the topology being used drives the sensing element using the high-frequency

incident signal, then the sensing element must be responsive and sensitive at

the frequency being used. In this case, a reader must be able to understand

the received information and separate it from the regular RFID’s identity in-

formation. Elements operating at high frequency are not easily available in the

market. As a result, different types of sensing elements for RFID sensors are

currently being explored by researchers to increase their frequency of operation

while simultaneously reducing their power consumption [35, 36, 99–105].
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Figure 2.2: Design comparison of resistive and capacitive type humidity sens-
ing element.

2.5 Reader

In an RFID system, a reader, also known as an interrogator, is the device that

communicates with an RFID tag [106]. Moreover, in passive RFID tags, the

reader is the device that also provides energy to the tag for its operation. The

same is true for the case of battery-less wireless sensors.

The sensing information in an RFID-based wireless sensor may be trans-

mitted using either digital or analog communication. Therefore, a reader must

be able to understand the received information and separate it from the regular

RFID’s identity information. In the case of analog communication, received

signal strength at different frequencies and/or phase delay in the backscattered

signal are of key interest. Hence, it is necessary to ensure that the chosen reader

can provide the required information. Readers based on IQ demodulators are

often able to extract the phase and amplitude of the backscattered signal and

are hence preferred for such applications.

Typically, reader ICs are available in the market that covers the entire

RFID UHF frequency range of 860 MHz to 960 MHz and supports EPCglobal

Class-1 Generation-2, ISO-18000-6A(61), ISO-18000-6B(62), and ISO-18000-

6C(63) standards. These ICs can normally provide an output power of up to
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+10 dBm, which can be further increased to +30 dBm by using an external

power amplifier. Sensitivity levels of -90 dBm are easily available that allow

the reading of chips at fairly long distances of up to ~30 m [107, 108].
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Chapter 3

Literature Survey

Different arrangements and utilization of the RFID tag’s components can re-

sult in different topologies. There are currently four principal topologies being

used, each offering different levels of complexity, cost, read range, and accu-

racy. Here, the details of each topology will be discussed to analyze their pros

and cons.

3.1 Chip-less RFID Sensor Topology

The simplest form of RFID sensor requires no integrated circuit (IC) and com-

municates sensed data by simply varying the radar cross-section (RCS) of the

tag at a certain frequency [8, 30–33]. This is achieved by attaching a sensing

element, having an input impedance of ZS, with an antenna, having an input

impedance of ZA, through a matching network. A block diagram is shown

along with an example of a strain sensor in Fig. 3.1 and Fig. 3.2, respec-

tively. RCS is a combination of structural-mode reflection and antenna-mode

scattering. An incoming electromagnetic wave is partly absorbed and partly

reflected from the surface of the antenna. The signal reflected from the surface

is known as structural-mode reflection, whereas any part of the absorbed sig-

nal that is reflected due to impedance mismatches is known as antenna-mode

scattering [109–112]. The sensing element, which could be designed for sensing

temperature, humidity, or gas, transforms any change in the physical quantity

into a variation in its electrical properties such as resistance or reactance. As

a result, the resonance frequency or the quality of the matching network is
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altered. Hence, this causes a change in the RCS of the antenna at a given

frequency.

Matching 
Network Sensor

Zs
ZA

RF

Figure 3.1: Block diagram of a chip-less RFID-based wireless sensor.

Figure 3.2: A chip-less RFID-based wireless strain sensor design [31].

To read data from a chip-less RFID sensor, a reader transmits a frequency

sweep signal of a specific bandwidth and analyzes the backscattered signals

that it receives. These backscattered signals are affected by the physical loca-

tion of the sensor and its RCS. If the physical location and distance between

the sensor and the reader are fixed, then the effect of the physical location can

be easily factored out to determine the RCS, specifically of the sensor.

When the antenna impedance ZA is matched to the sensing element’s

impedance ZS, the reflection goes to zero and the RCS drops to a minimum.

As the mismatch increases with a change in the impedance of the sensing ele-

ment, which is affected by the physical condition being sensed, the mismatch

between the antenna and the sensing element increases. This eventually in-

creases the RCS of the sensor. As a result, the amplitude of the backscattered
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signal increases. This increase is directly related to the sensing element and

can be easily translated to the change in the physical quantity by using pre-

determined calibration coefficients.

Another perspective to understanding this type of sensor is that when the

sensing element mismatches, the resonance frequency of the circuit will shift,

and thus the sensor will be matched to another neighboring frequency. The

reader can easily search this resonance by measuring the backscattered signal

at different frequencies and matching it with the predetermined calibration

data to determine the sensed value and the corresponding physical quantity

[113–116].

Although the aforementioned is by far the most cost-effective method of

RFID sensing, it requires a higher frequency bandwidth and is also prone

to multi-path and environmental effects. Moreover, areas having multiple

sensors in close proximity are not supported. Therefore, this method is mostly

preferred in uncluttered areas such as farms or fields. There are techniques

where multiple resonators are used so that data in multiple frequency bands

could be analyzed to reduce the effect of multi-path and environmental noise

[102]. Besides, diode frequency doubling is sometimes used in the sensor so that

reception at the higher harmonic is free of environmental backscatter, which

is high at the actual frequency of transmission [117–119]. Another technique

is to use a direct conversion six-port network in which information is divided

into in-phase and quadrature components. The reference signal for calibration

purposes is sent as an in-phase component while the sensing element signal is

sent as the quadrature component so that they could be analyzed together to

determine the sensed value [120, 121]. Nevertheless, these techniques increase

the cost and reduce the read range of chip-less wireless sensors. The read

range demonstrated by these sensors ranges from 2 m to 30 m [8, 30, 102,

113–116, 120, 121]. Moreover, due to multi-path and analog communication,

the accuracy of these sensors is low.
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3.2 Chip-based RFID Sensor Topology

To address the challenge of multi-path propagation and support multiple sen-

sors in close proximity, wireless sensors must incorporate digital communica-

tion techniques. This is achieved in chip-based RFID tags, where the backscat-

tering is digitally controlled and acts as a digitally modulated signal. This

enables assigning a unique identifier to multiple tags in a vicinity, employ-

ing anti-collision protocols, and providing error reduction methods. All these

techniques are built into the RFID EPC-Gen2 protocol. Chip-based RFID

tags based on this protocol can be modified in several ways to integrate sens-

ing elements inside them. These modifications generally include an antenna-

resonance shifting-based sensor, a multi-port architecture to remove the sens-

ing element from the incoming signal path, a digitally integrated sensor using

digital circuitry, and an ambient energy harvesting block to get additional

power from the surroundings.

Chip-based Antenna Resonance Topology

One of the simplest topologies of chip-based RFID sensors operates on princi-

ples that are very similar to chip-less RFID sensors. Generally, the RFID tag is

connected to an antenna using some kind of matching network. The matching

network will have its resonance at a particular frequency. Any change in the

reactive or resistive component of the matching network will shift its resonance

frequency or alter the loss of the network. As a result, the RCS of the RFID

tag will vary [34–39].

To read data from wireless sensors working on the chip-based antenna res-

onance topology, a reader first sends an interrogation signal. This signal en-

ergizes the rectifier circuitry, and when the charging reaches a threshold level,

the IC wakes up. The IC backscatters the interrogation signal by shorting and

matching its terminal to send binary signals. As a result, the backscattered

signal amplitude increases or decreases and the reader determines the high and

the low signal. This information is used to demodulate the data being sent by

the RFID tag. Since the sensing element influences the matching network of
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the RFID tag, the backscattered signal will be different at different frequen-

cies. The reader can simply sweep the frequency of its interrogation signal

to determine the tag’s RCS at different frequencies. By utilizing the digital

signal and the amplitude of the backscattered signal at different frequencies,

the reader identifies the tag and determines the sensed value, respectively. A

block diagram of this topology is shown in Fig. 3.3 and an example of such a

sensor is shown in Fig. 3.4.

Matching 
Network

Sensor
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Rectifier

Digital 
Circuitry

RFID chip

ZA

RF

Figure 3.3: Block diagram of a chip-based antenna resonance wireless sensor.

Figure 3.4: (a) Operating principle of the chip-based antenna resonance RFID
sensor. (b) Printed with a 15 µm thick layer of graphene oxide on top. (c)
The equivalent circuit of the sensor [122].

In practice, the modifications in the matching network due to the changes

in the sensing element also affect the quality of the matching network. There-

17



fore, the shifted resonance may not provide maximum power transfer to the

RFID tag. As a result, based on the sensor’s dynamic range, the read range,

which is directly dependent on the strength of the interrogation signal received

by the rectifier circuit, might be lower at some states of the sensing element.

This will eventually determine the actual read range of the RFID sensor. More-

over, since the sensor information is delivered through analog communication,

only moderate accuracy is obtained. Furthermore, the shift in resonance re-

quires a higher bandwidth for the sensor to operate. On the other hand, the

design is low cost as the sensing element is passively integrated into the match-

ing network. Chip-based RFID antenna resonance wireless sensors have been

proposed that operate within the read range of 3 to 5 m [34–38].

Chip-based Digitally Integrated Topology

Another chip-based RFID topology is one in which the sensing element is at-

tached to digital circuitry, which reads its value and sends the data digitally

back to the reader [123]. To accomplish this, the incoming interrogation sig-

nal first energizes the rectifier circuit. After the required threshold level is

achieved, the added digital circuitry in the IC uses a portion of this power to

determine the sensed value.

One of the methods to design the digital circuitry is to have a phase-locked

loop (PLL) based sensor interface that compares the phase of two oscillators,

where one of the oscillators is connected to a reference capacitor and the other

is attached to the capacitive sensing element. Any change in the element

introduces a phase difference between the two oscillators. This change is de-

termined through the error port of the PLL. The amplitude of the error signal

is directly related to the difference between the capacitance value of the refer-

ence capacitor and the element. The error signal is read by an on-chip ADC,

which is then digitally concatenated to the tag’s identity data and sent back to

the reader through the backscattered signal [44]. A simple block diagram and

a chip-level block diagram of the digitally integrated sensor are shown in Fig.

3.5 and Fig. 3.6, respectively. The chip level block diagram includes details of

a digitally integrated temperature sensor, which shows what components are
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required to design the sensor.
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Figure 3.5: A simple block diagram of a chip-based digitally interfaced sensor.

Figure 3.6: A chip-level block diagram of a chip-based digitally interfaced
RFID sensor [23].

The main challenge in a chip-based digitally integrated sensor is to have

digital circuitry that operates at very low voltage and uses a minimum amount

of power to read the sensed value with suitable accuracy. This added circuitry
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can significantly reduce the read range of an RFID chip and slightly increase

its cost. Currently, sensors utilizing this topology have been demonstrated

with read ranges of around 0.7 – 2.2 m [43, 44]. It should be noted that, since

the sensed information is communicated digitally, the accuracy is high and the

bandwidth is the same as a regular RFID chip.

Chip-based Ambient Energy Harvesting Topology

To improve the read range of chip-based RFID sensors without adding a bat-

tery, harvesting the energy from the ambient can be of help. There are multiple

power sources in the ambient — solar power and indoor lights or RF signals

from radio and TV stations, WiFi networks, and cellphone towers [45–48]. By

attaching a small solar cell and/or using a wide-band receiver that is capable

of receiving RF signals from the ambient, the overall energy received by an

RFID-based wireless sensor can be tremendously increased. Therefore, with-

out adding any battery, the read range of the sensor can be improved. A block

diagram and a prototype of such a sensor tag are shown in Fig. 3.7 and Fig.

3.8, respectively.
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Figure 3.7: Block diagram of a chip-based ambient (light) energy harvesting
wireless sensor.

If the RFID chip operates on the principles of backscattering the transmit-

ted signal, the limiting factor, in this case, will be the reader’s sensitivity as
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Figure 3.8: Prototype of a chip-based ambient (RF) energy harvesting wireless
sensor [46].

follows. In RFID communication, a power-up signal faces two-way path-loss

and any losses inside the RFID tag, which can be antenna mismatch, sensing

element loss, and RFID’s backscattering switch loss. In an ideal case where

there is no power lost inside the tag and considering the maximum allowed

EIRP of 36 dBm, with the receiver sensitivity of -90 dBm and the tag’s antenna

gain of 3 dB, the two-way path-loss at 915 MHz allows for 66 dB path-loss

in one direction. This corresponds to around 52 m of the distance between

the reader and the tag. Here we have considered that the RFID tag is getting

enough energy from the ambient to fully power-up its internal circuitry and

the digital circuitry of the sensor. Wireless sensors utilizing this topology and

only incorporating solar cells have shown a read range of around 15 m [20].

Since the sensor information is sent digitally, the accuracy is high. Further-

more, the bandwidth is the same as a regular RFID chip, whereas, the cost

increase due to the added solar panels.

In the following chapters, chip-based multiport topology is introduced and

4 novel wireless sensor architectures are proposed. In a chip-based multiport
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topology, sensing element is separated from the forward signal path flowing

towards the RFID. It only contributes to the backscattered signal path flowing

back to the reader.
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Chapter 4

A Three-Port battery-less RFID
Sensor Architecture for IoT
Applications

A novel battery-less wireless sensor architecture is proposed and demonstrated

in this chapter. The proposed wireless sensor, which is a passive sensor, com-

bines UHF RFID and a capacitive sensing element to enable the reading of

physical and chemical parameters wirelessly, without compromising much on

the read-range, and complexity of conventional RFID tags. The sensor alters

the phase of the backscattered RFID signal, which is detected at the receiver

using a non-coherent in-phase (I)quadrature (Q) demodulator. Due to the

universal nature of this architecture, any type of sensors, such as temperature,

humidity, and water level sensor, can be realized. For the sake of simplic-

ity, a varactor diode was initially used to get a thorough understanding of

the system. Following that, a flood sensing element was used to evaluate the

performance of the battery-less wireless sensor in a real-world application.

4.1 Introduction

At a very fundamental level, a wireless sensor is simply expected to identify a

node and send a sensed parameter wirelessly to a base station. Thus, there are

three major components of its operation: communication, identification, and

parameter sensing [124]. To perform these operations, energy is required by a

sensor. Whatever technique is used to provide this energy directly influences
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the cost, life-span, wireless operable range, and circuit complexity [37, 38, 97,

120].

One method to provide energy to a sensor node is adding a battery to

it, which could be utilized to perform all the required operations. Although

the wireless range of a battery-assisted sensor is very long, usually in tens of

meters, the battery is actually a hurdle in a wireless sensor: it increases the cost

of the system, it needs to be replaced every few months and it makes the sensor

bulky [125]. Passive wireless sensors, on the other hand, harvest energy, which

is sent by a reading device, and perform all the required operations. However,

their range of operation is usually lower, up to a few meters [126]. Therefore,

it is very important to engineer the hardware of battery-less wireless sensors

in order to increase their working range.

battery-less RFID tag-based sensors, especially the ones operating in the

UHF band, are gaining a lot of interest [97, 105, 114, 115]. Several designs have

been proposed in the past such as chipless-based RFID sensors [127–131] chip-

based tags [51–53, 132–134], and digitization circuitry based [43, 135–139].

To the best of the author’s knowledge, there is no RFID-based sensor design

that integrates a sensing element passively without affecting the read range of

the RFID. The range in the previous designs was affected mostly because the

integration techniques involved sensors in the forward path, which attenuates

the signal reaching the RFID chip and eventually reduce the read range.

