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Abstract

The container is at the core of a highly automated system used for moving
goods from one geographic location to another. Containers usually contain pallets;
pallets contain cases; cases contain items such as pharmaceuticals and electronic
goods. Passive UHF RFID has been widely used for tracking goods at the pallet and
case-level. Tracking goods at each level can improve efficiency and cut supply chain
costs. A practical application for passive UHF RFID is tracking large metal assets
such as cargo containers.

In this thesis, we present a high gain, planar microstrip antenna for low-cost
RFID tagging of large metal assets. The antenna is dual-resonant and utilizes a
coplanar waveguide (CPW) feed structure and matching circuit. The tag can operate
over 860-930 MHz, a major portion of the 860-960 MHz frequency spectrum
allocated for UHF RFID applications world-wide. We present a rigorous analysis of
the antenna along with the circuit model of the antenna which will accurately predict
the impedance and performance characteristics. We introduce a polarization model to
predict the vertical to horizontal polarization power ratio. The analysis gives insight
to the working of the antenna and the feed structure. We present measurement results
and data to verify our synthesis of the antenna design. There are still open questions
regarding the feed structure of the tag. We model and run several simulation models

to provide a better understanding of the feed structure.
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1. Introduction

A cargo container is an aluminum or steel box held together with welds and
rivets, with a wooden floor and two enormous doors at one end. The container is at
the core of a highly automated system used for moving goods from one geographic
location to another and hence an important asset in the supply chain industry.
Containers usually contain pallets; pallets contain cases; cases contain items such as
pharmaceuticals or electronic goods. Passive UHF RFID technology has been widely
used for tracking goods at the pallet and case-level. Tracking goods at each level can
improve efficiency and cut supply chain costs. With the Electronic Product Code Gen
2 standards being used all over the world, the industry already has the infrastructure
for the technology in place [40]. Passive RFID tags are increasingly being used for
asset tracking, which has traditionally been the domain of longer-range-but more
expensive-active RFID tags [41].

Containers are carried by ships, trains and trucks all over the country.
Container ports are one of the fastest growing business sectors in the U.S. [38].
According to an article in RFID journal, 17,000 containers carrying roughly 80% of
U.S. imports arrive daily at U.S. seaports. [39]. Over 8 million containers are loaded
or unloaded each year at various U.S. ports [38].

A practical application for passive UHF RFID is tracking large metal assets
such as cargo containers. Such metal assets are an ideal application for many
reasons: they tend to have a long useful life, allowing the tag cost to be amortized

over many uses; the contents change frequently, so associations with a unique



identifier is useful; they frequently cross organizational boundaries, making a
common mode of identification useful; and they are physically large, requiring
identification at a distance. Also, these containers are shipped between large
geographic regions [1].

Inexpensive, passive UHF RFID antennas are typically constructed using
stripline dipole antennas [2]. Dipole antennas experience degraded performance
when they are placed on or close to metal objects [3] [4] [5] making them unsuitable
for tracking large metal assets. Low-profile microstrip antennas which can be used on
metal generally have a poor bandwidth [32]. The frequency allocation for UHF RFID
is not the same world-wide. Europe predominantly uses 865-869 MHz, North
America uses 902-928 MHz and Japan uses 952-954 MHz for UHF RFID
applications. Thus, narrow-band microstrip antennas are not well suited for world-
wide RFID applications. Also, there is a limitation on the read distance of passive
tags. Most of the currently available passive tags in the market do not have the read
range required for tracking cargo containers. Therefore, an ideal passive UHF RFID
tag for tagging large metal assets such as cargo containers would be a low-cost, long-
range tag with a moderate form factor whose operation covers a majority of the
world.

In this thesis, we present a high gain, planar microstrip antenna for low-cost
RFID tagging of large metal assets. The antenna is dual-resonant and utilizes a
coplanar waveguide (CPW) feed structure and matching circuit. Having two

resonances, one at 867 MHz and the other at 915 MHz, enables the tag to operate



over 860-930 MHz, a major portion of the 860-960 MHz frequency spectrum
allocated for UHF RFID applications world-wide [28]. The tag was found to have a
read distance of 60 feet when measured informally. With release of the new Higgs
chip, which has a 6 dB improvement over the TI chip used for our design, we can
double the read distance. We present a rigorous analysis of the antenna along with the
circuit model of the antenna which will accurately predict the impedance and
performance characteristics. We introduce a polarization model to predict the vertical
to horizontal polarization power ratio. The analysis gives insight to the working of
the antenna and the feed structure. We present measurement results and data to verify
our synthesis of the antenna design. There are still open questions regarding the feed
structure of the tag. We model and run several simulation models to provide a better

understanding of the feed structure.



2. Background

In this chapter, we will discuss some of the concepts related to a RFID system
and passive UHF RFID. We will introduce previous work where microstrip antennas
have been used to solve the metal-water problem. The basics of microstrip antennas,
the transmission line model used to analyze microstrip antennas, and coplanar
waveguides will be presented. We will also discuss some of the published results

made in this field of study.

2.1 RFID System

RFID is an acronym for Radio Frequency Identification. It is technology that
uses radio frequency waves to transfer data between a mobile object in order to track,
categorize or identify the object. It does not require a line of sight between the reader
and the tagged item. The block diagram of a RFID system is shown in the Fig. 1. The
RFID system is made of three components: the reader or interrogator, the tag or
transponder, and the host computer. The reader is a transceiver connected to receive

and transmit antennas on one end and the host computer at the other end.

<}:Bata::>
Contactless
RFID Reader —Fiming—" data carrier =
transponder
—Energy—">
Coupling element
Application {Ceil, microwave antenna)

Fig.1 Block Diagram of a RFID system taken from RFID Handbook [25].



The host computer is used to manage the reader, issue commands and to store
information received from the reader. The tag consisting of an antenna and the IC, is
placed on the object to be identified. Electromagnetic wave propagation enables
communication between the tag and the reader. The reader, after getting a command
from the host to read the tag, generates a carrier signal and sends the signal to the tag
through the reader transmit antenna. The tag modulates the signal and backscatters to
the reader through the receive antenna of the reader. The reader decodes the data and

communicates the decoded data to the host computer.

2.2 Passive UHF RFID

2.2.1 Operation of passive tags

One very important feature of RFID systems is the power supply to the
transponder. Passive tags do not have their own power supply and therefore all the
power required for their operation must be drawn from the field of the reader [25].
Passive UHF tags operate in the UHF range of the 860 MHz—960 MHz. Different
subsets of this range are used in different regions of the world. Table 1 shows the
frequency allocated for different countries [28].

In passive UHF RFID systems, the reader transmits RF energy to sense the tag
consisting of a tuned antenna and an IC which acts as the load. The tag can be in the

near field or far-field of the transmitter. The area after the point where the



electromagnetic field has completely formed is called the far field of the antenna. In

this thesis, we deal only with far-field UHF RFID tags.

Table 1: Frequency allocations for different countries

Country Frequency
Europe 865-869 MHz
USA and Canada 902-928 MHz
Korea 910-914 MHz
Korea and Singapore 923-925 MHz
Hong Kong 920-925 MHz
Japan 952-954 MHz

The antenna receives this power and if there is sufficient energy to power up
the IC, the tag responds to the reader. The RF energy from the reader to the tag
(forward link) is backscattered from the tag to the reader (reverse link) along with

data from the RFID IC.

