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Abstract

This investigation targets to develop a multi-purpose switched multi-band an-
tenna for Radio Frequency IDentification (RFID) reader applications. Typically,
the RFID systems can be categorized depending on the range of the applications,
this defines a Near-Field (NF) RFID and a Far-Field (FF) RFID, and depending
on that the reader and the tag antennas are developed exclusively. Additionally,
the RFID systems can be categorized also depending of the frequency of oper-
ation, e.g., HF, UHF, 2.46GHz, and 5.8GHz. Therefore, various combinations
of the range and frequency categories are possible, but the objective of this re-
search is to design a reader antenna which can serve both the NF- and the FF-
RFIDs and is able to operate at almost all of the adopted frequencies of the
RFID applications in a switching manner. To achieve this goal, the RFID reader
antenna is optimized first for the desired interrogation zone, and then multiple
purposes and frequencies are integrated with optimized design. In this regard,
a novel Non-uniformly Distributed Turns coil (NDTC) antenna is designed for
HF-RFID reader application operating at 13.56MHz. The multiple turns of the
NDTC are optimally distributed in inner area of the coil for a significantly en-
hanced magnetic field (H-field) in the NF zone. To include FF interrogation along
with the NF, a Segmented-Line NDTC (SL-NDTC) antenna for UHF-RFID reader
application is developed and presented as a dual-purpose antenna operating at a
single-frequency 915MHz. To integrate the dual-purpose (NF and FF) property
with multiple bands of RFID applications, a Dual-Band NDTC (DB-NDTC) an-
tenna is proposed operating at switchable frequencies of HF 13.56 MHz and UHF
915MHz. The DB-NDTC antenna can interrogate in both NF and FF zones, and
when switched to HF persists the robust H-field of the NDTC antenna in the
NF zone, and shows a decent gain and radiation efficiency in the FF zone when
switched to UHF. Hence, DB-NDTC can be realized as a dual-purpose switch-
able dual-band antenna. To achieve the ultimate objective of this research work,
a multi-purpose switched multiband antenna is designed using RF-switches and

having three modes of operations (mode-1-3) depending of states (ON or OFF)

X1
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of the switches. In mode-1, 2, and 3, the antenna respectively switches to op-
erating frequencies 915MHz, 2.45GHz, and 5.8GHz, where, for each individual
mode, it can perform for both NF and FF RFID applications. This demonstrates
a switched antenna for multiband behavior designed to be used as multi-purpose
RFID reader.

During the investigation, analytical and numerical methods are used to develop
the designs, and parametric studies using simulator are conducted to optimize the
performance of the antennas. The designs are fabricated and the measurement

results are corroborated with analytical and simulated results.
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Chapter 1

Introduction and motivation

1.1 Background

The need for user mobility and communication technology advancements demands
to transfer power and information wirelessly between two devices termed as trans-
mitter (Tx) and receiver (Rx). The end entity of a wireless communication system,
which is responsible for an efficient exchange of power and information between
Tx and Rx, is an antenna. Therefore, it is crucial to design an efficient antenna
for an efficient communication between the devices. This exchange of power and
information is feasible only when both the devices (hence Tx and Rx antennas)
are tunned to a common frequency of operation. There are various frequencies
allocated for communication systems, but the choice of a common frequency of
operation is governed by many factors e.g., application type and range, device
size, system surroundings, etc. According to the chosen frequency, the dimension

of antenna is determined.

As far as the range is concerned, from the basics of antenna theory [1, 2] we
know that the field around any antenna is divided into regions shown in Fig. 1.1.
Typically, it has two: 1) near-field (subdivided into reactive and radiating fields
with dominantly magnetic/electric energy ) and 2) far-field (radiating with Elec-

troMagnetic (EM) waves) regions. Depending on this region/range division, the

11
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FIGURE 1.1: Defining field regions around the antenna.

communication systems present in the market can be divided into two categories;
Near-Field (NF) systems and Far-Field (FF) systems. The NF systems work on
the principle of inductive coupling between Tx and Rx [3], where power in the
Rx antenna is induced by reactive field (Magnetic Field (H-field) or electric field
(E-field)) oscillating near to the Tx antenna. That is why the antennas producing
high reactive fields in their NF regions are desirable candidates for NF applica-
tions. Whereas, the FF systems utilize real power of propagating EM waves for
coupling of two devices [4], and antennas producing high radiation in the FF region
are welcomed for FF applications. For instance, the NF systems usually operate at
Low Frequency (LF), High Frequency (HF) bands, because, the practical antennas
at these frequencies are electrically small and having very low radiation resistance
(a measure of FF radiation) which is not suitable for FF applications but can
produce a decent NF reactive energy. In contrast, the far-field systems effectively
operate in general at higher frequencies e.g., Ultra High Frequency (UHF), Mi-
croWave (MW) bands where the practical antenna can have a size comparable to
half wavelength therefore can produce enough far-field radiation. Thus, we can
observe that the choice of operating frequency, the kind of antenna selected, and
the working field region, all are somewhat interconnected and should be decided

cautiously for a particular application.