In this chapter, a novel wireless sensor architecture that successfully solves

the challenges faced by wireless sensors is proposed. The proposed sensor

architecture consists of a circulator, an antenna, an RFID chip, and a capaci-

tive sensing element. These components are connected in a sequence that the

interrogation signal, which is being sent by a reader, is fed to the RFID to

harvest energy. When the RFID responds, the reflected signal is directed to

the sensing element before being returned by the antenna. This sequencing is

accomplished by using a circulator. The proposed sensing element is capaci-

tive in nature and thus it adds phase delay to the reflected signal, based on

the sensed value. The signal is reflected by the element and reaches back to

the reader after being radiated back by the antenna. It should be noted here
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Figure 4.1: Potential applications of battery-less wireless sensor network from
determining the environmental condition to healthcare monitoring.

that, since the element is physically separated in our architecture, unlike other

previously discussed works on RFID-based sensors, the radiation characteris-

tics of the antenna and the performance of RFID such as read-range are not

compromised by the changes in the parameter being sensed [51–53].

At the reader, the phase delay due to the changes in physical or chemical

parameters experienced by the sensing element can be easily determined by

using a non-coherent IQ demodulator. These demodulators are widely avail-

able in commercial RFID readers. Therefore, by using this technique, the cost

of the sensors can be significantly reduced without compromising much on the

working range and complexity. This new design can open the door for several

new applications ranging from personal use to industrial ones. An illustration

in Fig. 4.1 shows a humidity sensor and a temperature sensor being used in

a medical room to observe the environment and a liquid level detector is used

to monitor the amount of dose given to the patient.

The goals addressed in this chapter are threefold:
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• propose an architecture for wireless sensors that provides a longer range

without requiring a battery at the node;

• using the phase of the backscattered signal for passively determining the

sensed parameter;

• demonstrate its operation in a real-world scenario.

The remainder of this chapter is organized as follows. In Section 4.2, we

discuss the working principle of the sensor node. In Section 4.3, the details of

the proposed design are discussed. Section 4.4 is dedicated to the discussion

of the results. Finally, the chapter is concluded in Section 4.5.

4.2 Working Principle

UHF RFID setup generally consists of two components: an interrogator, which

reads information of an RFID tag; a tag, which keeps the tag ID and responds

to an interrogator. The interrogator, sometimes also referred to as a reader,

transmits an RF signal for a small duration of time. This signal serves three

purposes. The first is to energize the tag by transmitting an unmodulated RF

signal. This energy is used to wakeup the tag. Following that, an interrogation

signal is sent to request the tag to respond. Finally, the tag responds by

sending its ID.

Along with the tag ID, some other useful sensing information such as tem-

perature, humidity, water level, moisture, flood, etc. can also be included.

This inclusion allows making a simple RFID a wireless sensor node. To send

the information, the system requires some modifications based on preference.

The sensed information can either be sent back in the digital or in analog

domain. Digital transmission is generally more immune to noise however it

also requires more power. Analog communication, on the other hand, is more

power efficient. In a scenario where nodes are powerless, the power efficiency

of the system is paramount. Therefore, analog communication is selected in

our case.
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Figure 4.2: Block diagram of the proposed battery-less wireless sensor.

To realize the system, the power being reflected by the tag is sent through

a capacitive sensing element on its way back to the reader. The block diagram

is shown in Fig. 4.2. As a result, the element adds some extra phase delay,

depending on the condition of the element, which allows reading the sensed

value at the reader, without compromising any power. Thus, the addition of

an element to the system doesn’t theoretically reduce the read-range of the

RFID tag.

Reading the phase at the reader is accomplished by a non-coherent IQ

demodulator, which is in-built in almost every commercially available reader.

The reader mixes an in-phase and a quadrature version of the transmitted

signal with the received one and determines the amplitude of the output.

These amplitudes are eventually used in determining the phase of the received

signal.

To achieve the required specifications, a three-port system was developed,

for which the details are provided in the following section.
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4.3 System Design

The proposed system is an integration of an RFID and a sensing element in

a three-port structure. To understand the system, we will first discuss the

three-port structure and then the whole system.

4.3.1 Three-port Structure

A three-port RFID structure uses a non-reciprocal device to send the backscat-

tered signal from the RFID to a different port, which is connected to a sensing

element. The signal after entering the element is reflected from it with a phase

change, based on the sensed value. It should be noted here that, since the ele-

ment is capacitive, the loss of signal power is minimal. This attribute is highly

desirable for a battery-less sensor.

The required characteristics of a three-port structure are obtained in a cir-

culator. A circulator is a nonreciprocal device that allows power flow between

ports in a certain direction only. The direction of power flow depends on its

construction and can be either clockwise or counterclockwise. For a typical cir-

culator offering clockwise circulation, with every port matched, the scattering

matrix is given by [140],

Scirculator =

0 0 1
1 0 0
0 1 0

 . (4.1)

During the power up state, when RFID is storing energy, all the power is

sent to the RFID, which acts as a matched load. Thus the scattering matrix of

the three-port structure is considered as (4.1). However, in the case when the

RFID chip is reflecting the signal for communication, the scattering matrix

is no more the same. A signal flow graph, shown in Fig. 4.3 can be used to

determine the characteristics of the system.

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

Γin =
b1
a1

= S11 +
S13S32S21ΓRFIDΓsensor

(1− S33Γsensor)(1− S22ΓRFID)
, (4.2)

where Sij are the scattering parameters of the circulator, ΓRFID and Γsensor are

the reflection coefficient of the RFID chip and sensing element, respectively.
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Figure 4.3: Signal flow graph of the sensor when RFID is backscattering.

For the case when S11 = S22 = S33 = Γant = 0 and S13 = S32 = S21 = 1,

then the input reflection coefficient is given by

Γin =
b1
a1

= ΓRFIDΓsensor. (4.3)

Considering the RFID and the sensing element to be perfectly reflective (loss-

less), we get

Γin = ej(θRFID+θsensor), (4.4)

where, θRFID and θsensor are the phase delay caused by the RFID and the

sensing element, respectively. Here, θRFID depends on the distance between

the RFID and the reader and is a known parameter, whereas, θsensor is the

phase delay caused due to the capacitance of the sensing element. This capac-

itance depends on the physical parameters that the sensing element is reading.

The resulting phase delay can be easily read by the reader, which is explained

later.

A circulator can be physically realized in different ways, such as a Fer-

rite core, directional coupler with a mismatched port, etc. For simplicity, we

have used a low-cost ferrite-core clockwise circulator, SKYFR-001400 from

Skyworks, that offers very low insertion-loss, less than 0.5 dB [141].
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4.3.2 Capacitive Sensing Element

The sensing element could be designed to be either resistive, in which resis-

tance changes with the change in the physical parameter, or reactive, in which

reactance changes with the change in the physical parameter. The former

ones are usually lossy and not preferred when energy efficiency is a concern.

In the latter ones, since only the reactance of the sensing element changes

(Z = ±jX), they are more energy efficient. In capacitive sensing elements,

usually change in the parameter of interest causes permittivity variation that

results in a change in the capacitance (C = ϵd
a
). Therefore, they are a good

candidate for a battery-less wireless sensor.

Capacitive sensing elements are widely available in the market. However,

their operating frequency range is low, usually in the order of tens of kilohertz.

Therefore, for a sensing element to operate in the proposed system, new sensing

elements with simple configurations were designed.

For a thorough understanding of the system, first, a varactor diode circuit

was utilized to mimic a capacitive sensing element. These diodes have a wide

tuning range from 1 pF to 53 pF at 915 MHz. They provide important in-

formation regarding the behavior of the system such as the amount of phase

change per picofarad. The circuit design consists of a simple biasing network

and a DC-blocking capacitor. An illustration is shown in Fig. 4.4 (a).

Another sensing element was designed to determine flooding in a given re-

gion. In the flood sensing element, a design with two closely-spaced electrodes

is used to form a capacitor. As the water level rises, the average permittivity

of the capacitor changes, which in turn changes the capacitance of the sensing

element. The reason for using such a sensor was the ease in its manufactura-

bility compared to other designs based on interdigitated capacitors.

Finally, this change is superimposed on the RFID signal by altering the

phase of the backscattered signal from the tag and can be easily read by the

reader. An illustration of the sensor is shown in Fig. 4.4 (b).
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Figure 4.4: Sensor topologies: (a) varactor (b) flood.

4.3.3 RFID Matching Network

The RFID tag used for proving our concept was Higgs-4 by Alien in SOT

323 packaging [142]. It is a highly integrated single-chip IC that operates at

31



1.8 kΩ 0.95 pFZ1
50 Ω

Z2

L1

L2

1.8 k1.8 kΩ 0.95 pF0.95 pF

Higgs4 IC
Model

Figure 4.5: Schematic of the single-stub design used to match the RFID to
50-ohms.

UHF frequencies. The IC is designed to meet the standards of EPC Gen 2.

The minimum required power to wakeup this IC is -18.5 dBm. The operating

frequency of the IC spans from 840 MHz to 960 MHz with an equivalent parallel

RC circuit at its input. The resistance and the capacitance of the IC are 1.8

kΩ and 0.95 pF, respectively.

In order to connect the IC to the system, a matching network is required

to transform the tag impedance to 50 Ω to match it to the impedance of

the circulator. A differential or non-differential matching network may be

designed. A differential matching network provides out-of-phase signals at the

input of the IC and thus develops higher voltage difference at the input pins

but at the expense of complexity. For simplicity, we used a non-differential

matching network in which one port of the IC was grounded and the other

was attached to a matching network, which was designed to match the tag’s

input impedance, from Zin = 18 − j181 Ω at 915 MHz to 50 Ω. A single-

stub matching network with an open-circuited series stub was used for the

matching [32]. The network was initially designed using a Smith chart for 50

Ω transmission lines with a distance from the load to stub as 83.716◦, while

the open-circuited stub was calculated to be 80.737◦. A schematic is shown in

Fig. 4.5.

To realize the circuit, the stubs were first meandered and then optimized

to cover the whole bandwidth from 902 MHz to 928 MHz using Keysight’s

Advanced Design System, version 2019. The optimizer was set to vary the
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Figure 4.6: Final miniaturized and optimized version of the matching circuit
of the Higgs 4 IC that utilizes microstrip technology to match the IC to 50
ohm impedance.

stubs’ widths and lengths using the Least Pth algorithm until the reflection

coefficient of less than -10 dB for the whole bandwidth was achieved. The

final optimized circuit was fabricated on an RO4003C substrate with relative

permittivity (εr) of 3.38, a thickness of 0.81 mm, and a loss tangent (tanδ)

of 0.0027. The final miniaturized circuit, with all the physical dimensions, is

shown in Fig. 4.6.

4.3.4 System integration

For a clockwise ferrite core circulator, each component must be connected

in a proper sequence to have optimum performance. An antenna may be

connected to port 1 of the circulator. If so, the RFID tag with its matching

network must be connected to the following port, in the clockwise direction,

i.e. port 2. Finally, the sensing element is connected to the last remaining

port, as shown in Fig. 4.2. The final integrated system is shown in Fig. 4.7.

The reason for connecting the sensing element after the RFID is as follows.

Normally, a capacitive sensing element is considered lossless, however, prac-

tically, it may have some losses. If the signal from the reader is sent to the

sensing element before it is sent to the RFID tag, it will be attenuated. As

a result, the signal reaching the RFID terminals will be smaller in amplitude.
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Figure 4.7: Final fabricated design of the battery-less wireless sensor.

Thus, the RFID will store less energy.

On the other hand, if the sensing element is connected after the RFID, in

the circulator, the RFID wakes up with a stronger signal resulting in a higher

read-range. In this case, the only loss a power-up signal faces is the circu-

lator’s insertion loss, which is only 0.5 dB. On the other hand, losses in the

backscattered signal will include imperfect reflection from the tag; the circu-

lator’s insertion loss from the tag to the sensing element; the sensing element

loss and the circulator’s insertion loss from the sensor to the antenna. As the

sensitivity level of a typical reader can be as low as -90 dBm, the backscattered

signal being attenuated can be tolerated. Therefore, this observation confirms

that charging the RFID tag is a limiting factor and advice that the capacitive

sensing element should be connected after the RFID to avoid any loss in the

signal being received by the tag for power-up purposes.

The overall power-up signal loss in this configuration can be determined

as follows. Keeping in mind that the insertion loss of the circulator is 0.5 dB,

to receive -18.5 dBm at the RFID tag, we need to make sure that the node

34



receives a signal power of -18 dBm (0.5 dB higher than the tag). Using the

Path loss formula, we can find that a 0.5 dB of path loss is incurred for a

distance of 27.6 mm. Therefore, the reduction in the distance of the RFID in

the proposed configuration is simply 0.027 meters, which is negligible in our

case.

4.3.5 Reader

The reader used in our experiments was the AS3993 Fermi evaluation kit

that included all the components and was able to provide up to 22 dBm of

output power (extendable to 30 dBm for a longer range) [143]. It includes

a combination of a directional coupler and a low-pass filter to separate the

transmitted signal from the received one. The received signal is fed to a

non-coherent I and Q, IQ, mixer and sampled by an ADC to determine the

strength of the IQ components of the signal independently. By applying simple

trigonometry, tan−1(Q
I
), the phase of the received signal is determined.

Finally, the phase delay caused due to the setup and distance between the

RFID reader and the tag, which is θRFID, is nullified by calibrating the system

using a known capacitance value attached to the RFID. Following that, the

extracted phase value is transformed into the respective parameter, such as

voltage in the case of varactor or water level in the case of flood sensor, to

determine the state of the physical parameter of interest.

4.4 Results

4.4.1 Individual components

In this subsection, the performance of individual components is discussed and

a comparison between the simulated and the measured results are shown.

As a first step, the performance of the designed RFID matching circuit was

determined by measuring its scattering parameters. Although the simulated

circuit was designed to be matched at 915 MHz, the measured response of the

fabricated circuit was found to be shifted to 895 MHz. This shift did not have

severe effects on the performance of the system when operating at 915 MHz.
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Figure 4.8: Frequency response of the RFID matching circuit.

The scattering parameters are shown in Fig. 4.8. Here, the input is marked as

port 1, and the resistance of the RFID is marked as port 2. As port 2 does not

exist in reality, an estimated response, S21 Estimated, was calculated using

the S11 Measured. This helps in determining the power transfer to the RFID

at different frequencies.

Since the performance of the proposed sensing structure is aimed to be

demonstrated by the change in the capacitive load (varactor diode), the char-

acterization of the varactor diode is required. Figure 4.9 shows the simulated

and measured results of the impedance response of the NXP BB135 varactor

diode [144]. The discrepancies between the simulated and measured results can

be attributed to the fact that a high-frequency model of the varactor diode

was not used. However, the deviation is small at lower voltages, i.e. from 0 to

10 volts.

Using the above results, a mathematical model between the phase of the

reflected signal and voltage was developed using the process of curve fitting

and reported by the following equation,

C = 3.314× 10−11e−1.218V + 1.978× 10−11e−0.1748V , (4.5)
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Figure 4.9: Impedance response of the varactor at 915 MHz.

and for a perfectly reflective capacitor,

∠Γ = tan−1 −2ωCZo

1− (ωCZo)2
, (4.6)

where, Zo = 50Ω, ω = 2πf , V is the voltage applied across the varactor and

C is the capacitance of the varactor. These equations are useful in predicting

the change in the phase of the reflected signal for voltages ranging from 0 to

10 volts.