2.2.2 Maximum Power Transfer

Commonly antennas are designed to match to a substantially real load in order
to minimize the standing waves along the transmission line. However, for RFID
antennas, the load is in close proximity to the antenna and also reactive. Therefore, in
order to maximize the tag performance we must maximize the power transferred to

the load (IC).
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Fig. 2: Circuit model of a RFID tag.

Fig. 2 shows the circuit for a passive RFID tag. Let Z,=R,tjX, and Z=RtjX.
be the antenna and chip impedance respectively. Maximum power transfer happens
when Z,=Z.*, in which half of the power is transferred to the load and half is scattered
[26][27]. The power transfer efficiency is the ratio of the actual power transferred to

the maximum possible power transferred, which is given by

4R R,
T:—z.
| Z,+Z. |

A power wave reflection coefficient can be defined as

Z -7
§=——
Z,+Z,

so that 7 + |s|* = 1. Here, s plays a similar role to S, in the traditional antenna

matching problem. Let

. iy Ra+ X, + X,
Z =r+jx=
a J R J R
It can be shown that
z, -1
5 =—
z +1



where s is now a Smith chart transformation. The antenna impedance can be plotted

on a Smith chart with the distance from Z, to the center of the Smith chart being |s|.

The Smith chart normalized in this way is called the power wave Smith chart.

2.2.3 Antenna Characteristics

The ability of the tag to receive RF energy and efficiently backscatter it
depends on antenna characteristics and channel properties. Here, we will discuss
some of these characteristics; radiation intensity, radiation efficiency, directivity and
gain of an antenna.

Radiation intensity in a given direction is defined as the power radiated from
an antenna per unit solid angle. The total power radiated is obtained by integrating

the radiation intensity over the entire solid angle of 4.

P, = ffuda = 2ﬁUsin 6d60d ¢
Q 00
Here, U is the radiation intensity. For an isotropic source, U will be independent of
the angles 0 and ¢. The directivity of an antenna is defined as the ratio of the
radiation intensity in a given direction from the antenna to the radiation intensity
averaged over all directions. The average radiation intensity is equal to the total
power radiated by the antenna divided by 4xn. Therefore, we can define directivity as

the ratio of the radiation intensity in a given direction to that of an isotropic source.
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We can see that this is a unitless quantity.

If an antenna is considered as a device that accepts power from one device and
radiates it into space, then the radiation efficiency of an antenna can be defined as the
ratio of power radiated into space to the total power accepted [6][7]. It is also known
as antenna efficiency, 1.

Pradiated

77_

Pccepted

The antenna cannot re-radiate all the power accepted by it. Some of the power is lost
due to heat or dielectric losses or absorption from the ground. As mentioned before,
maximum power transfer is achieved when the antenna impedance is the complex
conjugate of the chip impedance. Therefore, a tag antenna can have good radiation
efficiency and still be poor in performance if there is considerable mismatch between
the load and the antenna impedance. A mismatch will result in RF energy being
reflected back to the transmitter without powering up the RFID IC.

We can define gain of the antenna which takes both the radiation efficiency
and the impedance match into account. By definition [6], the gain of an antenna is
the ratio of the energy radiated in particular direction when the antenna is excited
with a certain amount of input power to the theoretical isotropic antenna excited with
the same amount. The directivity, gain and efficiency are related as:

G(0,¢) =nD(0,9)
Gain is also a unitless quantity. It is usually expressed in dB. We can see from the

above equation that for a radiator whose efficiency is 1, the gain is equal to the



directivity. However in most cases, the efficiency is less than 1, and the gain is

usually less than the directivity.

2.2.4 Friis Transmission Equation

Assuming that the RFID system is operated in an ideal channel environment,
Friis equations [6][8] can be used to determine the power received from the reader to
the tag for a given distance. Therefore, if the tag antenna is the receiving antenna and

the reader antenna is transmitting and the two are separated by a distance ‘7,

2
P - PzGtGr;l
(477)

where Pris the power received from reader antenna to the tag antenna. P:is the power
transmitted by the reader. The reader and tag antenna gains are given by G: and Gr
respectively. However, there could be polarization mismatch (p) between the reader
and the tag antennas, and also not all the power absorbed by the receiver is available
to the load due to impedance mismatch (7). Taking these factors into consideration the

modified Friis equation is written as shown in equation:

ot P.G:GA?
' (47)?

The received power is used to power up the RFID IC and re-radiate to the reader.

10



2.3 Performance degradation of Passive UHF RFID tags

Inexpensive, passive UHF RFID antennas are typically constructed using
stripline dipole antennas [2]. The antennas are usually electrically short and narrow in
order to minimize the cost. RFID tags perform well in free space [23], but undergo
performance degradation when attached to different materials [24]. Dipole antennas
experience degraded performance when they are placed on or close to metal objects
[5]. RFID tags degrade in their performance when placed near high dielectrics such as
water. This loss of performance is because the material characteristics affect critical
antenna properties such as substrate dielectric constant and loss tangent, radiation
efficiency, radiation pattern, and radiation impedance. This problem is called the
“metal-water” problem. However, many metal assets need to be tracked and a
solution to this problem is imperative.

Active RFID systems offer an alternative to this, but are considerably more
expensive. Several attempts [9][10][11] have been made to create UHF RFID tags
that perform well when attached to metal or plastics. They are mostly, specific
models that are pre-tuned to work on different materials [10][11]. For example a tag
designed to work well near metal will still be de-tuned when placed on plastic or near
water. Another solution is to encase ordinary dipoles in rugged plastic cases to shield
them from the effects of metal or water. One way to achieve uniform performance
with different materials is to design an antenna that is electrically separated from the
material on which the tag is placed. Microstrip antennas can provide a solution to this

problem.
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2.4 Microstrip Antenna: Solution for the Metal-Water Problem

Microstrip “patch” antennas are a well known class of antennas. A microstrip
antenna consists of: the primary radiating element (“antenna”), a dielectric substrate,
a ground plane and a feeding element. The ground plane separates the microstrip
antenna from the material to which it is attached. There are numerous substrates that
can be used to construct microstrip antennas. Common feeds include a probe feed
from a coaxial cable or edge feed with a microstrip transmission line, although

proximity feeds and coupling through a slot in the ground plane are also possible.

Anterma
/ * Layer
b
| Substrate
h — g Ground

Fig. 3: Rectangular microstrip antenna.

Fig. 3 shows a rectangular microstrip antenna. Microstrip patch antennas
radiate primarily because of the fringing fields between the patch edge and the ground
plane. Since the propagating EM fields lay both in the substrate and in free space, a
quasi-TEM mode is generated. The length and width of the patch are given by a and b
respectively. The substrate thickness is given by h. When a > b, the TM ;¢ mode is the
fundamental resonant mode and TMy, is secondary. If dimension along b > a, then

the TMy; mode is the fundamental resonant mode and the TM, is the secondary

12



mode. Microstrip antenna designs, however, suffer from manufacturing complexity
since most microstrip designs use feed techniques that require connection between the
antenna layer and the ground plane. The traditional techniques used for constructing
matching networks is by a cross-layered structure, such as a via or a shorting wall.
Cross-layer structures require more complex and costly construction.