The flood sensing element was also fabricated on the same substrate. The

impedance response of the sensing element for increasing water levels was

recorded and the results are presented in Fig. 4.10. The measured results are

compared with the simulated results that were obtained by performing a full

3D EM simulation. The sensing element was designed to have a 7 mm space

below the electrodes. Thus the actual electrodes were 7 mm above the base of

the container. As the water level increases, a change in the reactance of the

sensing element can be seen. The change is significant as the water reaches

closer to the electrodes at h = 0 mm. It can also be seen that the resistance

of the sensing element also starts increasing as the level of the water increases.

This, in turn, may result in the reduction of the range and, therefore, its use

should be avoided in this region if the long range is a concern.
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Figure 4.10: Impedance response of the flood sensing element at 915 MHz as
the level of the water changes while keeping the electrodes 7 mm above the
base of the container.

A mathematical relation between the phase of the reflected signal and

voltage was found by developing the following exponential curve,

Xc =

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

(4.7)

Using the relation C = 1/ωXc, we can again use (4.6) to predict the phase

change for the change in the height of the water.

4.4.2 Full RFID system

We will now show the full battery-less wireless sensor setup and its perfor-

mance. The setup consists of a reader, that measures the phase change and

the proposed battery-less wireless sensor. For initial testing, the varactor

diode was attached and the response of the system was observed. The setup

is shown in Fig. 7.13 and the results are shown in Fig. 4.12. A clear one-to-

one relationship can be seen in the results. Small variations in the results are

expected since, to mimic a realistic scenario, the experiments were performed

on a metallic table without the use of RF absorbers.

In the initial test, a triangular voltage was applied across the varactor diode

to change its capacitance from 53 pF to 3 pF at 915 MHz. The corresponding
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Figure 4.11: battery-less wireless RFID sensor with varactor attached at the
sensing element port.

voltages were between 0 and 10 volts. It can be observed from Fig. 4.12 that

the phase at the reader changes as the voltage across the varactor diode is

varied. Initially, when the time is 0 sec, the voltage is at 5 volts and the

phase is 49◦. Next, when the voltage reaches its maximum value of 10 volts,

the phase also reaches its maximum value of 75◦. Similarly, when the voltage

across varactor reaches 0 volts, the phase at the reader is read as 23◦. The

multiple sweeps show how repeatable the values are. An estimated phase, that

was calculated using (4.6) and (4.5), is also shown in Fig. 4.12 to compare the

simulated and measured results. The discrepancy between the measured and

simulated phase at the edges (below and above 20 and 70 degrees, respectively)

is higher is because the reader provides unstable measurements in these regions.

There are other readers in the market, such as ThingMagic M6e, that may

produce better results.

The proposed sensor was found to be working up to 7 meters. This was

also verified through simple calculations. We need -18.5 dBm to power-up the

tag. Therefore, the maximum acceptable path loss can be calculated using

the following relation: -18.5 dBm = 22 dBm (reader power) + 2.1 dBi (reader

antenna gain) - PL + 6.5 dBi (tag antenna gain) - 0.5 dB (circulator insertion

loss) which leads to PL = -48.6 dB. At 915 MHz, this path loss is incurred for
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Figure 4.12: Measured phase change at the receiver as the voltage across the
varactor is changed with time.
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Figure 4.13: Sensitivity of the sensor at various distances.

a distance of 7 meters.

The experiments were repeated at different distances, ranging from 1–7

meters, to find out the sensitivity of the sensor, while the Tx power level was

set to 22 dBm. As shown in Fig. 4.13, no noticeable change in the results was

observed. The reason that the sensitivity remains unchanged is attributed to

the fact that the charging of the tag is currently the limiting factor and it does
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not allow the reading of the sensor node at distances where the reflected signal

would reach close to the sensitivity level of the reader.

This behavior could be further explained by considering the following sit-

uation. The RFID tag in the sensor node must operate until it receives the

minimum required, power-up signal, of -18.5 dBm. Considering the worst-case

scenario of the tag being at a distance of 7 meters, the backscattered signal

received at the receiver can be calculated using the following relation: Prec=

-18.5 dBm (minimum required power of the power-up signal) - 1 dB (loss due

to imperfect reflection from the tag [145]) - 0.5 dB (circulator’s insertion loss)

- 1.5 dB (loss in the sensing element) - 0.5 dB (circulator’s insertion loss) + 6.5

dBi (tag antenna gain) - 48.6 dB (Path loss for 7 meters) + 2.1 dBi (reader’s

antenna gain). Therefore, the signal strength of the backscattered signal is

calculated as -62 dBm. Nevertheless, the backscattered signal of -62 dBm, is

still much higher than the sensitivity of the reader, which is -90 dBm. There-

fore, the sensitivity of the sensor node remains unchanged for its distance of

operation of 7 meters, and hence it can be said that the sensitivity of the

proposed sensor is dependent on the receiver’s sensitivity.

Finally, the performance of the battery-less wireless sensors in a real-life

application was observed. In this test, the flood sensor was used to determine

the level of water in a beaker. The setup is shown in Fig. 4.14 and the results

are shown in Fig. 4.15. Initially, there is no water in the beaker and the phase

is calibrated to around 0◦. As soon as the water is injected into the beaker,

the phase delay increases as shown in Fig. 4.15. When the water level reaches

the electrodes (h=0 mm), the value reaches to around 65◦. For comparison,

the phase calculated using (4.6) and (4.7) is shown in Fig. 4.15. The measured

results are in good agreement with the simulated ones.

To evaluate the performance of the sensor, the beaker was filled four times

and the maximum value of all four peaks was observed to be slightly different.

This indicates that the sensor may not be used to accurately measure water

levels, however, in the case of flood sensing, a threshold value of 10◦ is always

observed to be crossed, thus reliable flood sensing is possible.

All the above experiments were performed at a fixed distance from the
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Figure 4.14: battery-less wireless RFID sensor with flood sensor attached at
the sensor port.
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Figure 4.15: Performance of flood sensor shown by adding and removing water
repeatedly.

reader. As the phase difference is dependent on the distance between the

reader and the tag, the phase is expected to be different for different distances

and is thus ambiguous for all the distances. To remove the ambiguity, the phase

difference between three frequencies, two closely spaced and one further, can be

used to determine the exact distance. Then the phase change due to distance

can be adjusted to find the exact value of the sensor. Another method is to use

a separate reference tag that is not affected by the environment. The phase

difference between the reference tag and the sensor can be used to remove the
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Table 4.1: Comparison of the proposed three-port wireless sensor with prior
passive wireless sensor designs.

Parameter This work
Chipless
[127–129]
[130, 131]

Chip-based
[51–53]

[132–134]

Battery No No No
Complexity low low Medium
Sensing Any Any Any
Multiple nodes Yes No Yes
Anti-collision Yes No Yes
Bandwidth required ∼KHz ∼MHz ∼MHz
Range (m) 7 30 3–5

phase ambiguity.

A comparison of the proposed battery-less wireless sensor with the other

state-of-the-art wireless sensors is done in Table 4.1. It can be seen that the

proposed sensor offers low complexity, and allows multiple nodes to operate

simultaneously along with a good operating range of 7 meters. Moreover, it re-

quires less bandwidth as it can operate in any single channel of the RFID UHF

band, which is typically 500 kHz. Since the proposed architecture modifies the

phase of the backscattered signal, the changes in the parameter being sensed

should be stationary compared to the modulation rate of the communication

signal, which is usually in milliseconds.

4.5 Conclusion

In this chapter, a novel battery-less wireless sensor is proposed that works

without a battery. The proposed architecture integrates an RFID tag with a

sensing element and antenna using a circulator. The sensing elements, which

are designed to be capacitive, add phase delay to the signal transmitted by the

UHF RFID tag based on the parameter that is being sensed by the sensing

element. A general system consisting of a varactor diode and a real system

with a flood sensor is demonstrated. Results show that the architecture can be

used to sense different parameters such as water level, flood, and moisture. It

was also discussed how this architecture provides a longer range compared to
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other sensors available, without the use of batteries, and thus can be used in

several different applications ranging from healthcare, and industrial to smart

home monitoring.
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Chapter 5

A Battery-Less RFID Sensor
Architecture with Distance
Ambiguity Resolution for Smart
Home IoT Applications

In this chapter, a novel battery-less wireless sensor design is proposed and

demonstrated. The proposed passive wireless sensor node integrates a UHF

RFID chip, a filter, and a reactive sensing element to enable the reading of

environmental conditions wirelessly, without increasing the complexity of a

typical RFID chip and substantial loss of read-range. The sensing element

changes the phase of the reflected RFID signal based on the sensed parameter,

whereas, the filter helps in resolving any phase ambiguity that may arise due

to the placement of the node at different distances. The phase change is

detected at the reader using a non-coherent IQ demodulator. The design can

easily integrate any type of sensing element such as temperature, humidity,

and water level sensor. A flood sensor and a temperature sensor were used

to demonstrate the performance of the proposed design in a home and office

environment.

The design in the previous chapter could not be operated at variable dis-

tances as it required phase calibration. To the best of the authors’ knowledge,

there is no wireless sensor design based on RFID technology that passively

integrates a sensing element without reducing the read-range of the RFID

chip and can operate at any distance without requiring phase re-calibration,
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simultaneously.

In this chapter, we propose a novel passive wireless sensor design that ad-

dresses the aforementioned challenges of wireless sensors. The design comprises

a UHF RFID chip, a filter, a UHF capacitive sensing element, an antenna, and

a circulator. These components are arranged such that the reader signal is first

sent to the RFID chip to store or harvest energy, while the backscattered sig-

nal is diverted to the sensing element, which is connected through a filter. The

UHF sensing element, which must be capacitive or inductive in nature, only

introduces some extra phase delay to the backscattered signal that is returning

to the reader. The filter, in series, allows some frequencies to pass and reflects

some frequencies. The frequencies that are reflected from the filter, without

entering the sensing element, are used to estimate the reference phase of a

frequency in the passband. This reference phase is subtracted from the actual

phase measured at the passband frequency to compensate for phase delays due

to distance and determine the phase delay only due to the sensing element.

Since this architecture keeps the sensing element and the antenna separate,

the radiation characteristics of the antenna are not altered by the changes in

the sensing element, as it does in some previously published wireless sensors

[51–53].

The proposed design can be used in several different applications and is

especially suited to smart home IoT. A smart home generally requires several

sensors such as humidity, temperature, or flood sensors, as shown in Fig. 5.1.

These sensors are required to be densely deployed in a closed vicinity. There-

fore, chip-based RFID technology is an ideal candidate as it supports spatial

multiplexing in such an environment. Moreover, the eradication of batteries

from the sensors is of key interest for home users. This is because batteries

require periodic maintenance and pose a hazard of missing an alarm in the

event of a battery run out. A fully passive system will significantly reduce any

such hazards. Lastly, a longer read-range (greater than 5 m for smart homes)

will reduce the number of readers required in a given room. These readers

may easily connect to WiFi to upload data to servers for processing and also

to keep users informed.
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The goals addressed in this chapter are four-fold:

• propose a wireless sensor design for mid-range applications (5 to 10 me-

ters) without needing any battery;

• use the phase delay information of the reflected signal to passively de-

termine the sensor value;

• build in the ability to factor out changes in distance between the wireless

sensor and the reader;

• demonstrate its performance in a home-office environment.

The remainder of this chapter is organized as follows. In Section 5.1, the

working principle of the proposed battery-less wireless sensor is discussed. The

details of the sensor design are provided in Section 5.2. Before concluding the

chapter in Section 5.4, the results are presented and discussed in Section 5.3.

5.1 Working Principle

A typical RFID setup usually consists of two main components: a reader,

which is capable of reading RFID chips in its vicinity, and a chip, where the

information is saved. For operation, the reader transmits an RF signal that

serves two purposes. The first is to power-up the chip while the second is

to communicate wirelessly. For energizing, a simple RF signal is sent for a

short duration, long enough to wake up the chip. For communication, digital

modulation techniques are normally used. They are more immune to noise

and allow multiple chips to be read simultaneously. For the chip to respond

back, the incident signal of the reader is backscattered by changing the chips’

antenna impedance from matched to short circuit. The backscattered signal

is detected by the reader and demodulated to extract the ID of the chip.

Besides the chip ID, some extra useful information required in smart homes,

for example, water level, humidity, and temperature may also be included.

This information may be added in either digital or analog domains, depending
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Figure 5.1: Concept art of battery-less wireless sensors communicating with
an internet-connected reader in a smart home or office environment.

on the user’s requirements. If high accuracy is a concern, then digital tech-

niques are a better option. On the other hand, if a longer distance is desired,

analog modulation is preferred due to its higher energy efficiency. Analog com-

munication is prone to noise and hence the accuracy may be slightly reduced

[146]. However, for smart home applications, this may not be a concern.

The proposed system concept is a hybrid of analog and digital commu-

nication. chip IDs are communicated through digital communication while

the sensing data is sent through analog communication. To achieve the hy-

brid implication, the digitally modulated backscattered signal from the chip is

passed through a reactive sensing element for additional analog modulation.

The block diagram is shown in Fig. 5.2. The analog modulation is in the form

of an additional phase delay versus the sensor condition. As reactive sensing

elements do not dissipate any power, theoretically, the read-range of an RFID

48



Γfilter

Γsensor

RF IN
(Power-up)

(backscattered)

RF Out 1
2

3

RFID

ΓRFID

Filter

Sensor

Figure 5.2: Block diagram of the proposed novel battery-less wireless sensor
with distance ambiguity resolution.

chip is not affected by this additional circuitry.

The additional phase delay contributed by the sensing element is read out

at the reading device by a built-in non-coherent IQ demodulator. The reader

determines the amplitude of the in-phase and the quadrature version of the

received signal and uses them to calculate the phase delay of the backscattered

signal. This eventually provides sensing of the physical parameter of interest,

based on the sensor type. A WiFi enabled reader can easily upload these data

to the internet for data processing or to update the home occupants through

a mobile application.

5.2 System Design

The system proposed in this chapter is obtained by integrating an RFID chip

with a sensing element and a filter in a three-port structure. First, we will

elaborate on the model of the proposed system, then we will discuss how
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an RFID chip establishes communication, how the sensing element alters the

phase of the backscattered signal of the RFID chip, and how the filter helps

in resolving the distance ambiguity in the phase of the backscattered signal.

5.2.1 Model

In a three-port RFID-based structure, a circulator is used to direct the reflected

(backscattered) signal from the RFID chip to another port, which is connected

to a reactive sensing element [147]. This signal, after passing through the

sensing element, is reflected from it with an additional phase change, which is

directly proportional to the sensed value.

Ideally, in a three-port wireless sensor, the phase should alter only due to

the physical change in the sensing element. However, the wireless sensor node

architecture proposed in [147] would experience phase change not only due

to the sensing element but also the distance. Although the additional phase

change due to the distance may be resolved through some kind of calibration,

this can work only for a fixed distance and this technique will restrict any

further changing in the distance. However, the ability to change distance is a

much desirable property in wireless sensors. Therefore, a method to resolve

this issue must be devised.

A method to resolve the distance ambiguity is to determine the phase delay

of the setup with the sensing element excluded. This phase delay can act as

a reference phase. In order to determine this reference phase, a controlled

mechanism in the node is required that has the capability to direct an RFID

signal to the sensing element, when required, or reflect it back before entering

the sensing element.

The required behavior could be achieved by adding a filter in series with

the sensing element. A filter is a fully passive device that passes signals within

its passband while reflecting any out-of-band frequencies. Hence, an out-of-

band frequency signal can be used to determine the reference phase, as it is

reflected prior to entering the sensing element. This reference phase can be

used to remove the effects of distance ambiguity and environmental variations

from the actual phase delay, determined by a signal in the passband of the
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filter. A detailed mathematical model is presented in the following paragraphs.

Generally, a circulator is a device that forces the power between certain

ports to flow in one direction only. This direction is totally dependent on

its construction and can be either counterclockwise or clockwise [140]. Its

scattering matrix is given by,

Scirc. =

S11 S12 S13

S21 S22 S23

S31 S32 S33

 . (5.1)

For a typical circulator designed to operate in a clockwise mode, with all

of its ports matched, the scattering matrix is given by,

Scirc. =

0 0 1
1 0 0
0 1 0

 . (5.2)

However, in our case, the RFID chip alternates between a matched load and

an unmatched load. Moreover, the sensing element also acts as an unmatched

load. In this case, the isolation of a circulator is dominated by the mismatch

at the other port. Therefore, a thorough model is required to understand the

operation of the sensor. A detailed end-to-end signal flow graph, shown in

Fig. 5.3, provides deeper insight, which helps in understanding the proposed

system.

The backscattered signal of the sensor node, incorporating reflections, in-

sertion loss, and imperfect isolation of the circulator due to mismatch, is for-

mulated as follows:

Γin =
b1
a1

= S11 +

[
S21ΓRFIDS32S13

(1− S22ΓRFID)(1− S33ΓRFID)

]
,

×
[(

Sf11 +
Sf12Sf21Γsensor

1− Sf22Γsensor

)]
, (5.3)

where Sij (∀ i, j = 1, 2, 3) is the scattering parameter of the circulator, Sfij

(∀ i, j = 1, 2) is the scattering parameter of the filter, and Γsensor and ΓRFID

are the reflection coefficient of the sensor and the RFID chip, respectively.
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Figure 5.3: Signal flow graph of the sensor node and the path for the instant
when the RFID chip is in the reflecting state. Where, R, D, A, and f repre-
sent the reader, thedistance of the chip from the reader, antenna, and filter,
respectively.

On the other hand, the backscattered signal to the reader is formulated as:

ΓR =
bR
aR

= ΓCn + SA11SD21SD12+

SD21SD12SA21SA12Γin

1− SA22Γin

, (5.4)

where SD21 and SD12 are path-loss for the power-up signal and the backscat-

tered signal respectively. Moreover, SAij (∀ i, j = 1, 2) is the scattering param-

eter of the RFID chip antenna. In addition, ΓCn represents all sources of clutter

and hence can be written as ΓCn =
∑O

n=1 SDn21SDn12Γn. Here SDn21SDn12 repre-

sents two-way path-loss, Γn represents the RCS of the object and O represents

the total number of objects under consideration. This may incorporate any

structural mode reflections of the antennas attached to the circulator. Since

these are all unnecessary signals and considered noise by a reader, to reduce

the noise floor, readers typically incorporate a mechanism to cancel out these

signals [148].

For the case when the RFID chip is harvesting energy, the chip acts as

a matched load, i.e. ΓRFID ≈ 0. The majority of power contributing to the
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backscattered signal can be formulated by considering S11 = S22 = S33 = 0

and S13 = S32 = S21 = 1. The reflection coefficient at the reader (ΓR) for the

matched case is given by

ΓR =
bR
aR

= SA11SD21SD12. (5.5)

When the RFID chip reflects the power to establish communication, ΓRFID

is close to 1. This is because the chip acts as a mismatched load, resulting in

the reflection of any incident power. The majority of the power contributing to

the backscattered signal can be formulated by considering S11 = S22 = S33 =

SA11 = SA22 = 0 and S13 = S32 = S21 = 1, the reflection coefficient at the

reader (ΓR) is given by

ΓR =
bR
aR

= SD21SD12SA21SA12

[
Sf11ΓRFID

1− Sf22Γsensor

]
[
+
−Sf11Sf22ΓsensorΓRFID + Sf21Sf12ΓsensorΓRFID

1− Sf22Γsensor

]
. (5.6)

It should be kept in mind that the assumption for infinite port-to-port isolation

may not hold valid when operating at extremely high frequencies. At those

frequencies, more robust models may be required.

For a reciprocal channel and antenna, the backscattered signal at a fre-

quency, f , in the passband of the filter is formulated as:

ΓR pass(f) = |ΓR(f)|ej(2θD(f)+2θA(f)+2θfilter(f)+θRFID(f)+θsensor(f)), (5.7)

whereas the signal at a frequency, f , in the stopband of the filter is formulated

as:

ΓR stop(f) = |ΓR|ej(2θD(f)+2θA(f)+θfilter stop(f)+θRFID(f)), (5.8)

where θD(f), θA(f), θfilter(f), θRFID(f), θsensor(f), and θfilter stop(f) are the

phase delays at f caused, respectively, due to sensor-to-reader distance, an-

tenna, filter in the passband, RFID chip circuitry, sensing element, and filter

in the stopband, respectively.

When comparing (5.7) and (5.8), it can be seen that (5.8) excludes the

effects of the sensing element and it may be used to remove the phase delay due

to distance in (5.7). However, practically, (5.8) cannot be measured directly
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at the frequency being used to measure (5.7). In order to measure it, either

the filter must be modified (which is an impractical solution) or ΓR stop must

be estimated using some frequencies that are in the stop band of the actual

filter. Once estimated, it may be divided by (5.7) to remove the effect of the

distance.

The estimated phase can be easily determined by measuring two frequencies

in the stopband and then using a two-point formula to estimate it for the

frequency in the passband as,

θRstop est(f) =
θR(fstop2)− θR(fstop1)

fstop2 − fstop1
(f − fstop2) + θR(fstop2). (5.9)

Using (5.9), we can find the following relation,

∠ΓR stop est(f) ≈ ∠ΓR stop(f). (5.10)

The approximation may be invalidated if any of the selected frequencies un-

dergo multipath reflections while others don’t, and vice versa.

Now, the phase of the backscattered signal that contains the sensed in-

formation, which is unaffected by the change in distance, can be determined

using the following relationship:

ΓR sensor(f) =
ΓR pass(f)

ΓR stop est(f)
. (5.11)

This relationship is mathematically evaluated using (5.10) to check if the

desired outcome is achieved. Since the required information is found in the

phase of the backscattered signals, the outcome is evaluated as,

∠ΓR sensor(f) = (2θD(f) + 2θA(f) + 2θfilter(f) + θRFID(f) + θsensor(f))

− (2θD(f) + 2θA(f) + θfilter stop(f) + θRFID(f)),

∠ΓR sensor(f) = θsensor(f) + θdifference(f), (5.12)

where θdifference(f) = 2θfilter(f) − θfilter stop(f). It can be seen that a small

difference is incurred in this technique. Regardless, this difference can be easily
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measured during the calibration process and remains constant regardless of the

distance of the sensor.

In practice, once the reference phase is determined using (5.9) along with

θdifference(f), it may be subtracted from θR pass(f) to determine the relative

phase of the sensor, as:

∠ΓR sensor relative(f) = θR pass(f)− θRstop est(f)− θdifference(f), (5.13)

∠ΓR sensor relative(f) = θsensor(f), (5.14)

where θsensor(f) is the phase delay caused by the capacitive nature of the

sensing element. This delay is directly proportional to the physical input

being sensed by the sensor. It can be easily read at the reading device to

eventually determine the physical state of the object under observation.

5.2.2 Physical Realization of the Components

Circulator

There are several ways to make a circulator such as using a ferrite core, tran-

sistor [149], or a directional coupler with an unmatched load at a port. In this

work, an SMD-based low-cost clockwise circulator with ferrite-core, SKYFR-

001400 from Skyworks [141], with insertion loss less than 0.5 dB, is used.

Capacitive Sensing Element

In a capacitance-based sensing element, a change in reactance (Z = ±jX)

helps to determine any change in the object under observation. To achieve

this, some sensing elements are designed so that changes in the object under

observation cause changes in the permittivity (ϵ) of the capacitor, which in

turn changes its capacitance (C = ϵA
d
, where A and d are the area of the

capacitor and distance between them, respectively). Since the resistive part

of the capacitance-based sensing element is minimal, such elements are more

energy-efficient. Hence, they are considered a good option for a battery-less

wireless sensor platform.

To demonstrate the performance of the proposed sensor, we have shown the

operation with a flood/moisture detector and a temperature sensing element.
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These elements, due to their reactive nature, cause a phase change in the

backscattered signal of the RFID chip and can be easily determined at the

reading device.

The flood/moisture sensing element was designed to determine the presence

of liquids in a given region. In this sensing element, two electrodes with a small

gap are designed to form a planar capacitor. As the volume of fluid changes

in the surroundings, the average permittivity of our designed capacitor varies;

as a result, the capacitance of the sensing element changes. A model of the

proposed sensing element is depicted in Fig. 5.4(a). The reason behind using

such a sensor was the ease in its manufacturability compared to other designs

based on interdigitated capacitors.

Similarly, a temperature sensing element was designed to determine vari-

ations of temperature in the environment. A combination of thermistors and

capacitors was used to design a sensing element for which the capacitance

changes with the temperature change. The thermistor used possessed a nega-

tive temperature coefficient of around 56 Ω at room temperature. To improve

reflections at the input of the sensing element, multiple parallel branches were

introduced until enough sensitivity was achieved over a wide range of temper-

ature values. Multiple parallel branches reduce the resistance of the sensing

element and ensure that the response remains reactive, which is required to

operate in the proposed architecture.

The impedance responses of both the flood and the temperature sensing ele-

ments were simulated and measured. The impedance response of the proposed

flood sensing element for increasing water levels and the impedance response

of the proposed temperature sensing element for increasing temperatures are

shown in Figs. 5.5 and 5.6, respectively.

The electrodes of the flood sensing element were designed to keep 7 mm

of empty space at the bottom. As the water level (h) rises, a shift in the

reactive part of the sensing element is observed. The shift is abrupt when

the liquid approaches the electrodes, which are at h = 0 mm. A rise in

resistance of the sensing element can be seen as the water level rises. This can

be explained by the fact that the water is lossier than the air at the frequency
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Figure 5.4: UHF Sensor topologies: (a) flood/moisture (b) temperature.

of operation. Regardless, it shouldn’t be a concern as a certain amount of loss

in the backscattered signal can be tolerated.

RFID Chip

The RFID chip used in this design was Higgs-4 by Alien [142] with a minimum

wake-up power of -18.5 dBm. In order to connect this chip to the node, a
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Figure 5.5: Impedance response of the proposed flood sensing element at a
fixed frequency of 915 MHz with varying water levels in a container.
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Figure 5.6: Impedance response of the temperature sensing element at 915
MHz at temperatures varying from 25 oC to 70 oC.

matching network was designed to transform the chip impedance of Zin =

18 − j181 Ω to 50 Ω. To design the network, a single-section open-circuited

series stub was utilized. The stubs were then tuned to achieve an operational

bandwidth from 902 MHz to 928 MHz. The schematic and frequency response

of the designed matching network are shown in Figs. 5.8 and 5.7, respectively.
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Figure 5.8: The frequency response of the proposed matching network for the
integration of RFID chip in the node, which was measured at -18.5 dBm input
power.

Here, port 2 corresponds to the 1.8 kΩ resistor inside the RFID chip, which

was kept as a termination in our simulations.

Filter

A proper selection of the filter is necessary in this design. Therefore, a few

considerations are required. The first is that the filter needs to have a high Q

(>50) and a small shape factor (∼1, i.e. extremely high roll-off factor) [150].
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Figure 5.9: The frequency response of the narrowband SAW filter used to
resolve the phase ambiguity arising due to changes in the distance.

The frequency band assigned for the UHF RFID in North America is from

902 MHz to 928 MHz. Since we are using different frequencies to resolve the

distance ambiguity, we must ensure that both the passband and the stopband

of the filter lie within this frequency band. Since at least 2 frequencies would

be required in the stopband, it would be useful to have at least two 500 kHz-

channels of the UHF RFID band in the stopband of the filter. However, for

a higher accuracy and to combat multipath issues, having the flexibility of a

larger frequency spacing by leaving multiple channels in the stopband would

be necessary.

Given the requirements, a narrowband SAW filter can be a good candidate

as it provides a high Q and a small shape factor. In our case, we used SF2294E,

which is a surface mount RF SAW filter, by Murata. The center frequency

of this filter is 922.5 Mhz, while the 3 dB bandwidth is 16.2 MHz and 30 dB

bandwidth is 44.9 MHz. Therefore, the quality of this filter is calculated as

56.94 and the shape factor is approximately 2.7. The measured frequency

response is shown in Fig. 5.9.

The filter has a rejection of at least 30 dB at frequencies below 906 MHz.

Therefore, frequencies below 906 MHz may be used to determine the reference
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signal. For sensory signals, any frequency in the passband, 915 MHz up to

928 MHz, may be used. The insertion loss of this filter in the passband is up

to 3.1 dB.

Antenna

Since the sensors are expected to be installed on walls or non-metallic cabinets,

the preferred antenna radiation pattern for this purpose would be one that is

directional. Additionally, the antenna in the sensing chip should be as compact

as possible and have good radiation performance. Furthermore, it needs to

have good coverage with a reasonable antenna gain working over the UHF

band. Although conventional dipole antennas can provide good coverage, their

relatively large size and lower gain make them undesirable in this application.

The patch antennas also do not seem to be a good fit for this type of sensor

due to their broadside radiation.

One antenna type that can provide a unidirectional radiation pattern with

low-profile and low fabrication cost is a monopole antenna. Compared to a

dipole antenna, a monopole has a higher gain and higher front-to-back ratio

due to the ground plane that makes the radiation pattern unidirectional [151].

Moreover, the meandered or folded structures can be used to shrink the an-

tenna size [152]. Therefore, the folded monopole antenna has been selected and

designed to cover the desired frequency band, as shown in Fig. 5.10. It consists

of a folded strip and a ground plane. The length of the strip (Ls) adjusts the

resonant frequency and the ground plane behind it increases the front-to-back

ratio and antenna gain. The proper values of width of the strip (Ws), the in-

terval between two folded branches (s), and its distance from the ground plane

(d) would match the antenna at a desired frequency. In case of flood sensor, a

space at the corner of the ground plane is reserved for the sensing structure to

isolate it from the antenna, as shown in Fig. 5.10. As the temperature sensing

element and antenna have no coupling effects on each other, the isolated space

was not required. The optimum parameters of the antenna to work over the

desired UHF RFID band are: Ls= 80 mm, Ws= 0.5 mm, d= s= 6.25 mm. The

reflection coefficient and radiation gain of the simulated antenna are plotted
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Figure 5.10: Top and side views of the monopole antenna designed for the
proposed sensor (units are in mm).
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Figure 5.11: Reflection coefficient and radiation gain of the proposed antenna
with Ls= 80 mm, Ws= 0.5 mm, d= s= 6.25 mm.

in Fig. 5.11. As shown, the antenna has a reflection coefficient lower than

-10 dB and a radiation gain of higher than 3.1 dBi, over the whole frequency

band of 902-940 MHz.
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5.2.3 Reader

The reader used for experimentation purposes was AS3993 Fermi. It can pro-

vide with an output power of up to 22 dBm and can be extended to 30 dBm

[143]. This reader was selected as it generates IQ signals from the backscat-

tered signal using a mixer that can be used to determine the signal phase.