In [12], a completely planar microstrip RFID tag design is presented. This
implementation does not require any cross-layered structures and hence greatly
simplifies tag construction. The new antenna and the matching circuit design using
the balanced feed approach eliminates the need for a via to the ground [12]. Fig. 4

shows a balanced feed microstrip antenna.

Fig. 4: FCC Planar Microstrip RFID antenna-top view [taken from 12].

We will use this balanced feed approach for constructing a completely planar
microstrip antenna. A challenge with microstrip antennas is that they have a narrow
bandwidth and a single resonant frequency. This poses a problem for our application

since we need a RFID tag which can operate over a wide frequency band.
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2.5 Analytic Model- The Transmission Line Model

There are many methods of analysis for microstrip antennas. The most
widely-used models are the transmission line model, the cavity model, and the full-
wave method. The transmission-line model is one of the simpler methods to analyze
a microstrip antenna. It provides good physical insight and accurately models the
input impedance. However, it is less accurate than the other models and it is difficult
to model coupling of transmission lines with this model. The cavity model is more
complex than the transmission line model and has been accurately used to model
coupling [13][14][15]. The full wave models are the most accurate and versatile.
They are also the most complex and give less physical insight. In this section, the
transmission line model of a rectangular patch is discussed in detail. The transmission
line model basically represents the microstrip antenna by two slots separated by a

transmission line with low characteristic impedance and a length L.

2.5.1 Fringing fields

A rectangular patch has finite length and width. Due to this, the fields at the
edges undergo fringing. The amount of fringing is dependent on the dimensions of the
rectangular patch and the height of the substrate. Fringing is a function of the width of
the patch, the height of the substrate and the dielectric constant of the substrate.
During analysis, fringing must be considered as it affects the resonant frequency of

the antenna.
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Fig. 5 shows a microstrip line and typical electric field lines of a microstrip
line. It can be considered as a non homogenous transmission line of two dielectrics:
air and substrate. g, is the dielectric constant of the substrate. Some of the electric
field lines exist in the air and some of them are in the substrate. Most of them are in
the substrate as can be seen in the figure. In order to account for the fringing and the
wave propagation in the microstrip line, it is necessary to define an effective

dielectric constant.

(a) Fringing fields

Ereff

v
t T%Wﬂ fh

(b) microstrip line (c) effective dielectric

Fig. 5: Microstrip line and its electric field lines, and effective dielectric constant geometry [6].

The effective dielectric constant is determined by assuming that the center
conductor of the microstrip line is embedded into one dielectric as shown in the
figure. The effective dielectric constant, €.s, 1s defined as the dielectric constant of
the uniform dielectric material so that the microstrip transmission line of Figure 5(c)

has the same propagation constant as the actual microstrip line of figure ‘a’ [6].
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Usually, we find that 1<e..s< g If the dielectric constant of the substrate is greater
than one then the effective dielectric constant is close to the value of g,. The effective
dielectric is also a function of the frequency. As the frequency increases, the effective

dielectric comes closer to the value of &. At low frequencies, it is almost a constant.

2.5.2 Feeding Mechanism

There are several methods for feeding a microstrip patch antenna. There are
direct feeding mechanisms such as microstrip line feed and coaxial probe feed and
coupled feeding mechanisms such as aperture coupling and proximity coupling. In
this work, we use direct feeding mechanisms similar to the microstrip line feed. The
microstrip line feed is a conducting strip, usually having a much smaller width than
the rectangular patch. It is easy to fabricate and simple to model. The microstrip line
is directly connected to the edge of the patch. By feeding at an inset position, the
input resistance can be decreased. In subsequent sections, we will discuss more about
this feeding mechanism; how it can be modeled and how the inset position affects the

resistance.

2.5.3 Radiating Conductance

A rectangular microstrip patch and its equivalent circuit transmission line

model are illustrated in Fig. 6.

16



A
—
v

(a) Rectangular patch

B, § G ng — B

(b) Transmission line model

Fig. 6: Rectangular patch and its equivalent circuit transmission line model.

Each radiating edge can be modeled as a parallel RC combination. Since both
edges are identical, the value of the edge conductances are the same and the

asymptotic value is given as [18]:

2
1w W << 4,
901 4,
G, =
17 W >> 4,
120\ 4,

where 4 is the freespace wavelength.
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There is also mutual conductance between the radiating edges or slots. The
mutual conductance is defined in terms of far field zones and it can be shown that it

can be calculated using [16][17]

J, (k,Lsin@)sin> 66

12

2
| = sin( kow cos 0)
!

T 12042 cosé

2.5.4 Input resistance

The total admittance at one radiating slot is determined by transforming the
admittance at the other radiating slot using admittance transformation equations of
transmission lines [13]. The length of the patch is 4/2 for resonance if the dielectric is
air. There is usually a substrate with a dielectric greater than one present. Due to
fringing the actual separation might be slightly less than A/2. However, if we
approximate that the separation is close to 4/2, then Fig. 7 shows the circuit model

after a A/2 transformation.

B1 JR— G1 G1 —_— -B1

Fig. 7: Transmission line model after A/2 transformation.

18



The admittance at the second slot is now G;-jB;. The total resonant input admittance
is real and is given by

Y, =G, + B, +G, - jB, =2G,
The total input resistance at resonance is given as

Zin :L:Rin =S~
}Iin 2G1

The above equation does not take into consideration the mutual conductance.
Including the mutual conductance between the radiating slots in the equation for the

input resistance, we get

R, = ;
2(G,£G),)

2.5.5 Input Resistance for an Inset feed

The input resistance calculated above is at the edge of the rectangular patch.
Using an inset feed, we can decrease the input resistance. The inset feed is recessed at
a distance yy from the edge. Fig. 8 shows a rectangular microstrip with a recessed
microstrip-line feed.

Using modal-expansion analysis, the input resistance for the inset feed is

given approximately by [13][16]
_ 2| 7y
Riy(y=yy) = Riny=0) €08 ( I )

where,
1

Ryg=—"
26 +Gy)
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-
\ 4

— yy ——>

Fig. 8: Recessed Microstrip line feed.

We discuss in Chapter 4 about how this equation can accurately model the
input resistance at the inset feed point but not the resistance seen at the input of the

microstrip line feed, i.e, the resistance transformed by the microstrip line feed.

2.5.6 Quality factor

The quality factor, bandwidth and efficiency are antenna figure of merits and
are all interrelated. It can be difficult to optimize all of them. Therefore, there is a
trade off in performance. So we often optimize one of them while reducing the
performance of the other.