A circularly polarized antenna, with 6.5 dBi gain in each polarization, was

attached to the reader.

The reader is programmed to determine delay at different frequencies, as

devised above in Sec. 5.2.1. The frequencies in the stopband of the filter are

used to nullify the phase delays added due to any components of the setup, the

distance between the chip and the RFID reader, and the RFID chip. Finally,

the extracted phase value is mapped onto the respective physical parameter

— for example, the water level for the flood sensor or temperature in case

of the temperature sensor — to eventually find out the state of the physical

parameter being sensed.

5.2.4 Components Integration

The integration of all the components is very crucial to the performance of

the system. This is because the RFID chip must receive a minimum power

of -18.5 dBm to respond back. Therefore, the power-up signal must reach the

RFID chip with minimum losses incurred on its way. To cater for this, the

RFID chip must be attached to the 2nd port of the circulator, in the clockwise

direction, while the filter and sensing element circuit is attached to the 3rd

port, as also depicted in Fig. 5.2. The final fabricated flood and temperature

sensing elements are shown in Figs. 5.12(a) and 5.12(b), respectively. These

circuits were fabricated on a 0.81 mm thick RO4003C substrate provided by

Rogers corporation. The relative permittivity (ϵr) of this substrate was 3.38,

and the loss tangent (tanδ) was 0.0027. The size of our proposed sensor is

comparable to a commercial RFID tag. The length and width of our proposed

design are 132 mm and 60 mm, respectively, whereas, for commercial UHF

RFID tags [153], the length and width are typically in the range of 96 mm and
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(a)

(b)

Figure 5.12: Final fabricated sensors: (a) flood (b) temperature.

20 mm, respectively.

To consider the effect of other circuit components such as the circulator,

matching circuit, and sensing part on the performance of the antenna, the en-

tire structure was full-wave simulated in Ansys HFSS, as shown in Fig. 5.14.

To excite the antenna, a port was placed close to the circulator. As shown

in Fig. 5.13, the 3D radiation pattern of the antenna is unidirectional. Fig.

5.14(a) confirms that the reflection coefficient of the antenna with/without

other parts of the system does not differ significantly over the frequency band

of interest. The antenna impedance bandwidth with the presence of other

elements is 4.1%, spanning over the entire 902-940 MHz, which was as de-

sired. The co- and cross-polarization patterns of the antenna in XOY and

ZOY planes, respectively, at 915 MHz are depicted in Fig. 5.14(b). The high

co- to cross-polarization separation shows that the antenna is linearly polar-

ized, as expected. Also, as shown in Fig. 5.13 and 5.14(b), the 3 dB beamwidth
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Figure 5.13: Antenna 3D radiation pattern with the presence of entire chip’s
elements

of the antenna in the ZOY plane is very large (around 160◦), which demon-

strates very good coverage of the proposed antenna. Therefore, the read-range

of the sensing system is expected not to change much with the position of the

reader.

If the sequencing of the components is followed as proposed, the maximum

theoretical distance can be determined using the following simple relation:

-18.5 dBm (minimum required RFID chip power-up signal) = 22 dBm (max-

imum power of the reader) + 6.5 dBi (antenna gain of the reader) - PL dB

(maximum allowed path loss for the given power-up) + 3.1 dBi (antenna gain

of the sensor node) - 0.5 dB (insertion loss of the circulator). This gives maxi-

mum allowed path loss, PL = 49.6 dB. At our frequency of operation of around

915 MHz, this path loss is seen at a distance of 7.9 m.

In order to determine the maximum distance a backscattered signal can be

detected, the following relation can be used: -90 dBm (RFID reader sensitivity)

= -18.5 dBm (minimum required RFID chip power-up signal) - 1 dB (imperfect
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Figure 5.14: Antenna performance with the presence of entire chip’s elements,
(a) reflection coefficient, and (b) normalized co- and cross-polarization in both
XOY and ZOY planes at 915 MHz.

reflection loss of the chip [145]) - 0.5 dB (insertion loss of the circulator) - 3.1 dB

(insertion loss of the filter) -1.5 dB (sensing element’s losses) - 3.1 dB (filter’s

insertion loss) - 0.5 dB (insertion loss of the circulator) + 3.1 dBi (antenna gain

of the sensor node) - PL dB (maximum path loss for backscattered) + 6.5 dBi

(reader’s antenna gain), which gives maximum path loss for backscattered, PL

= 71.4 dB. At our frequency of operation, 915 MHz, this path loss is observed
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Figure 5.15: ADS schematic of the battery-less wireless sensor design.

at a distance of 97 m.

The above calculations confirm that the limiting factor for the reader-chip

distance is the chip’s power-up condition and by increasing the reader power,

this distance can be increased. However, since the RFID standards allow up to

36 dBm EIRP transmitter power, the maximum improvement will be 7.5 dB

(36 dBm - 22 dBm - 6.5 dBi) over the reader power of 22 dBm. If added, this

will provide a larger path loss of 57.1 dB which, for 915 MHz, is incurred at

a distance of 19 meters. Therefore, 19 meters is the maximum distance that

can be achieved in our proposed design while adhering to the RFID standard.

5.3 Results

First, simulations were performed to confirm if the devised model operates

properly at different distances. The model was implemented in PathWave

Advanced Design System (ADS) 2019, as shown in Fig. 5.15.

For this specific case, the passband frequency was set to 927 MHz and

the first stopband frequency was set to 902 MHz while the second stopband

frequency was set to be 905 MHz in (5.9) to (5.14).

The results in Fig. 5.16 show that by using (5.14) and the methodology

described in 5.2.1, the phase delay due to a change in distance can be nullified.

It can be seen that the phase delay for different values of capacitance does not

change with the change in distance.
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Figure 5.16: ADS simulation results showing the phase of the backscattered
signal for different capacitance values becomes independent of distance after
using the proposed setup.

After the distance ambiguity was resolved, the performance of the pro-

posed wireless sensors were tested. The setup used to test the performance of

our sensor comprises a reader, which measures the phase of the backscattered

signal and the proposed battery-less wireless sensor. Both wireless tempera-

ture and flood sensors were placed closely and tested concurrently in real-test

scenarios that mimic a smart home environment. The setup and result in a

long enough period of testing are shown in Fig. 5.17 and 5.18, respectively.

To test the flood sensor, a beaker containing the sensing element was filled

and emptied several times and the phase delay was recorded. When the beaker

was emptied, the phase delay was almost 0◦. As soon as the water started filling

in the beaker, the phase delay also started to increase, as shown in Fig. 5.18.

Finally, when the water reached the level of electrodes (h = 0 mm, as shown

in Fig. 5.4(a)), the observed phase delay reached around 65◦.

To evaluate the sensor’s performance in the long run, the tests were re-

peated multiple times. Because the reactance of flood sensing element is not

in a linear relationship with the height of the water, as shown in Fig. 5.5,

phase delay was also found not to be linear. Therefore, as the height of the

water reaches 0 mm, i.e. close to the electrodes, the phase changes abruptly
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Figure 5.17: Test setup for battery-less RFID-based flood and temperature
sensor.
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Figure 5.18: Performance of the proposed water level sensor shown by repeat-
edly removing and adding water in a beaker.

and reaches around 65◦.

To test the temperature sensor, a Peltier heater/cooler, CM23-1.9-08AC

by Marlow, was attached to the ground plane of the sensing element [154].

The other side of the Peltier device was attached to a heatsink. By varying

the voltage between the terminals of the device, the sensor was cooled down to

17◦C and heated up to 51◦C, as shown in Fig. 5.19. A reference temperature

sensor was soldered to the ground via of a thermistor to observe the applied

temperature, as shown in Fig. 5.17. A delay of approximately 8 secs was

found in our sensor design. This delay is attributed to the substrate that is
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Figure 5.19: Performance of the proposed temperature sensor for different
values of temperature.

Table 5.1: Performance comparison of the three-port battery-less wireless sen-
sor with other passive wireless sensors.

Parameter This work

Antenna
Resonance-

based
sensors
[51, 52]
[53, 132]
[133, 134]

Digitally
integrated
sensors

[135, 136]
[137, 138]
[43, 139]

Ambient
energy

harvesting
sensors
[20, 155]
[156]

Cost Low Low Moderate High
Complexity Low Moderate Low Low
Bandwidth ∼KHz ∼MHz ∼KHz ∼KHz

required
Anti-collision Yes Yes Yes Yes
Dense

Yes Yes Yes Yes
deployment

Accuracy Moderate Moderate high High
Range (m) 7.9 3–5 1–2 6

sandwiched between the copper layers of our PCB and takes time to dissipate

the heat entrapped in it.

The accuracy of our proposed wireless sensor is much dependent on the

inherent sensitivity of the reader. This is because the information is in the
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phase change of the backscattered signal. This signal is detected and demod-

ulated at the reader. Therefore, it is important that the reader has a stable

clock and is capable of detecting the phase with good accuracy. In our case,

the overall accuracy of the temperature sensor, as shown in Fig. 4.13, was

found within +/-2◦C, which is acceptable for smart home applications. This

error can further be reduced by simply averaging the received values.

A comparison of the proposed wireless sensor with other wireless sensors

is shown in Table 5.1. The proposed sensor is cost-effective with the circula-

tor being the most expensive component. However, it should be noted that

the ambient energy harvesting-based sensors cost the most as they require so-

lar cells and a huge capacitor for their operation. The proposed sensor has

fewer complexities in its design because any RF sensing element can be easily

attached to the sensor port without affecting other circuitry. On the other

hand, the complexities are moderate in antenna resonance-based sensors as

the sensor must ensure proper impedance matching between the antenna and

chip along with sensing parameters. The bandwidth requirements for the pro-

posed sensor are in the range of KHz, which is typically what is required for

digitally communicating the ID of the sensor. To be more specific, it requires

500 kHz bandwidth at any given time as it can operate in any single channel

of the RFID UHF band. It may be argued that reading in multiple chan-

nels is required to remove the phase ambiguity; however, once the ambiguity

is resolved, reading from single channel is adequate. In the case of antenna

resonance-based sensor, wider bandwidth is required since the frequency must

be swept across a band to determine the sensor’s value. All of the compared

sensors provide anti-collision and dense deployment, which is an integral a part

of the RFID technology.

The proposed sensor demonstrates only moderate accuracy because it uses

analog communication for sending the sensed values. On the other hand, the

digitally integrated sensor provides high accuracy because of digital commu-

nication. The proposed sensor provides a good operating range of around

7.9 meters, which is in accordance with the value calculated theoretically and

can be easily extended up to 19 meters by using a higher power reader. On the
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other hand, ambient energy harvesting sensors have been shown to operate up

to 6 meters. Hence the proposed design can be considered a good candidate

for smart home IoT applications.

5.4 Conclusion

In this chapter, a novel battery-less wireless sensor is proposed and discussed.

The proposed design integrates an RFID chip with an antenna and a frequency

selective sensing element using a circulator. Due to the reactive nature of the

sensing elements, a phase delay is added to the backscattered signal. A SAW

filter is used with the sensing element to limit sensory responding to a lim-

ited frequency band. This allows removing any phase delay that is added

due to the distance between the sensor and the reading device. Designs for a

flood sensing element and a temperature sensing element along with a folded

monopole antenna are shown. Results show that the sensor may be placed at

any distance of up to 7.9 meters from the reader to sense different parameters

such as flood/moisture and temperature. It was also discussed how the pro-

posed architecture provides a longer range compared to other sensors, without

using any battery. These attributes make our proposed sensor ideal for differ-

ent environments ranging from smart home, medical, or industry to monitor

liquid levels, temperature, and moisture, without having to ever worry about

replacing the batteries of the installed sensors.
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Chapter 6

A Battery-Less Six-Port
RFID-Based Wireless Sensor
Architecture for IoT
Applications

In this chapter, a novel architecture for battery-less wireless sensors is pro-

posed and demonstrated. The proposed architecture uses a six-port structure

to integrate a UHF RFID chip with a resistive sensing element to enable the

reading of environmental conditions wirelessly, without using a battery at the

sensor node. The six-port structure divides an incoming RFID interrogator

signal into an in-phase and quadrature branch and implements signal mixing

without the use of a lossy or an active mixer. The amplitude and phase of the

mixed signal are dependent on the value of the attached sensing element. By

reading the phase of this signal at the reader, the value of the element can be

easily determined using a non-coherent IQ demodulator. The design can easily

integrate any type of resistive sensing element for parameters such as temper-

ature, humidity, and water level. A pin diode is used to control the amplitude

and phase of the backscattered signal to demonstrate the performance. These

values are successfully read at a distance of 2 m.

73



6.1 Introduction

Several wireless sensor designs based on battery-less, or passive, RFID tech-

nology have been presented in the past [43, 51–53, 127–130, 132, 133, 136,

137, 139, 147, 157]. Moreover, the design presented in the previous chapters

requires a bulky circulator that increases the cost of the sensor node. In addi-

tion, the design only allows the use of reactive sensing elements. To the best of

the authors’ knowledge, there is no RFID-phase-modulating sensor design that

works without a circulator and allows the use of resistive sensing elements.

In this chapter, a novel wireless sensor design that addresses the afore-

mentioned challenges is proposed. The proposed design consists of a six-port

direct conversion network, an RFID chip, a UHF resistive sensing element

network, and two antennas. These components are arranged such that the

reader signal entering the six-port is first divided into two signals, namely

in-phase and quadrature signals. The in-phase signal is fed to an RFID chip

to harvest energy, while the quadrature signal is fed to the resistive sensing

element network. When the RFID chip responds, the backscattered signal is

combined with the signal that is being reflected from the sensing element due

to the mismatch, which is based on the physical parameter being sensed. The

phase of this combined signal is directly influenced by the state of the sensing

element. Moreover, this signal is a combination of a digitally modulated sig-

nal, which is an RFID chip signal, and an analog modulated signal, which is

the variations in phase due to the sensing element state. Through this phase

variation, any changes in the sensing element value are easily determined at

the reader through an IQ demodulator.

The goals addressed in this chapter are three-fold:

• propose a wireless sensor architecture that works without requiring any

battery at the node;

• allow the integration of resistive sensing-elements;

• use the phase delay of the backscattered signal to determine the sensed

value passively.
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The remainder of this chapter is organized as follows. In Section 7.1, a

thorough discussion of the proposed design is carried out, while Section 7.2

discusses the results. Finally, the chapter is concluded in Section 7.3.

6.2 System Design

The proposed system is designed by integrating an RFID chip and a sensing

element using a six-port structure. First, the fundamental operating principles

of a six-port structure will be discussed. Following that, its integration with

the senor and RFID chip will be discussed.