The quality factor is a measure of the antenna losses [6]. Lower the loss,
higher the quality factor, Q. It tells us the rate at which energy is dissipated.

energy stored

O=2n —
energy dissipated per cycle

20



Typically, there are four kinds of losses that can occur. They are: radiation,
conduction (Ohmic), dielectric, and surface wave losses. The total quality factor is
influenced by all of these losses and is given by their sum. It can be derived as
follows:

Assuming that the total energy stored (W) remains a constant, we can write

AW A Wy (AW AWy T

2xW, 2x W. 2xW. 2z W, 2z W,
where W,4q 1s the energy dissipated due to radiation, W, is the energy dissipated due
to conduction, W is the energy dissipated due to dielectric loss and W, is the energy

dissipated due to surface waves. Therefore, we can write,

1 1 1 1 1

+—+—+—
Qt de Qc Qd QSW
where Q, is the total quality factor,Q ,is the quality factor due to radiation losses (
space wave losses), O, is the quality factor due to conduction losses, O, is the quality

factor due to dielectric losses and Q,, is the quality factor due to surface wave losses.

For thin substrates the losses due to surface waves can be neglected. Also, for
thin substrates when h<<), , approximate formulas can be used to represent the

quality factors of various losses [13]. They are given below.

Q. = h\rnfuc
1

Q= tan o
2w6&r

Qrus = hGi /1
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where, tan 9 is the loss tangent of the substrate material, ¢ is the conductivity of the
conductors associated with the patch and ground plane, G:/l = Grna/W is the total
conductance per unit length of the radiating aperture and K=//4 for a rectangular
aperture. Therefore, the quality factor due to radiation loss is inversely proportional to

the height of the substrate and the thinner the substrate, the more dominant it gets.

2.6 Circuit Model for a Microstrip Antenna

A rectangular microstrip antenna can be modeled as parallel RLC circuit. A
microstrip line feed or a probe feed of a short length can be modeled as an inductor.

The circuit model of a microstrip antenna with a microstrip line feed is shown below:

L

(a) Rectangular microstrip fed with a microstrip line (b) Circuit model equivalent

Fig. 9: Rectangular microstrip with feed and its circuit model equivalent.

We will first verify that the rectangular patch can be modeled as a parallel
RLC by comparing simulation results with the circuit analysis results. Next, we will
modify the transmission line equation for input impedance to find the value for the

inductor used to model the feed.
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2.6.1 Analysis

To show that a rectangular microstrip antenna can indeed be modeled as a
parallel RLC circuit, we ran a simulation of the impedance of a rectangular patch
antenna with a lumped port using a finite element method simulation tool as shown in

Fig. 10.

rectangular
patch
substrate

lumped
port

Fig.10: HFSS model of rectangular microstrip. The ground plane is below the substrate.

The impedance graph was generated using the same finite element method
tool and it is given in Fig. 11. Next, the impedance graph of a parallel RLC circuit
with R=30 ohms, L= 70 pH and C= 125 pF having a resonance at 1.75 GHz is given
in the Fig. 12. The resonant frequency can be calculated using the formula below.

1

2N LC

The quality factor of a parallel RLC circuit is given by:

fo=
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We can see that the two graphs are nearly identical. By adjusting the
resistance, the Q and the values of inductance and capacitance, the two graphs can be
made identical. Hence, a rectangular microstrip patch can be modeled as a parallel

RLC circuit near resonance.

70
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40}
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Fig.11: HFSS simulation graph of impedance vs frequency of microstrip patch.
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Fig. 12: Impedance vs Frequency of a parallel LRC circuit.

A microstrip line feed can be modeled as an inductor. The microstrip line
maybe considered as a short transmission line. In the next section, starting from the

input impedance of a transmission line, we derive the inductance.

2.6.2 Transmission Line Equivalence

The input impedance of a transmission line is given as:

Zin= 7o Zi+ jZotan [l
Zo+ jZitan Sl

For a short transmission line , Z, , the characteristic impedance of the transmission
line, is very high and Z<<Z,

Zin=7Z1+ jZopl
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where Z; is the feed impedance and jZ,fl is the inductance of the inductor used to

model the microstrip line feed.

2.7 Coplanar Waveguide

2.7.1 Description

+ —— g —— X

o —effo— =

Fig. 13: Coplanar Waveguide Structure [Taken from 19].

The coplanar waveguide was proposed by Wen [22] in 1969. It consists of two
slots of width W printed on a dielectric substrate as shown in Fig.13. The spacing
between the slots is denoted by S. The conventional coplanar waveguide introduced
by Wen cannot be used as such because of the requirement of infinitely thick
substrate. For practical purposes, substrate thickness has to be finite. Also, the ground
planes of actual CPW have finite widths and should be kept as small as possible. The
fields of a CPW are less confined than those of microstrip lines, thereby making them
more sensitive to covers or shields placed over the guide. It is tempting to introduce a

conductor backing to improve both the mechanical strength and the power handling
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capability. Moreover, it allows easy implementation of mixed CPW-microstrip
circuits. There are different variations of CPW, such as CPW with and without
ground planes, asymmetric CPW where the width of one slot is different than the

other. In the following section, we will analyze a CPW with a ground plane.

2.7.2 Analysis of Coplanar Waveguide with a ground plane

Hap

. 4
r L

VAV i SV P

Fig. 14: Coplanar Waveguide with a ground plane [Taken from 19].

Fig. 14 shows a coplanar waveguide with a ground plane (also called
conductor-backed CPW). CPWs have been analyzed using the quasi-static
approximation. Wen[22] studied these transmission lines using conformal mapping,
with the assumption that the dielectric substrate is thick enough to be considered
infinite. Conformal transformation has also been applied to take into account the
effects of the finite thickness of the dielectric substrate, finite size of the ground
planes, ground plane below the substrate, structural asymmetry and multilayer

configuration [19].
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The assumption in the analysis is that all the interfaces in the structure can be
replaced by magnetic walls. For, analysis purposes, the structure in divided into two
halves, one above and one below the metallization. Capacitance per unit length is
determined transforming it into a parallel plate geometry using conformal
transformation. These capacitances yield the characteristics of the line. The
expressions given below for the characteristic impedance and effective dielectric
constant of a CPW with ground are based on the quasi-static analysis and the
conformal transformation [19].

The effective dielectric constant of the CPW is given by:

&, =1+q(e, 1),
where q is the filling fraction. For a conductor-backed CPW, the filling fraction can
be calculated using the equation below:

~ K(ky)/ K'(ky)
T K(k)/K'(k)+ K (k) K' (kg )

q

where,

K(k) T

K'()  mpa(+ k) (- k)]
KO Vs Jkya—ye)]  for0.707<k <1,
T

K'(k)

for0< k£ <0.707,

k =alb

_ tanh(m / 2h)
°  tanh(zb/2h)’
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The characteristic impedance can calculated using

7 607 1
e K(k)/K'(k)+K(k)/ K" (k)

An advantage of conductor-backed CPW is that it improves the mechanical strength
of the transmission line so that thin substrates can be used. However, conductor

backing reduces the line impedance considerably.

2.8 Dual-resonance

Dual- frequency antennas are antennas which resonate at two frequencies. Dual-
resonant microstrip antennas have been studied since many years. Many designs have

been discovered.

2.8.1 Dual Resonant rectangular patch antenna

In [20], a simple design a rectangular patch with a coaxial feed is presented.
The frequencies of operation are determined from the rectangular patch dimension
and substrate dielectric. The feed position is chosen such that both the TMy; and TM
modes are excited. Fig.15 shows the rectangular patch along with the selection point

for dual frequency operation of the antenna.
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Fig. 15: Selection of the feed position for dual frequency operation; point A for TMy;; point B for
TM, and point C for dual-frequency operation [Taken from 20]

Using the cavity model approximations, the resonant frequencies for the TM,y,

modes can be calculated using

fomsi | ()

Dual resonance is excited when feeding the patch along the diagonal at point C shown

in Fig. 15.

2.8.2 Rectangular patch antenna with cross slots

In section 2.7, we discussed that a microstrip antenna can be made dual
resonant by feeding it along the diagonal. In [21], a dual resonant microstrip antenna

is presented with reduced dimensions. The dimension of the rectangular patch can be
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reduced by placing cross slots at the center of the patch. This makes it electrically
longer by increasing the path of the currents as shown in Fig. 16. Hence, the resonant
frequency is reduced and we can obtain a resonant frequency with a reduced

dimension.

Fig: 16: Path of currents on a rectangular patch with cross slot
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3. Initial Design

The inspiration for the design comes from a combination of three factors.
First, from the dual-resonant rectangular antennas closely exciting the TMy; and TM
modes and feeding in such a way to excite both modes [20]. Second, we draw from
the use of microstrip transmission lines to build a completely planar microstrip
antenna [12]. Third, we note the use of a cross-shaped slot in a microstrip antenna
originally used to reduce the size of the antenna [21], but instead we use the cross as
space to place the matching circuit and IC. The slots can also be used to resize the
antenna as necessary to control the form factor. In [1], such a design is presented and

in this section we discuss the design and measurements in detail.

3.1 Implementation

Fig. 17 shows the antenna geometry. The darkened area represents the
metalized area. The antenna was designed to operate over a polypropylene substrate
5.08 mm thick having a dielectric constant of 2.28 and a loss tangent estimated to be
0.001. The substrate and ground plane are 6 inches (15.2 cm) square. A finite element
method synthesis tool was used to simulate the design. The initial design to use a
simple cross resulted in a matching circuit with a reactance that was too large for our
IC (1365 Ohms). To reduce the reactance, we shortened the transmission lines in the
matching circuit by imposing a diamond-shape cut-out within the cross. The cross

segments have a length of 34 mm and width of 8 mm. The diamond is approximately
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19.8 mm per side. The center of the feed lines is 15 mm from the center, with width 2
mm in order to achieve the desired input resistance. The length of the feeds can be
adjusted to achieve a reactance of approximately j65 Ohms at resonance. The
matching circuit was designed to obtain a perfect conjugate match to 13—j65 Ohms at
867 MHz, and a slightly larger real resistance at 915 MHz to achieve larger
bandwidth. Having had experience in designing microstrip antennas using a finite
element tool and utilizing some fundamental concepts, following are some guidelines
for designing the antenna from a high level understanding:
e The resonant frequency can be decreased or increased by increasing or
decreasing the length of the antenna respectively
e The resonant frequency can be decreased or increased slightly by
increasing or decreasing the slot lengths respectively.
e Matching to a larger or smaller resistance is achieved by placing the
feedlines further apart or closer together, respectively.
e If the resistance is too small, the size of the cross may need to be
expanded to facilitate a larger R,.
e A smaller X, can be achieved by shortening the feed lines, and a larger
Xa by longer feed lines.
o Keeping the length of the feed line constant, a smaller X, can be
achieved by increasing the width of the feed line and a larger X, by

decreasing the width of the feed line.
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When the first resonant mode is excited, one of the feeds acts as an inset
microstrip feed, while the other feed lies primarily along the axis of symmetry and

thus acts as a feed from an electrical reference, i.e., the virtual ground.

|t5.03 mm

1524 mm

Fig. 17: Antenna geometry of the dual-resonant microstrip RFID tag

When the second mode is excited, the role of the two feeds reverse. Fig. 18
shows the simulated impedance results. We can see that there are two resonances.
The two resonant frequencies can be easily adjusted by adjusting L and W. Here, we
present resonant frequencies of 867 and 915 MHz using L = 103 mm and W = 97
mm. To achieve resonant frequencies of 915 and 953 MHz, we can set L = 97 mm
and W = 92.5 mm. For resonant frequencies at 867 and 953 MHz, we can set L = 103
mm and W = 92.5 mm. In this way, the antenna can be adjusted to work at any two of
the three major frequencies of operation worldwide and with most commercially-

available RFID ICs.
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Fig. 18: Impedance vs Frequency

Fig. 19 illustrates the simulated currents on the antenna at the two resonant
frequencies. One can see that the TMy; and TM ;o modes are clearly excited with only

a minor diagonal component excited at each frequency.
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(a) 870 MHz. (by 915 MHz.

Fig.19: Simulated currents on the antenna
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3.2 Measured Results

As the antenna impedance is considerably reactive and balanced, it is difficult
to use standard microwave measurement techniques. Since the antenna has a balanced
feed, we cannot directly measure the impedance using a network analyzer. We need a
balun to convert the balanced feed to an unbalanced feed. We constructed a
measurement apparatus using a 1:2 chip balun to measure the impedance using a
network analyzer. The balun is mounted on a small PCB that converts a SMA signal
to a differential signal to short pins. The unbalanced end is connected to the network
analyzer and the balanced end is used to probe the antenna IC pads. Before taking
measurements, the network analyzer with the balun is calibrated using short open and
a 100 ohm resistor to remove any system inaccuracies. Since we use a 100 ohm
resistor, the results obtained must be doubled. The apparatus yields only modest
accuracy, but sufficient for the purpose here. The impedance measurements were
taken over the range of 830 to 960 MHz. Also, since the impedance is near the edge
of a 50 Ohm Smith chart, the accuracy of the network analyzer is likely to be
relatively poor. The power wave Smith chart (Section 2.2.2) using the normalized
impedance 13 — ;65 is plotted in Fig. 20

Note that we are able to achieve an almost perfect conjugate match at 870
MHz. The 90% transfer efficiency spans between 864 and 875 MHz, and between
915 and 930 MHz. At 900 MHz, t = 70%. By making the antenna slightly less
inductive, the 1 dB bandwidth would span between 860 and 940 MHz, and the 3 dB

bandwidth would cover from less than 830 to more than 960 MHz.
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The simulated results of the antenna using a finite element analysis code [30]
indicates a directivity of 6.2 and 6.1 dBi and radiating efficiency of —0.36 and —0.31
dB at 870 and 915 MHz, respectively. The measured impedance indicates T = 0 dB at
870 MHz and -0.4 dB at 915 MHz. Combining terms, we would expect a realized
gain (the product of antenna gain and power transfer efficiency) of 5.9 and 5.4 dBi,
respectively.

The free-space Friis equation can be modified for RFID transponders [29].

_ 2 [RGGw
47[ f)th

Here, the subscript ‘¢’ represents the transmitter (reader) and the subscript ‘7’
represents the receiver (tag); r is the power transfer efficiency, p is the polarization
mismatch, and Py, is the minimum (threshold) power to operate the IC. Commonly,
readers use 6 dBi circularly polarized antennas and tag antennas are linearly
polarized, leading to a polarization loss of 0.5. Using a published value of P, = —13
dBm [31], the maximum read distance of the tag from a commodity reader with P, =
30 dBm and G, = 5.4 dBi is approximately 9.7 meters (32 feet). Utilizing a 3 dB
ground reflection, one could expect 13.7 meters (45 feet).