6.2.1 System Model

A six-port structure operates on the principle of additive mixing of phase-

shifted versions of an input RF signal. To achieve this behavior, three 90◦

hybrid couplers are attached along with a power splitter/combiner. A 90◦

hybrid coupler has four ports: an input port, a through-port, a coupled port,

and an isolated port. A signal at the input port is sent to the through and

the coupled ports. The signal provided to the coupled port is in quadrature

phase with respect to that at the through port. Any signals reflected at the

two ports are combined and delivered to the isolated port. A block diagram

of the full system is shown in Fig. 7.1. The RF input signal (vIN(t)) received

at port 1 is split into an I and a Q using a 90◦ hybrid coupler, C1. Both the

in-phase and the quadrature signals are fed into separate 90◦ hybrid couplers,

C2 and C3, respectively. This eventually provides the signals at port numbers

3, 4, 5, and 6, which could be backscattered based on the reflection coefficients

of the RFID (ΓRFID) [145] and sensing element (Γsensor). The in-phase and

quadrature components of the backscattered signal, ΓI , and ΓQ, respectively,

are mixed in the splitter/combiner (S1) in a way to achieve a signal with all

the required information, as will be explained in detail in what follows.

Consider an incoming RF signal incident on the antenna connected to

port 1. The signal can be mathematically represented as,

vIN(t) = VIN cos ωIN t. (6.1)
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Figure 6.1: Block diagram of the proposed battery-less six-port wireless sensor.

The signals at the output ports of C1 will be,

vI(t) =
1√
2
VIN cos(ωIN t+ φ), (6.2)

vQ(t) =
1√
2
VIN sin(ωIN t+ φ), (6.3)

where φ is any phase delay of the system, equally incurred by both the signals

and therefore may be ignored.

The signals at port 3 and 4, which are generated from the in-phase com-

ponent, are fed to an RFID chip. Normally, an RFID chip is not inherently

matched to 50 Ω. Therefore, a matching network is required to enable maxi-

mum power transfer from the coupler C2 of the six-port network to the RFID
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chip. For the matched case, the signal received by the RFID chip can be

represented as,

vRFID(t) =
Tm√
2
VIN cos(ωIN t+ ϕm + ϕ), (6.4)

where Tm and ϕm are the transmission coefficient and phase delay of the match-

ing network, respectively. For a well-designed matching network, Tm may be

ignored.

When the RFID chip is harvesting energy, it acts as a matched circuit and

thus all the power is delivered to it. At this moment, the reflections from the

RFID chip are minimum and can be approximated to 0 (ΓRFID,m = 0) and as

a result, vΓI
(t) = 0. Here, ΓRFID,m, and vΓI

(t) are the reflection coefficient of

the RFID chip and signal received at the ISO port of C2, respectively, when

the RFID chip is harvesting the energy.

On the other hand, when the RFID chip is unmatched and reflecting the

power for communication with a coefficient of ΓRFID,u, port 3 and 4 get shorted

out and the power is reflected and combined at the ISO port of the coupler

C2. The signal at the ISO port is represented as,

vΓI
(t) =

ΓRFID,u√
2

VIN cos(ωIN t+ 2ϕm + ϕ). (6.5)

On the other hand, the signals at ports 5 and 6, which are generated in

C3 using the quadrature component of the incoming signal vin, are fed to a

resistive sensing element. This signal at port 5 can be represented as,

vsensor(t) =
1

2
VIN sin(ωIN t+ ϕsensor + ϕ), (6.6)

where ϕsensor is the delay of the sensing element and the transmission line. To

ensure that the quadrature component undergoes a similar phase delay to its

in-phase counterpart at the RFID chip, ϕsensor is made equal to ϕm (delay of

the matching network of the RFID chip) at the operating frequency. This is

achieved by varying the length of the transmission line attached to the sensing

element.

Identical sensing elements are attached at ports 5 and 6. To utilize the full

range of modulation, a resistive sensing element varying from a short circuit
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(0 Ω) to an open circuit can be used. However, in practice, a sensing element

with its variable resistance in the range of 50 Ω +/- 50 Ω, which is the circuit’s

characteristic impedance, is sufficient for operation. With the change in the

physical parameter being sensed, the resistance of the sensor is changed, and

then the magnitude of signals reflected from ports 5 and 6 varies. As the signal

at port 6 is a 90◦ delayed version of the signal at port 5, the signals reflected

by the sensing element are combined at the ISO port of the coupler, C3. This

reflected signal is written as,

vΓQ
(t) =

Γsensor√
2

VIN sin(ωIN t+ 2ϕsensor + ϕ), (6.7)

where Γsensor depends on the resistance of the sensing element. It should be

noted that the resistance is variable and depends on the value being sensed by

the sensing element.

To ensure that the signals available at the ISO ports of each coupler, C2,

and C3, are quadrature, along with matching ϕsensor and ϕm, it is important

that the reactance of the sensing element should be very low and/or should

not vary with its resistance while sensing; otherwise, the signal at the ISO

ports of C3 will have variations in phase and it will no longer be in phase

quadrature with respect to the ISO port of C2. Moreover, any imbalance

in the phases caused due to variations in the sensing element’s reactance will

introduce errors in the signal demodulated at the reader. Therefore, capacitive

sensing elements may not be used with this sensor architecture, and only

resistive sensing elements should be used.

Finally, the reflected in-phase (ΓI) signal and the quadrature signal (ΓQ)

are combined using the splitter/combiner, S1. The output signal is expressed

as,

vout(t) = vΓI
(t) + vΓQ

(t), (6.8)

vout(t) =
ΓRFID,u√

2
VIN cos(ωIN t+ 2ϕm + ϕ)

+
Γsensor√

2
VIN sin(ωIN t+ 2ϕsensor + ϕ). (6.9)
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For the case when ϕm = ϕsensor, they both can be attributed as the system

delay and can be incorporated into ϕ. Hence, the signal at the output, after

passing through S1, is expressed as,

vout(t) =
AVIN

2
cos(ωIN t− ϕout + ϕ). (6.10)

Where,

A =
√
Γ2
RFID,u + Γsensor

2, (6.11)

ϕout = tan−1

[
Γsensor

ΓRFID,u

]
, (6.12)

are the amplitude and the phase of the output signal, respectively. These

results are obtained by using the scattering matrix of the Wilkinson power

divider and applying a trigonometric identity to (7.10). Moreover, this is the

final backscattered signal sent to the reading device.

It can be seen that the amplitude and the phase of the backscattered signal

depend on the signal reflected by the sensing element, which is directly related

to the sensing element’s resistance. As a result, changes in the environment

produce a change in the sensing element resistance, which in turn causes a

detectable change in the phase and amplitude of the backscattered signal.

6.2.2 Physical Realization of the Components

Six-port

To realize a six-port structure, three couplers along with one splitter/combiner

are required. Here, three hybrid 3 dB quadrature couplers, X3C09P1-03S, and

a Wilkinson power divider, PD0810J5050S2HF by Anaren were used. These

are small-sized components that support the North American UHF RFID fre-

quency band of 902 to 928 MHz. All these components were integrated on a

0.81 mm RO4003C substrate with a relative permittivity of 3.38 and a loss

tangent of 0.0027.

A layout of the designed circuit is shown in Fig. 7.3. A simple network

of transmission lines was used along with the footprints provided in the data

sheets of the components to connect them to the six-port network. To avoid
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Figure 6.2: Circuit layout of the six-port structure used in the proposed sys-
tem.

any phase imbalance, the lengths of transmission lines connecting ports 3 to 6

were kept identical.

RFID chip

The chips used in an RFID-based wireless sensor design greatly influence the

range of the sensor node. In this work, a Higgs-4 by Alien technology was

used. The minimum wake-up power of this RFID chip is −18.5 dBm while

the input impedance is Zin = 18 − j181 Ω. To integrate this RFID chip

with the six-port structure, its impedance must be transformed to 50Ω. For

this purpose, two single-section open-circuited series stubs were used at both

ports. This matching network connects the two ports of the RFID to the six-

port structure. The layout and frequency response of the matching network

are shown in Figs. 7.4 and 7.5, respectively.

To measure the frequency response of the matching network, a balun was
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Figure 6.3: Circuit layout of the matching network used to connect the RFID
chip with the system.

connected at port 3 and port 4. Therefore, in this specific instance of Fig. 7.5,

the input port of the balun, which was used to feed the matching network,

corresponds to port 1 while the complex impedance of the RFID chip cor-

responds to port 2. As the complex impedance of the IC models its internal

energy harvesting circuitry, port 2 is hypothetical and it is practically not pos-

sible to measure the signal transmitted to it. Hence S21 was mathematically

estimated using the reflections at the input of the feeding balun.

Resistive sensing element

Although resistive sensing elements for physical parameters are widely avail-

able in the market, the currently available options exhibit very poor response

and sensitivity at UHF. Therefore, to test the architecture, a pin diode, SMP-

1307 by Skyworks Solutions Inc., which operates in the UHF band, was used.

As a pin diode, its resistance could be easily changed from low to high by sim-

ply varying its biasing voltage. This helps in performing an in-depth analysis

of the system.

Another important factor that requires attention is the adjustment of the

length of the transmission lines connecting the sensing elements with the six-

port structure. The length of these lines should introduce a delay that is
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Figure 6.4: Frequency response of the matching network used to connect RFID
chip. Port 1 and port 2 correspond to the inputs of the test balun and RFID
chip, respectively.

identical to what is being added by the RFID chip’s matching network. The

lengths should be adjusted until I and Q signals are achieved simultaneously

at the ISO ports of the coupler. As an RFID chip backscatters for a very short

time interval, simulations may be set up to compare the I and Q signals and

determine the delay required in the transmission lines.

A circuit layout designed to connect the pin diode with the six-port struc-

ture, along with its biasing circuit, is shown in Fig. 7.6. These lengths were

optimized to ensure IQ phases at the splitter/combiner for the specific RFID

chip’s matching network shown in Fig. 7.4.

The magnitude and phase of the signals reflected at the input port of the

pin diode circuit (S55/S66) are shown in Fig. 7.7. The simulated results were

obtained by using the model of the pin diode in ADS 2020. Initially, when

the voltage is below 400 mV, the diode acts as an open circuit, and thus the

reflected signal is high in magnitude. At around 500 mV the diode starts to

conduct, thus the magnitude of the reflected signal starts to decrease. As the

voltage increases, the conduction of the pin diode increases and the resistance

drops. At around 700 mV, the diode resistance is approximately 50 Ω and
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Figure 6.5: Layout of the designed circuit for the variable resistor/pin diode.

thus the reflected signal is minimum. Beyond this voltage, an expected phase

reversal can be seen. Moreover, the resistance tends to drop beyond this

voltage and due to the mismatch, the magnitude of the reflected signal starts

to increase once again.

It can be seen from the graphs that mostly the resistance changes while

the reactance change is minimal since the reflected phase is constant. This

is important because if the reactance also changes, the phase of the signal

reflected from the quadrature branch will vary with the variation in the sensing

element. As a result, the reflected signal will no longer be in quadrature

relative to the signal being backscattered by the RFID chip. It may be useful

to mention here that the phase reversal observed around 750 mV in Fig. 7.7

does not invalidate quadrature requirements as this change is ∼180◦, which

still adheres to 90◦ difference between the in-phase and the quadrature signals.

The only difference is that if the phase difference below 750 mV is lagging by

90◦, it will lead by 90◦ after this value.

In practice, the measured phase change was less than 180◦, as also observed

in Fig. 7.7. This error generally results in crosstalk between the demodulated

I and Q components. However, in the proposed sensor, the in-phase compo-

nent remains fixed, as it is the reflection coefficient of the RFID chip in the
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Figure 6.6: S55/S66 of the pin diode for varying voltage levels at 915 MHz.

unmatched position. Therefore, any change in the backscattered signal will

still only be due to the sensing element. However, due to the crosstalk, the

dynamic range of the phase due to the quadrature component will be reduced,

which eventually affects the sensitivity of the sensor.

6.2.3 Components Integration

Finally, all the aforementioned components were integrated by connecting the

RFID chip, the resistive sensing element, and the antennas to the appropriate

ports of the six-port structure, as shown in Fig. 7.8. Antennas used in the

design were linearly polarized meandered monopoles. Using different polar-

izations would help keep the incoming signal and the backscattered signals

separate. Otherwise, the signals would enter from both the ports and intermix

with unpredictable phases. This would complicate the operation of the system

and results might become unpredictable. Therefore, vertical polarization was

reserved for the power-up signal at port 1, whereas horizontal polarization was

used for the backscattered signal at port 2.

It should be noted that since the RFID chip receives the signals that are

90◦ apart instead of 180◦, the voltage developed inside its internal circuitry is
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Figure 6.7: Fabricated design of the six-port RFID-based wireless sensor.

not maximum and thus the optimum results may not be achieved. In terms

of performance, this will reduce the range of the RFID chip. An additional

90◦ delay may be added to the current design, however, this will stop the

backscattered signal from combining at the ISO port of C2.

Using simulations, the length of the transmission line connecting the pin

diode was optimized to ensure the signal received at the ISO ports of coupler

C2 and coupler C3 are 90
◦ out of phase. Once this optimization was performed,

a parametric study of the pin diode’s resistance was conducted to observe its

effect on the signal received by the RFID chip. It could be seen in Fig. 7.9

that for the optimized dimensions, shown in Fig. 7.6, the signal received

by the RFID tag is not drastically affected by the variations in the resistive

sensing element, which is being controlled by the voltage across the pin diode

(Fig. 7.7). The variations observed are attributed to the imperfect isolation

between the ports of the couplers used in the design. Theoretically, this results

in a reduction of only 2.72 cm in the read range, which can be neglected.

6.2.4 Reader

To power up the RFID chip and read the signal backscattered from the wireless

sensor, an RFID reader is required. However, to be able to read the phase of

the backscattered signal, the reader should use an IQ demodulator. Therefore,

in this work, AS3993 Fermi by AMS AG was used to carry out the experiments.

This RFID reader provides an output power of 22 dBm [143]. The reader uses
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Figure 6.8: Effect of pin diode resistance variation on the signal received by
the RFID chip at 915 MHz.
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Figure 6.9: ADS schematic of the battery-less wireless sensor design.

an IQ mixer to demodulate the backscattered signal.

To separate the incoming and outgoing signals at the reader, a circulator

was attached to the output of the reader. Instead of using a circularly polarized

antenna, two separate antennas were used. This is to ensure that the sensor

node receives most of the power at port 1 and backscatters only from port 2

to avoid any signal mixing inside of it that may otherwise occur if both ports

start to receive and backscatter the RFID power-up signal simultaneously.
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Figure 6.10: Change in the magnitude of the backscattered signal with respect
to voltage across the pin diode at 915 MHz.
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Figure 6.11: Change in the phase of the backscattered signal with respect to
voltage across the pin diode at 915 MHz.

6.3 Results

Initially, simulations were used to analyze the operation and performance of

the proposed architecture. The model was implemented in ADS 2020, as shown

in Fig. 7.10. In this setup, models of all the components including the hybrid

coupler, splitter/combiner, the RFID chip, and the pin diode, were used. The
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Figure 6.12: battery-less wireless RFID sensor with pin diode attached at the
sensing element port.
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Figure 6.13: Measured phase change at the receiver as the voltage across the
pin diode is changed with time at 915 MHz.

simulation was set up to measure the difference of magnitude and phase be-

tween the input and the output port. The simulations were performed for

the whole North American RFID frequency band, i.e., 902 MHz to 928 MHz.

Since the selected components maintain the quadrature-phase requirement of

the proposed architecture across the whole RFID frequency band, similar re-

sults were observed at other frequencies. Therefore, results at only the center

frequency of 915 MHz are shown here.

It can be seen in Fig. 7.11 how the magnitude of the reflected signal varies

due to the variation in the resistance of the pin diode. The variation in the

magnitude of the backscattered signal due to the changes in resistance of the
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pin diode corroborates the expression given in (7.11). From 100 mV to 400 mV,

the mismatch between the sensor’s resistance and the transmission line is high,

resulting in higher reflection that increases the magnitude of the backscattered

signal. From 400 mV to ∼1000 mV, the mismatch reduces and the magnitude

of the backscattered signal also reduces. For example, at 750 mV where the

reflections through the sensor are minimum, Γsensor = 0. From (7.11) it can

be deduced that the output signal voltage should be smaller by a factor of
√
2. This corresponds to a 3 dB reduction, which is also observed in Fig. 7.11.

In addition to this variation, a 3 dB loss in the signal was observed, which is

attributed to the IQ conversion loss. This loss is inevitable in a simple six-

port structure and it is in also accordance with the expression given in (7.11).

Finally, some additional losses of ∼2.2 dB were observed and are attributed

to imperfect IQ phase difference and miscellaneous component losses.

A change in the phase of the backscattered signal was also observed. This

phase change with respect to the voltage across the pin diode is shown in

Fig. 7.12. It can be seen that the phase is almost constant below 400 mV. This

is because the pin diode is in an open-circuit state. After 400 mV, its resistance

starts to drop, therefore, the phase delay of the backscattered signal starts to

increase. This increase continues until the voltage reaches around 1000 mV,

which corresponds to nearly zero resistance. Beyond this point, the change in

the resistance of the pin diode is insignificant. Therefore, the change in the

phase of the backscattered signal drops, and hence its mostly useful between

400 mV and 1000 mV. Moreover, the phase of the backscattered signal in the

sensitive region of 400 mV to 1000 mV, unlike the amplitude is unambiguous

and therefore preferred over the amplitude in the final determination of the

sensed value.

The dynamic range of the phase was measured to be 79.2◦ as opposed to

90◦, which was theoretically derived in (7.13). The reason for this reduction

in the measured dynamic range is attributed to the parasitic capacitance of

the pin diode, which introduces crosstalk between the I and the Q component

of the system.

Finally, the performance of the proposed architecture was tested in a real-
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world scenario. The designed wireless sensor was placed at a distance of 1.5 m

from the reader, as shown in Fig. 7.13. The voltage across the pin diode was

varied in a triangular fashion between 600 mV to 800 mV. The phase of the

backscattered signal was recorded at the reader with an averaging factor of

64 readings and is shown in Fig. 6.13. A clear one-to-one relationship was

observed in the recorded results. Moreover, accuracy was found to be within

+/- 11 mV.

With the change in the resistance of a sensing element, this architecture

allows to vary the phase of the backscattered signal of an RFID chip. Since

the amplitude of the signal backscattered by an RFID does not change signif-

icantly, the phase variation of the backscattered signal is mostly attributed to

the sensing element and thus can be easily determined at the reader. Hence,

resistive sensing elements can be easily used in the proposed architecture,

without the need for any additional circuitry.

It should be noted here that the ID of the RFID chip is sent to the reader as

a digitally modulated signal, whereas the sensor information is sent in analog

form through phase modulation. RFID readers are generally equipped with

an IQ demodulator and can therefore easily capture the ID and provide the

amplitude and phase as a byproduct of the demodulated signal. The provided

phase is used to measure the sensed value at the six-port RFID-based wireless

sensor.

A comparison of the proposed wireless sensor architecture with other state-

of-the-art RFID-based wireless sensors is shown in Table 6.1. Although the

proposed architecture does not outperform other sensors in terms of range, it

is a very low-cost and low-complexity design that allows the use of resistive

sensing elements. These sensing elements were not supported by any previ-

ously proposed battery-less wireless sensors. The reduction in the wireless

range is because the incident power is split into two and the tag receives only

one-half of the input power. Hence, the minimum power required is higher

in this case or conversely, the read range is lower. However, it should be re-

iterated that the proposed architecture’s use of simple quad couplers and a

splitter/combiner as opposed to a circulator in [147, 157] affords a significant
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Table 6.1: Comparison of the proposed six-port wireless sensor with other
passive wireless sensors.

Parameter This work
RFID

three-port
[147, 157]

RFID
chip based

[51–53, 132, 133]

Battery No No No
Cost Low High Medium
Complexity Low Low Medium
Range (m) 2 7 3–5
Sensing element Resistive Capacitive N.A.
Bandwidth required ∼kHz ∼kHz ∼MHz

cost reduction. Moreover, it requires less bandwidth as it can operate in any

single channel of the UHF RFID band, which is typically 500 kHz.

Future work will focus on improving the range of the proposed design and

propose new UHF resistive sensing elements that could be used in daily-life

IoT applications.

6.4 Conclusion

In this chapter, a novel battery-less wireless sensor is proposed that works

without a battery. The proposed architecture integrates an RFID chip with a

resistive sensing element and antenna using a six-port structure. An example

design is shown, which operates at the UHF band. Based on the mismatch,

the amplitude of the quadrature signal reflected by the resistive sensing ele-

ment is varied. This signal is combined with the in-phase component, using

the six-port structure. As a result, information is added to the phase of the

backscattered signal by the RFID chip. The combined modulated signal con-

tains the node ID in digital form and the sensed value in analog form. To

verify the performance of the proposed architecture, a pin diode operating

as a variable resistor was used in the experiments and found operational as

predicted by the simulations.
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Chapter 7

A Battery-Less Non-Hybrid
Six-Port RFID-Based Wireless
Sensor Architecture for IoT
Applications

This chapter introduces a novel battery-less wireless sensor architecture, which

is based on the principle of direct frequency conversion. The proposed architec-

ture uses a non-hybrid six-port structure to integrate a UHF RFID chip with

sensing elements to create a sensor node. The RFID chip provides a unique

identification to the sensor node and the sensing element enables the reading

of environmental conditions. The non-hybrid six-port structure unequally di-

vides an incoming RFID interrogator signal into an in-phase and quadrature

branch. Using the novel unequal distribution in a six-port allows higher power

being directed to the RFID chip to ensure a longer read range. The I and

Q signals reflected by the RFID chip and the sensing element, respectively,

are mixed without the use of a lossy or an active mixer. The mixed signal’s

amplitude and phase are directly dependent on the values of the attached sens-

ing element. To read the value of the sensing element wirelessly at a reader,

an IQ demodulator is used, which determines the phase of the backscattered

signal. As a result, various sensed parameters such as light intensity, voltage,

or force may be read wirelessly without requiring a battery at the node. To

demonstrate the performance, a pin diode is used as a sensing element to read

voltages wirelessly at a distance of up to 2.45 m.
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In the previous chapter, a six-port based on a battery-less wireless sensor

was presented, which was extremely cost-effective [158]. However, the pre-

sented design had limited read range due to the way the power is distributed

in that architecture.

In this chapter, a novel wireless sensor design is proposed, which modifies a

conventional six-port structure to address the aforementioned challenges. The

proposed design uses a non-hybrid six-port direct conversion network, an RFID

chip, a UHF voltage sensing element network, and two antennas. The higher

power in-phase signal of the non-hybrid structure is fed to an RFID chip to

harvest energy, while the lower power quadrature signal is fed to the resistance-

based voltage sensing element. The higher power signal, when reflected from

the RFID, is passed through an attenuator to make it comparable to the

lower power quadrature signal that is reflected from the sensing element to

ensure that maximum range is achieved without compromising the sensitivity

of the sensor. These two quadrature signals are combined and transmitted

back to the reader. The phase of the final output is directly dependent on the

signal amplitude reflected by the sensing element. The non-hybrid technique

improves the maximum read range along with higher sensitivity of the wireless

sensor than the previously proposed six-port wireless sensors [97, 158].

The goals addressed in this chapter are four-fold:

• propose a wireless sensor architecture that operates without the need for

any battery at the node;

• allow the integration of resistive sensing-elements;

• use variation in the phase delay of the backscattered RFID signal to

determine the sensed parameter in a passive manner;

• improved read range and sensitivity performance compared to conven-

tional six-port based wireless sensor;

The remainder of this chapter is organized as follows. In Section 7.1, a

detailed analysis of the proposed design is provided. Section 7.2 discusses the

results before concluding the chapter in Section 7.3.
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7.1 System Design

The proposed wireless sensor is designed using a non-hybrid six-port struc-

ture that passively integrates an RFID chip with sensing elements. A block

diagram is shown in Fig. 7.1. In the following subsections, the operating prin-

ciples of the proposed wireless sensor will be discussed along with its physical

realization.

7.1.1 System Model

At the core of this wireless sensor lies a non-hybrid six-port architecture, which

is formed by modifying a simple six-port structure. A basic six-port structure

operates on the principle of additive mixing of in-phase and quadrature com-

ponents of an input RF signal. This behavior is achieved by attaching three

90◦ hybrid couplers along with a power splitter/combiner. On the other hand,

in the non-hybrid six-port, unequal splitting and combining techniques can

be used to gain certain benefits. In our case, it provides more power to the

RFID chip while sacrificing the backscattered power, which doesn’t impact the

performance.

To elaborate this further, an input RF signal (vIN(t)) received at port 1

is unequally split into an I and a Q using a 90◦ non-hybrid coupler, C1. This

coupler has a coupling factor β. The in-phase and the quadrature signals from

the coupler are delivered into two 90◦ hybrid couplers, C2 and C3, respectively.

As a result, signals at port 3, 4, 5, and 6 are produced. Due to unequal split

in C1, signal strength at port 3 and 4 is higher than port 1 and 2. Thus RFID

chip is connected to this port to achieve a longer read range. The resistive

sensing element, on the other hand, is attached to port 5 and 6. The signals

are backscattered based on the reflection coefficients of the RFID (ΓRFID) in

the reflection mode and the sensing element (Γsensor) [145]. The in-phase and

quadrature components of the backscattered signal, ΓI , and ΓQ, respectively,

are mixed in the splitter/combiner (S1) to generate an IQ modulated signal.

To ensure that the sensitivity of the sensor is not compromised due to an

unequal split in C1, an attenuator is added to the in-phase path to cause the
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Figure 7.1: Block diagram of the proposed battery-less six-port wireless sensor.

signal amplitudes of both branches to be comparable to each other.

To understand this further, an incident RF signal is considered to be re-

ceived at port 1. This signal can be mathematically represented as,

vIN(t) = VIN cos ωIN t. (7.1)

The signals at the output ports of C1 having a coupling factor of β will be,

vI(t) = αVIN cos(ωIN t), (7.2)

where, α2 = 1− β2.

vQ(t) = βVIN sin(ωIN t). (7.3)

For any β < 1/
√
2, signal strength received at ports 3 and 4 will be higher

than that at ports 5 and 6. Hence, the in-phase component received at ports 3
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and 4 may be fed to an RFID chip. Usually, an RFID chip may not be inher-

ently matched to 50 Ω. Therefore, a matching network must be incorporated

between the RFID chip and the six-port structure. The signal received by the

RFID chip can be represented as,

vRFID(t) = TmαVIN cos(ωIN t+ ϕm), (7.4)

where ϕm and Tm are the phase delay and transmission coefficient of the match-

ing network, respectively. For an optimally matched network, Tm may approx-

imated as 1.

During the harvesting mode, the RFID chip acts as a matched circuit

and thus all the in-phase power of the six-port structure is absorbed in it.

Therefore, the reflection coefficient for this specific duration is approximated

to 0 (ΓRFID,m = 0) and consequently, vΓI
(t) = 0. Here, ΓRFID,m, and vΓI

(t)

are the reflection coefficient of the RFID during the matched state and the

corresponding signal received at the ISO port of C2, respectively.

When the RFID backscatters for communication, ports 3 and 4 are inter-

nally connected, and the incident power at these ports is reflected due to the

mismatch and combined at the ISO port of the coupler C2. This signal can be

represented as,

vΓI
(t) = αΓRFID,uVIN cos(ωIN t+ 2ϕm), (7.5)

where, ΓRFID,u represents the reflection coefficient of the RFID chip when it

is internally unmatched.

On the other hand, the quadrature signal, arriving at ports 5 and 6, is fed

to a resistive sensing element. The signals at port 5 and 6 can be represented

as,

vsensor(t) =
β√
2
VIN sin(ωIN t+ ϕsensor + ϕ), (7.6)

and

vsensor(t) =
β√
2
VIN sin(ωIN t+ ϕsensor + ϕ+

π

2
), (7.7)

respectively. Where ϕsensor is the delay of the transmission line and the sens-

ing element. The length of the transmission line is controlled to ensure that
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the quadrature component undergoes a similar phase delay to its in-phase

counterpart.

Two identical resistive sensing elements are attached at ports 5 and 6. To

achieve maximum dynamic sensing range, a sensing element with resistance

varying from a short circuit (0 Ω) to an open circuit may be used. However, in

practice, resistance in the range of 50 Ω +/- 50 Ω, which is the transmission

line’s characteristic impedance, is sufficient for operation. The mismatch be-

tween the sensing element and transmission line will determine the magnitude

of reflection at ports 5 and 6.

The signals reflected by the sensing element are combined at the ISO port

of the coupler, C3 and are expressed as,

vΓQ
(t) = βΓsensorVIN sin(ωIN t+ 2ϕsensor + ϕ), (7.8)

where Γsensor = (Zsensor − Zc)/(Zsensor + Zc). Here, the impedance of the

sensor, Zsensor, depends on the physical parameter being sensed by the sensing

element.

Finally, the in-phase (ΓI) signal and the quadrature signal (ΓQ) are com-

bined using the splitter/combiner, S1. The output signal is expressed as,

vout(t) = vΓI
(t) + vΓQ

(t), (7.9)

vout(t) = αγΓRFID,uVIN cos(ωIN t+ 2ϕm + ϕ)

+ βΓsensorVIN sin(ωIN t+ 2ϕsensor + ϕ). (7.10)

For the case when ϕm ≈ ϕsensor, the combined signal may be simplified as,

vout(t) =
AVin√

2
cos(ωIN t− ϕout + ϕ), (7.11)

where,

A =
√

α2γ2Γ2
RFID,u + β2Γsensor

2, (7.12)

ϕout = tan−1

[
βΓsensor

αγΓRFID,u

]
, (7.13)

are the amplitude and the phase of the output signal, respectively. Moreover,

this is also the backscattered signal received at the reading device. Here,
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ϕm ≈ ϕsensor ensures the signal entering the splitter/combiner remains in the

quadrature phase.

Considering ΓRFID,u as a constant, it is evident from the 7.11, 7.12, and

7.13 that the amplitude and the phase of the backscattered signal depends on

the value being sensed by the sensing element.

To ensure that the sensing element’s signal remains in quadrature with

respect to the RFID signal when combined in the splitter/combiner, it is nec-

essary to use a sensing element for which the reactance does not vary with

changes in the physical parameter being sensed. Any imbalance in the phases

will introduce errors in the signal and must be characterized beforehand.

Moreover, to make sure that the sensitivity of the sensor is not compro-

mised due to the imbalance of magnitude created in the non-hybrid coupler C1,

the in-phase signal at the ISO port of C2 is attenuated by a factor of γ before

it is combined with the quadrature signal in the splitter/combiner, S1. This

interesting feature allows another degree of freedom in the non-hybrid six-port

design. An attenuation factor higher than the coupling factor helps improve

the sensitivity of the sensor. This is because the signal from the Q branch,

which is connected to the sensing element, gets dominated by the signal from

the I branch.