An informal read distance experiment was performed outdoors in an open
field. The tag was first affixed to an expanded polystyrene sheet and held
approximately one meter above the ground and far from any other object. We used a
commodity reader (Mercury 4) at maximum FCC power settings (36 dBm EIRP-

Effective Isotropic Radiated Power) with a bistatic circularly polarized antenna. The
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tag was moved away from the reader until we found the maximum distance at which
the tag was detectable (maximum detectable distance). We anticipate a 3 dB increase
in received power from a ground reflection. We found the maximum detectable
distance to be 18.3 meters (60 feet). This exceeds our estimated maximum detection
distance by 2.5 dB.

Next, we placed the antenna over a large ground plane (approximately 2 feet
square) and observed the maximum detection increase to 20.5 meters (67 feet). The
difference of about 1 dB change in directivity agrees with predictions based on
simulation. Given those results, we would predict a freespace maximum detection
distance of 12.9 and 14.5 meters (42 and 47 feet) without and with a large ground

plane, respectively.

Fig.20: Power Wave Smith chart of measure antenna impedance normalized to 13-j65. The 90% and
50% power transfer efficiency circles are also plotted.
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As a second method of validation, we placed the tag two meters from a
different reader (Samsys) in a laboratory environment. The tag was placed on an
expanded polystyrene block 2 meters from the reader. The reader frequency was fixed
to 915 MHz, and the power was varied until we found the minimum power that was
able to read the tag. Based on - 13 dBm IC turn-on power, we would predict the
minimum reader power would be 16.5 dBm. We measured 17.0 dBm. Given that
result, we would predict a free-space read distance of 9.3 meters (32 feet). However,
we have reason to believe that the system is not forward-link limited [5], and thus

results in a conservative estimate.

(b) H-plane, 870 Mhz

0 0
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(a) E-plane, 915 Mhz

Fig. 21 Radiation pattern
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(b) H-plane, 915 Mhz

We can conclude that the free-space read distance will be between 9.3 and

13.1 meters, and 10.4 and 14.7 meters on a large metal ground plane. Matched

39



linearly polarized reader antennas will add 3 dB of link margin. The measured
radiation pattern of the tag in both the E- and H-plane at both 870 and 915 MHz are
shown in Fig. 21. Since the antenna is dual-polarized, the planes reverse at the two
resonant frequencies. The radiation pattern was measured with the same ground plane

mentioned before (not infinite), and show good agreement with simulated results.

40



4. Antenna and Matching Network Analysis

In section 3, we proposed a design for a dual-resonant RFID tag. We
presented impedance measurements, radiation patterns for the E-plane and H-plane,
and read-distance measurements. The antenna was simulated using a finite element
method code. This method does not provide insight to the working of the matching
network. Also, the antenna geometry was not simple enough to apply a rigorous
theoretical analysis. In this section, we modify the earlier design , namely by
implementing a CPW-like structure for the feed and the matching circuit. The goal is
to enable us to subject the antenna and matching circuit to a rigorous analysis and
also synthesize a simple circuit model for the same, which predicts the impedance and
performance curves of the tag. In Section 4.1, we introduce the modified design. In
Section 4.2, we present the circuit model along with impedance and performance
measurements. In Section 4.3, we present a polarization model derived from the

circuit model along with data and results.

4.1 Modified Design

The inspiration for the antenna comes from the three factors mentioned in
Section 3. First, from the dual-resonant rectangular antennas closely exciting the
TMy; and TM,p modes and feeding in such a way to excite both modes [20]. Second,
we draw from the use of microstrip transmission lines to build a completely planar

microstrip antenna [12]. Third, we note the use of a cross-shaped slot in a microstrip
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antenna originally used to reduce the size of the antenna [21], but instead we use the
cross as space to place the matching circuit and IC. We use the slots to place a
microstrip CPW transmission line for feeding and impedance matching. Fig. 22
shows the modified design. The darkened area represents the metalized area. As
before, the antenna was designed to operate over a polypropylene substrate with h =
5.08 mm and a dielectric constant of 2.26 and loss tangent estimated to be 0.001. The
substrate and ground plane are 6 inches (15.2 cm) square. We used the same IC

whose series impedance was found to be 13-j65.

| 5,08 mm

15324 mm

Fig. 22: Antenna schematic. L = 108 mm, W = 102 mm, SL = 20 mm, SW =9 mm.

To develop the antenna, we can start with dimensions of a rectangular
microstrip antenna that will excite the TMy; and TM o modes at the desired frequency

using, e.g., a cavity model [35]. Here, we demonstrate with resonances at 867 and 915
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MHz. We can determine the cross slot lengths by modeling the feed as an inset feed
which we will discuss in detail in Section 4.2. We found the cross slot lengths to be
20 mm to yield a resonant resistance of 16 Ohms (slightly larger than 13 Ohms for
improved bandwidth). Once the cross dimension is chosen, the antenna length and
width are modified manually to resonate at the desired frequencies. The slot length

prescribes two transmission line lengths totaling 17.8 mm.

4.2. Circuit Model

To predict the antenna impedance, we constructed a simple circuit model with
the component values synthesized from the physical parameters. We model each
antenna resonance as a parallel LRC circuit and feed them in series transformed by a
short transmission line which can be modeled as an inductor. Since the length is
relatively short and the characteristic impedance large compared to the load, we use
the approximation that Z;, = Z; + jZypl, where Z; is the feed impedance, / = 17.8 mm,
and /= 24.15. In section, 2.7.2, we presented equations to find the characteristic
impedance of a conductor-backed CPW. To achieve the desired reactance, we chose
Zy = 155 Ohms, which can be achieved with a transmission line width of 1 mm and
SW =9 mm . ICs with lower Q can be matched this way by reducing Zy; higher Q ICs
may require additional meandering of the transmission line to increase the reactance.
In the subsequent subsections, the method for calculating the Q and radiating input
resistance will be explained. We will conclude with the complete circuit model and

measured results for impedance and performance.
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4.2.1 Quality factor and Resonant Frequency

We know that we want a resistance of about 16 ohms and resonances at 867
and 915 MHz. If we know the resistance, resonant frequency and the quality factor,

we can determine the values of L and C for the parallel circuit. We have, for a

parallel LRC circuit, f, =5-— and Q= R(£)""”. Therefore, L =& and C =2

In our case, we find that Q= (Q, , since losses due to conduction and
dielectric are very low. We can modify the equations presented in section 2.5.5 for g-
factor due to radiation loss to be

0- ws &, LW
2hGrad

where

Grud = 2[G1 + GIZ]

2
G -7
901 4,

. (kOW j

| sin cosé

G, = J . (k,Lsin@)sin® 8d6 .
2 120712-([ cosé (Ko )

We estimate G,,q 1s 2.6 mS at 867 MHz and 3.3 mS at 915 MHz, yielding

Q=45 and Q,=38 at 867 MHz and 915 MHz respectively.
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4.2.2 Input Resistance

In order to estimate the resistance, we can treat the CPW feed as an inset feed
as shown in Fig. 23. We know that the edge resistance is Rjyp=y0=Rrai=1/Graq. Using
the expression presented in Section 2.5.4, the input resistance at a distance yy is given

by the equation.