7.1.2 Physical Realization of the Components

non-hybrid Six-port

To realize a non-hybrid six-port structure, an unequal coupler, two hybrid cou-

plers, an attenuator, and a splitter/combiner are required. In the presented

design example, the coupling factor β and attenuation factor γ were numer-

ically optimized to achieve maximum distance while ensuring that the signal

strength of the backscattered signal does not fall below the reader sensitivity.

Generally, readers with sensitivity level or around -75 dBm are easily avail-

able in the market. Moreover, RFID chips with a minimum required power

of -18 dBm are also available. Using Fig. 7.2, a 6.8 dB branch line coupler

was selected and used in the design. While the attenuator was found to be
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Figure 7.2: Determining optimal coupling factor.

12 dB. To connect the sensing element and RFID chip, 3 dB quadrature cou-

plers, X3C09P1-03S, and a Wilkinson power divider, PD0810J5050S2HF by

Anaren, were used. SMD components supporting the North American UHF

RFID frequency band of 902 to 928 MHz were used to miniaturize the overall

design. The substrate used was a 32 mil RO4003C with a relative permittivity

of 3.38 and a loss tangent of 0.0027. A layout of the designed circuit is shown

in Fig. 7.3.

RFID chip

For physical realization, a Higgs-4 RFID chip by Alien Technology was used.

This RFID chip offers a minimum wake-up power of −18.5 dBm with an input

impedance of Zin = 18 − j181 Ω. Since the couplers used in the realiza-

tion of the six-port structure provide 50 Ω input impedance at each port, the

impedance of the RFID chip is transformed to achieve maximum power trans-

fer between both the components. Two single-section series stubs were used to

perform the impedance transformation. The matching network connects the

RFID chip on one side and the non-hybrid six-port structure on the other. The

layout and frequency response of the matching network are shown in Figs. 7.4

and 7.5, respectively.
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Voltage Sensor

Sensing elements used in the proposed architecture must only vary the magni-

tude of the reflected signal. Therefore, to avoid any change in the phase of the

signal being reflected by the sensing element, only resistive elements, operating

at the frequency of interest, may be used. Several resistive sensing elements

are available in the market, however, they exhibit poor response and sensitiv-

ity at UHF. Therefore, to demonstrate the proposed architecture, a pin diode,
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SMP-1307 by Skyworks Solutions Inc., was used as a voltage sensing element.

Its resistance changes from low (∼ 0 Ω) to high (> 100Ω) by simply varying

its biasing voltage. This creates a mismatch between the 50 Ω impedance

of the non-hybrid six-port and the sensing element to vary reflections in the

quadrature branch.

To make sure that the delay in the quadrature signal entering the sensing

element remains equal to the RFID chip matching network and the attenuator,

a piece of transmission line is added before the sensing element. The length

is adjusted until I and Q signals are achieved simultaneously at the input of

the splitter/combiner. Simulations were performed to determine the required

electrical length. A circuit layout of the voltage sensing element is shown in

Fig. 7.6.

The magnitude and phase of the pin diode (S55/S66) were simulated and

measured using a VNA. The simulated results were obtained using the model

of the pin diode in ADS 2020. The results are shown in Fig. 7.7. For voltages

below 400 mV, the diode provides high resistance. Therefore, the reflection

coefficient is high. Around 500 mV the diode resistance starts decreasing and

the reflection coefficient drops. At ∼700 mV, the diode resistance is ∼ 50 Ω
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Figure 7.6: Layout of the designed circuit for the variable resistor/pin diode.

and thus the reflection coefficient is minimum. With further increase in the

voltage, the resistance drops below 50 Ω and an increase in the impedance

mismatch results in a higher reflection coefficient.

It can also be observed in the measurements that the sensing element is

mostly resistive. This is determined by the fact the phase of the reflected

signal remains constant while the voltage is varied. If this is not the case, the

signal at the sensor branch will lose its quadrature requirement with variations

in the voltage being sensed. It should be noted here that the phase reversal

observed at ∼750 mV in Fig. 7.7 is because the phase below this voltage is

lagging by 90◦, while it leads by 90◦ above this voltage.

7.1.3 Components Integration

Once all the individual components are designed, a final integrated sensor

is made by connecting the RFID chip, the voltage sensing element, and the

antennas to the designated ports of the non-hybrid six-port structure. The

final integrated version is shown in Fig. 7.8. To avoid entering signals from

both the input and the output ports, linearly polarized meandered monopole

antennas were used. Vertical polarization was used to power up the sensor

by connecting it to port 1, whereas, horizontal polarization was reserved to
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Figure 7.7: S55/S66 of the pin diode for varying voltage levels at 915 MHz.

Figure 7.8: Fabricated design of the six-port RFID-based wireless sensor.

radiate the backscattered IQ signal arriving at port 2 of the sensor.

To observe the impact of variations in the voltage sensing element on the

signal received by the RFID chip, a parametric study of the pin diode’s resis-

tance was conducted. It is evident in Fig. 7.9 that for the dimensions provided

in Fig. 7.6, the signal received by the RFID tag is minimally affected. This

shows good isolation between the in-phase and the quadrature branch of the

non-hybrid six-port structure.
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Figure 7.9: Effect of pin diode resistance variation on the signal received by
the RFID chip at 915 MHz.

7.1.4 Reader

To be able to read the ID of the RFID chip and phase change due to the

sensing element, it is necessary to use an RFID reader that reads the phase

as well. In this work, the AS3993 Fermi by AMS was used as it uses an IQ

demodulator to read the phase of the backscattered signal. The maximum

transmit power of this reader is 22 dBm [143], while the sensitivity of the

receiver is ∼-80 dBm.

Similar to the sensor, two linearly polarized antennas were used to isolate

the power-up signal from the backscattered signal. The antennas were con-

nected to the reader using a circulator to allow both antennas to be connected

at the same port.

7.2 Results

To predict the performance of the sensor, simulations were performed in ADS

2020, as shown in Fig. 7.10. Where available, accurate models were used.

Otherwise, measured data was employed in the simulations. The simulations

performed for the whole North American RFID frequency band i.e., 902 MHz

104



1

R ef 3

2

R ef 3

2 1

4

R ef 3

2 1

4

P 2P1

P1P2

Voltage sensor

RFID Tag

Coupler

Z=50 Ohm

non-hybrid
Coupler

Coupler Output
Z=50 Ohm
Input

Splitter/Combiner

R=50 Ohm

attenuator

Figure 7.10: ADS schematic of the battery-less wireless sensor design.

to 928 MHz helped in quantifying the overall variations in the magnitude and

phase of the backscattered signal. The results, hereafter, are analyzed at the

center frequency of 915 MHz.

To observe the effect of the voltage sensing element on the backscattered

signal, the voltage was swept across the terminals of the pin diode, and the

magnitude of S21 was determined at 915 MHz, as shown in Fig. 7.11. A

baseline loss of ∼10 dB was observed, which is attributed to IQ conversion

loss and attenuator loss in the in-phase branch. This loss is inevitable in the

proposed non-hybrid six-port structure and is easily compensated for by using

a low-noise amplifier (LNA) at the reader. Loss for a particular coupler C1

and attenuator can be determined using (7.12).

In addition to the magnitude, changes in the phase of the backscattered

signal with respect to varying pin diode voltage were also observed. The results

are shown in Fig. 7.12. In the regions where the sensing element acts as a

highly reflective load (below 400 mV and above 1000 mV), the phase remains

constant. Between 400 mV to 1000 mV, the mismatch between the sensing

element’s impedance and the transmission line varies rapidly. Initially, from

400 mV to 700 mV the resistance drops from high to 50 Ω. As a result, the

phase delay of the backscattered signal increases. As the voltage is increased
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Figure 7.11: Change in the magnitude of the backscattered signal with respect
to voltage across pin diode at 915 MHz.
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Figure 7.12: Change in the phase of the backscattered signal with respect to
voltage across the pin diode.

from 700 mV to 1000 mV, the resistance drops from 50 Ω to almost short

circuit. The corresponding phase delay continues to increase and hence it is

most sensitive in this region of 400 mV to 1000 mV.

Although the magnitude also changes in the sensitive region, it intro-

duces ambiguity as it shows similar values for two different voltages, whereas,
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Figure 7.13: Test setup for the proposed non-hybrid six-port RFID-based
battery-less wireless with pin diode attached at the sensing element port.

the phase remains unambiguous in the whole sensitive region of 400 mV to

1000 mV. Therefore, using the phase of the backscattered is more meaningful

than using its magnitude.

The proposed architecture with sensing element and RFID was finally

tested in a real-world scenario at 915 MHz. The proposed sensor node was

placed at a distance of 2.4 m from the reader, as shown in Fig. 7.13. A trian-

gular shaped time-varying voltage was applied across the voltage sensor. The

voltage was varied from 600 mV to 800 mV. The corresponding phase of the

backscattered signal was measured using the RFID reader and the results are

shown in Fig. 7.14. The accuracy was found to be within +/- 20 mV.

The proposed non-hybrid six-port-based wireless sensor architecture is com-

pared with other state-of-the-art RFID-based wireless sensor technologies in

Table 7.1. Although the range of the proposed architecture is not the highest,

it provides an intermediate range at a very low cost.

Future work may focus on proposing appropriate UHF resistive sensing

elements that could be used with the proposed architecture.

7.3 Conclusion

A novel architecture of a battery-less wireless sensor is proposed and analyzed

in this chapter. The proposed architecture uses a non-hybrid six-port struc-

ture to integrate an RFID chip with a sensing element. The non-hybrid feature
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Table 7.1: Performance comparison of the proposed non-hybrid six-port wire-
less sensor system with other wireless sensors.

Parameter This work
Three-port
[147, 157]

Chip-based
[51–53, 132, 133]

Cost Low High Medium
Bandwidth required ∼KHz ∼KHz ∼MHz
Sensing element Resistive Capacitive N.A.
Range (m) 2.45 7 3–5

improves ranges and sensitivity of the proposed wireless sensor. The perfor-

mance was verified using a batteryless voltage sensor. The non-hybrid input

coupler directs a major portion of the incident signal towards the RFID chip

connected to the in-phase branch. The signal backscattered by the RFID chip

is attenuated to achieve optimal sensor sensitivity and reader sensitivity. The

attenuated signal is combined with the quadrature signal which is reflected

based on the mismatch between the sensing element and the transmission line

characteristic impedance. Any change in this amplitude directly affects the

phase of the combined signal transmitted by the sensor. The final backscat-

tered signal includes the node ID in digital form and the sensed parameter in

analog form. A voltage sensor operating at a distance of 2.45 m is shown as a
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proof of concept.
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Chapter 8

Conclusion

8.1 Concluding Remarks

This thesis proposes 4 novel RFID-based wireless sensors and provides an in-

depth review of similar sensors proposed in the past. Moreover, a detailed

discussion of components of an RFID sensor, including the antenna, rectifier,

digital circuit, and sensing element was provided. Various topologies that use

the components in different ways were investigated. It was observed how the

utilization of the limited power and arrangements of the components can affect

the read range of a battery-less RFID-based wireless sensor.

Detailed designs of the proposed architectures were discussed and analyzed.

The first proposed architecture integrates an RFID chip with an antenna and

a frequency selective sensing element using a circulator. Due to the reactive

nature of the sensing elements, a phase delay is added to the backscattered

signal. In the second design, a compact antenna is introduced to reduce the

size of the proposed design. Moreover a SAW filter is introduced with the

sensing element to limit sensory responding to a limited frequency band. This

allows removing any phase delay through signal processing that is added due

to the distance between the sensor and the reading device. Detailed analysis

and in-depth models are provided for the proposed architectures and sensing

elements. Designs for a flood sensor and a temperature sensor along with a

folded monopole antenna are shown. Results show that the sensor may be

placed at any distance of up to 7.9 meters from the reader to sense different

parameters such as flood/moisture and temperature. It was also discussed how
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the proposed architecture provides a longer range compared to other sensors,

without using any battery. These attributes make our proposed sensor ideal

for different environments ranging from smart home, medical, or industry to

monitoring liquid levels, temperature, and moisture, without having to ever

worry about replacing the batteries of the installed sensors. It was also ob-

served that the phase accuracy was reduced below and above 20 and 70 degrees

because of the reader that was used in the study.

To reduce the cost and remove the bulky circulator, six-port RFID-based

wireless sensor designs are proposed. The proposed design integrates an RFID

chip, sensing elements, and a separate receiving and transmitting antenna us-

ing a six-port structure. The six-port structure distributes the incoming signals

equally and sends them to the RFID chip and the sensor. The backscattered

signal is combined as an IQ modulation and transmitted back to the reader.

It was shown how this architecture supports resistive sensing elements. To

improve the performance of the structure, a novel non-hybrid six-port RFID-

based wireless sensor was also proposed. This architecture utilizes margins

between the power signal and the reader sensitivity by unequally distributing

the power and sending a higher portion to the RFID chip, while the signal

reflected by the chip is attenuated to ensure that the sensitivity of the sens-

ing element is not compromised. A voltage sensor operating at a distance

of 2.45 m was demonstrated. The proposed architectures show promising re-

sults and will help push boundaries limiting battery-less wireless sensors. A

comparative evaluation of all the proposed sensors is carried out in table 8.1.

8.2 Future Directions

Although a vast amount of research has already been carried out on battery-

less RFID-based wireless sensors, it is clear that a great deal of potential

remains for future discoveries. Among the several sensor parameters discussed

in this review (e.g. read range, accuracy, cost, and size), it is evident that

improvement in sensor read range is still of prime interest to the community.

By looking at the aforementioned topologies, we can deduce that a combina-
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Table 8.1: Performance comparison of all the proposed passive wireless sensors.

Parameter
Three Port
(Ch. 4)

Three Port
with
filter

(Ch. 5)

six-port
(Ch. 6)

Non-hybrid
six-port
(Ch. 7)

Cost Moderate Moderate Low Low
Complexity Low Moderate Low Moderate
Bandwidth ∼KHz ∼KHz ∼KHz ∼KHz

required
Anti-collision Yes Yes Yes Yes
Dense

Yes Yes Yes Yes
deployment

Accuracy Moderate Moderate Moderate Moderate
Range (m) 7 7.9 2 2.45
Mobility No Yes No No

tion of chip-based multi-port and ambient energy harvesting can yield a much

higher range — theoretically, up to 50 m.

We have also seen that the size and cost of the multi-port topology are

not optimal, but may be significantly improved through the use of highly

miniaturized antennas employing novel matching techniques to enable com-

pact, long-range RFID-based battery-less wireless sensors [64, 65].

If accuracy is a concern, digitally integrated sensor topologies with ambient

energy harvesting show a great deal of promise. To increase the read range,

ambient PV and RF energy may be combined. Moreover, the fabrication of the

rectifier circuitry must be engineered to achieve better results. This involves

using detailed models of the fabrication process that produce more accurate

results and higher consistencies between different batches.

In addition, multiple sensors may be combined by using diplexers. This

will allow access to each sensor at a given frequency.

Lastly, we have observed that there is a scarcity of sensor components

operating in the low GHz range. Research that seeks high-frequency sensing

component design is also needed. This will allow RFID-based battery-less

sensors to be used in many new applications, readying them for deployment

in the future Internet-of-Things.
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