- 2| Do
Rivty=y) = Riny-0) €OS (L J

1

where L; is the physical length of the antenna shown in Fig. 23 and yy is the distance

from the edge.

Fig. 23: Rectangular patch with CPW inset feed

Since our antenna design employs a cross slot, it increases the electrical length

of the antenna. This means that if Antenna 1 in Fig. 23 and Antenna 2 in Fig. 24 are
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designed such that they have the same resonant frequency, the physical length L; of
Antenna 1 will be greater than the physical length, L, of Antenna 2, but their
electrical lengths will be the same. We can now define an effective length, for our
antenna design in Fig. 24, which is equivalent to a physical length of the antenna
configuration shown in Fig. 23, i.e., Le=L; . This approximation holds since the
radiation resistance is mostly dependent on the width of the patch. [Mutual
conductance is dependent on the length of the patch but since it is small, it can be
neglected.]. We find the value of L.y to be 111 mm and 108 mm for 867 and 915
MHz respectively. Therefore, we can modify the equation for the input resistance to

be

_ 2| 7Yy
Riy(y=yy) = Rin(y=0) €08 (L j
eff

|

v

A
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Fig. 24: Cargo tag with inset feed.
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We find that the value of the predicted resistance using this equation is
approximately 39 Ohms. However, a finite element method tool analysis and
measured results show us that the resistance when transformed along the length of the
feed is significantly lower with a value of 16 Ohms. Therefore, by modeling the feed
as a conductor backed CPW, we can predict the correct reactance but not the
resistance. It has been sited [36] that the gap width between the rectangular patch and
the feed affects the feed resistance. In Chapter 5, we will discuss in detail the feed
structure. For the purpose of presenting an accurate circuit model, we use the value
of the resistance to be 16 Ohms at 867 and 15 ohms at 915 MHz respectively as
simulated by our finite element tool.

We find that L;= 68 pH and C,= 445 pF at 867 MHz and L,= 65 pH and C,=
521 pF at 915 MHz. The grounded CPW is modeled as two 6 nH inductors. The
resulting circuit is given in Fig. 25. The total impedance for a range of frequencies
can be computed by taking the two parallel resonant circuits in series with the two
inductors used to model the feed. The predicted impedance from 840 to 940 MHz is

plotted in Fig. 26.

Lf Lf

rWY\_@_rYW\

R, §L1 —c, R2§ ng Co——

Fig. 25: Circuit model of antenna. R; =16 Ohms, R, = 15 Ohms, Ly = 6.0 nH, L, = 68 pH, C, = 445 pF,
L, =65 pH, C, =521 pF.
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4.2.3 Impedance and Performance Measurements

In this section we present the measured results of impedance and performance
for the tag specifications given above. The same chip balun used for the initial design
was used to measure the impedance using a network analyzer. We present the
impedance predicted from our circuit model and measured impedance in Fig. 26. The
results show excellent agreement given the number of approximations made in this

model and the inaccuracies of the balun measurements.

50 R
£ - == d
E a0l mea§ure ]
O predicted

301 R

0
840 860 880 900 920 940
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Fig. 26: Measured impedance of antenna and predicted impedance using the circuit model.

Next, we placed an IC on the antenna, placed the antenna in front of a
commodity reader at a distance of 2 meters and measured the minimum amount of

power required to stimulate the tag at various frequencies from 900 to 945 MHz.
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4R R,

m where Z, and Z. are
a + c

Using the power transfer efficiency expression 7 =

the antenna and chip impedances respectively, we can calculate the power transfer
efficiency over the range of frequencies from 900 to 945 MHz. Z, is determined from
the circuit model and Z, is 13-j65. Since the power transfer efficiency tells us how
efficiently power is transferred from the chip to the tag, it can be compared with the
turn-on power of the tag at different frequencies. We compared the tag turn-on power
vs. frequency measured by the reader and that predicted by the circuit model. The
results are shown in Fig. 27 normalized so that the maximum performance for each

case is 0 dB.

-5F predicted 1
— — —measured

_8 1 1 1 1 1 1 1 1
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Fig. 27: Predicted and measured performance vs. frequency.
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The results show a distinct shift in peak performance from resonance: peak
performance occurs at the minimum reactance. Either the antenna reactance is too
large or the estimated IC impedance is too small. An additional design iteration
should decrease Z) moderately until an alignment of resonance and peak performance

1s achieved.

4.3 Polarization

Though the antenna is essentially linearly polarized at 867 and 915 MHz, off-
resonance, the antenna tends to become slightly elliptically polarized. Also, from the
circuit model, we can see that the currents will have a phase difference. In this
section, we will use our circuit model to analyze this effect for broadside polarization
by defining a ratio of powers for vertical and horizontal polarization which can be
determined by applying circuit theory to our equivalent circuit model of the antenna

under consideration. We will compare our predictions with measurements.

4.3.1 Analysis

To characterize the polarization of the antenna, we first need to find the
electric fields transmitted by the antenna. The transmission line model uses the
aperture field approach to find the radiation fields of a rectangular microstrip antenna.
In the transmission line model, two slots at the radiating edge are considered. The
two parallel slots have a width h and length W and are separated by a distance L. The

antenna is linearly polarized with the direction of the electric field along the length of
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the patch. The voltage across the radiating slot is /). When the antenna is placed

broadside, i.e., when 6=0 and ¢=0, the electric field is given by [32]

—jkor
e./o

E =—jk VW
27

£

where,

F, = 2e.
T \/Z—jgr cot(koh\/e_r) .

Since our antenna is dual resonant by exciting two modes, we have two sets of

radiating slots, one which is linearly polarized vertically and one which is linearly
polarized horizontally. The voltage across the vertically linearly polarized slots is Vy
and that across the horizontally linearly polarized slots is V. This is illustrated in Fig.

28. The fields for horizontal and vertical polarized slots can be written as

— jkor
e!o

Ey =—jkVy Wy ——F,
2mr

*.kl’
ejo

E, =—jkV, W, ——F,
2mr

For our antenna, W, = W,,. Other than the voltage developed across the slots,

all other parameters are the same for both set of radiating slots. If we take the ratio of

the two fields we get,
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Fig. 28: Aperture model for the cargo tag.

Using our circuit model and applying circuit theory, we can find the voltage
induced across the chip resistance for vertical and horizontal polarization. The models
are shown in Fig. 29 and Fig. 30. Rc=350 Ohms and C.=2.5 pF. All other resistance,

capacitance and inductances are same as those given in Fig. 25.

R
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Fig. 29: Polarization model for horizontal polarization
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Fig. 30: Polarization model for vertical polarization

We assume a 1 V voltage source for V) in both cases. We know that the
voltage across parallel circuits is the same and for impedances in series, we can use
the voltage divider rule to determine the voltage developed across each impedance.

Once we find Vy and Vp, we can find the ratio of the powers as

2

P,V
(==t
PV,

We call this ratio as the vertical to horizontal polarization power ratio. It can
be expressed in dB as 10logP)/Py. The predicted power ratio plot in dB is shown in

Fig. 31 along with the measured results.

4.3.2 Measurements and Results

We placed the antenna with the IC in front of a commodity reader at a
distance of 2 meters and measured the minimum amount of power required to
stimulate the tag at various frequencies from 900 to 945 MHz at an angle of 0

degrees. Next, we rotated the angle by 90 degrees and performed the same
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experiment. This gives us the turn on power for vertical and horizontal polarizations.
The graph shows the predicted and the measured vertical to horizontal polarization
power ratio. We can observe from the graph that though measured and predicted

results do not line up exactly, they follow a similar trend. Thus, we conclude that our

circuit model gives us a good approximation of ¢.
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Fig. 31: Measured vs. predicted vertical to horizontal polarization power ratio
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5. Ongoing Work: Feed Structure Analysis

As we mentioned in Section 4.2.2, the resistance decreased from 39 ohms to
16 ohms from the inset feed point to the input of the CPW feed structure. Further
analysis showed that the resistance continues to decrease with the increase in the feed
length and increases with reduction in the feed length. Fig. 32 shows the geometry of
a rectangular patch with a single slot. Fig. 33 shows the geometry of a rectangular
patch with a cross slot. In both cases, we fed the antenna in such a way as to excite
the TMp; mode to get a resonance at about 867 MHz. The variation of the resistance
with the change in the feed length for the rectangular patch with cross slot and single
slot is shown in Fig. 34. We see similar results when exciting the TM;y mode. This
leads us to believe that the CPW feed structure does not behave as a coplanar
waveguide transmission line driven in the odd mode. We hypothesize that the
decrease in resistance is due to coupling between the feed and the rectangular patch.
In this section, we discuss various simulations and the results to validate our
hypothesis. However, we will find that our hypothesis is invalidated by the results.
We make another hypothesis and discuss further experiments that could be carried out
to verify the hypothesis.

To keep our analysis simple, we will use the rectangular patch microstrip
antenna with a single slot with the dimensions given in Fig. 32. Using HFSS, a finite
element method tool, we will first model the region shown by the solid lines in Fig.
32. The same dielectric substrate with thickness 5.08 mm was used. This is similar to

modeling the coupling between three microstrip transmission lines.
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Fig. 32: Rectangular patch antenna with a single slot. Exciting the TMy; mode to get resonance at 867
MHz. L=108 mm, W=102 mm, TL=10 mm, FL=8.5 mm.
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Fig. 33: Rectangular patch antenna with a cross slot. Exciting the TMy; mode to get resonance at 867
MHz. L=108 mm, W=102 mm.
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Fig. 34: Variation of the input resistance with change in length for rectangular patch with single slot
and cross slot with the TM,; mode being excited.

Fig. 35 shows the HFSS model of the three lines. Lines 1 and 3 are identical
and Line 2 is the feed. Lines 1 and 2 are 10 mm long and Line 2 is 8.5 mm long. At
ports 1, 2 and 3, we placed 40 ohm loads and grounded ports 4 and 6. A lumped port
was placed at port 5 to measure the input impedance. We found the input impedance
at port 5 to be 45+j56. The resistance did not change significantly over the length of
transmission line. In fact, the resistance increased by 5 Ohms. We see only a
significant change in the reactance from point A to B [0 to 56 Ohms].

Next, we used a single lumped port to drive the three lines, grounded ports 4
and 6 and placed a lumped port at port 5. We retrieved the two-port network’s Z-

parameters from the simulation and calculated the input impedance with a 40 ohm
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load. The calculated input impedance was found to be 43+745. We still observed that

the resistance did not decrease from A to B.

Fig. 35: HFSS simulation model

Finally, to check that the resistance was indeed the same everywhere just
before and after the feed point, we probed the impedance at the six different locations
over a small strip € shown in Fig. 36. We observed a slight change in the resistance
from point a to b and b to ¢ and from d to e and e to f (about 10 Ohms). We used
these new values in the simulations. Instead of placing 40 Ohm loads at ports 1, 2,
and 3, we placed 30 Ohm loads at ports 1 and 3 and a 40 Ohm load at port 2. The
input impedance at port 5 was found to be 45+/55. The difference in the resistance
from a to b and b to ¢ did not change the input impedance significantly. All these
results lead us to believe that coupling is not causing the reduction in the resistance as

the feed length increases. It must be due to the discontinuities which arise in the
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region € and higher order modes which have not been explored in the scope of this

thesis.

A
-
\ 4

1

Fig. 36: Resistance values were checked at points a, b, ¢, d, e and f.

A possible method for confirming that the decrease in the input resistance is
due to discontinuities and higher order modes is to set up a HFSS simulation with the
geometry shown in Fig. 37. In this way, we can model the region just before the
discontinuities occur and find out how it affects the input resistance. At 1 and 2 a
lumped port can be placed to determine the z parameters of the 2-port network while
grounding 3 and 4. With a 40 ohm load, the input impedance at 2 can be determined.

We might be able to account for the decrease in resistance.
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Fig. 37: Geometry for HFSS Simulation to model discontinuities in the rectangular patch.

We have analyzed the feed structure to the best of our ability in the stipulated
time. From our analysis, we can make the following observations, deductions and
conclusions:

e We can accurately predict the resistance at the inset feed point.

e Along the length of the feed, the resistance decreases.

e The decrease in resistance cannot be accounted for by modeling the feed as a
coplanar waveguide driven in the odd mode.

e The decrease in resistance is not due to coupling of the feed with the
neighboring transmission lines.

e There are discontinuities present just before the feed which we have not
accounted for in our simulation models with the three microstrip lines.

e There are higher order modes that may be present which we have neglected in
our models.

e These discontinuities and higher order modes might be the cause for the

decrease in resistance which can be explored further.
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6. Conclusion and Future Work

In this thesis, we presented a novel, high-performing dual-resonant, dual-
polarized UHF RFID tag for tagging large cargo containers. The antenna is designed
to perform efficiently between 860-870 MHz and 902-928 MHz frequency bands, but
it can be easily modified to operate at any two of the three frequency bands used
worldwide. The antenna is a completely planar structure so that it may be easily
manufactured using inlays.

We also showed measured impedance results using the power wave Smith
chart, showing excellent power transfer efficiency over the frequency bands of
interest. We also measured the performance of the tag using a TI chip and commodity
reader over 900 and 945 MHz.

We analyzed the antenna rigorously. We were successful to a certain degree.
We synthesized an equivalent circuit model for the antenna and matching circuit for
predicting the antenna impedance. We showed that the polarization can also be
characterized using this model. We presented measured and predicted impedance
and performance results for the proposed tag antenna design and polarization
prediction and measurement for vertical and horizontal polarization. The measured
and predicted results had good agreement except for the input resistance. Thus, we
conclude that the proposed antenna design is a novel and useful UHF RFID tag that
can be easily and readily commercialized. Further, with the analysis presented in this

thesis, the antenna design is easy to understand and prototype.
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Although we have presented a rigorous analysis of the working of the antenna
and feed structure, there are still open problems regarding the feed structure. We are
still not certain why the resistance decreases along the length of the feed. We believe
that the work that we have done gives us some insight that higher order modes and
discontinuities are the cause of the decrease in resistance. Future work may explore
this concept further. Also, the accuracy of our measurements can be improved with

better measurement methods.
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