An example of application where one clearly can realize the categorization of the

communication systems based on the operating region, the choice of operating
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Antenna Dipole,
Monopole,
Loop/Coil,
Microstrip,
Array
125KHz,
13.56MHz,
860-960MHz, RFID ‘
2.45GHz,
5.8GHz
L Frequency Range
Near-Field,
Far-Field

F1GURE 1.2: Three entities categorizing a RFID application.

frequency, and the selection of antenna type, is Radio Frequency IDentification
(RFID). Fig. 1.2 shows the related entities defining the RFID application from
antenna engineering point of view where various options of antennas, frequencies,
and regions/ranges are selected. To investigate how these entities are related to
each other the antennas are designed and evaluated in genuine RFID applications.
The author first initiates with a background study of RFID systems with emphasis

to the antenna perspective and presents it subsequently.

1.1.1 Antennas for RFID Technology

Since a few decades, barcoding is widely used in identification of objects, but analo-
gously, the use of radio waves to track and trace the objects is gaining considerable

attention. This identification through wireless communication is termed as RFID,
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where a digital key associated with the object under the trace works analogous
to the barcode. By using digital key, the RFID provides opportunity to uniquely
identify and track several objects at a time without line of sight within range (mm
to several meters) of the RFID system. It provides a contactless transfer of the
information between an Interrogator (Reader) and a Transponder (Tag) tunned at
the same frequency of operation. As presented earlier in Fig. 1.2, the RFID can be
categorized depending of the frequency of operation, and various frequency bands
have been adopted for RFID applications e.g., HF-13.56 MHz, UHF-866/915MHz,
2.45 GHz, 5.8GHz. A particular frequency chosen for the RFID application defines

the kind of antennas to be used for the reader and the tag.

Apart form the operating frequency, the region of operation defines two categories;
NF RFID and FF RFID as defined in Fig. 1.2. The NF RFID systems are used
for short range interrogation while employing inductive coupling between the Tag
and the Reader antenna [3]. Whereas, the FF RFID is applicable for long range
systems using a back-scattering concept and a decent FF radiation is expected from
the reader antenna in this case. In general, the RFID antennas are designed for
individual applications each having a particular operating frequency and optimized
for either NF or FF operation. However, there exist in the literature, several
designs of RFID antennas incorporating multiple combinations of NF, FF and
frequency responses. Such combinations reported in the literature is tabulated in

Fig. 1.3, where the correspondingly adopted antenna techniques are listed.

An overview of Fig. 1.3 suggests that, typically, NF RFID systems operate in
LF (125KHz) and HF (13.56MHZ), and uses multiturn coil, spiral loop, and
distributed-turns coil antennas to generate robust reactive field for a maximum
coupling between the reader and the tag. Whereas, it seems challenging to use
original coil antennas for NF' UHF-RFID systems due to phase inversions posed
by electrically large coils at that frequency, segmented-line or capacitive coupler
loaded loop antennas are the preferred choices at UHF. In contrast, for MW fre-
quencies, e.g., 5.8GHz, the NF RFID found new applications of focusing the elec-

tric/magnetic fields in the NF region using phased array antennas..
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ﬁ
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FIGURE 1.3: Various combinations of RFID entities reported in literature.
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As shown in Fig. 1.3, the FF RFID systems, typically operating at higher frequen-
cies, use monople, dipole, and patch antennas for radiations in the FF region. The
FF RFIDs are not confined to a single-band operation, but there are mutiband
antennas reported in the literature designed to work at multiple frequencies of
RFIDs. For instance, dual-band (915MHz/2.45GHz, 2.45/5.8GHz) and tri-band
(9156MHz/2.45/5.8GHz, 433/923MHz/2.45GHz, 3.6/ 5.8/8.2GHz) antennas are re-
ported for multiband FF RFID applications, where the antenna techniques such
as meandered dipoles, slotted loops, fractal antennas, etc., are used to facilitate a

multi frequency response.

Although RFID antennas designed for a particular application operate at a single
frequency and are optimized for either NF or FF, for cost reduction the multipur-
pose antennas having both NF and FF operations along with multi-band responses
are highly desirable. In this regard, Fig. 1.3 includes NF-FF RFID systems de-
signed to operate both in NF and FF regions; this is reported by, some single-
band UHF RFIDs using antennas with folded-dipole and loop, segmented-coil,
partitioned loop and microstrip, meta-material inspired loop, and ladder network
loaded loops, and some dual-band NF-FF RFIDs using dipoles, coils, filar spirals,
etc. Fig. 1.3 also includes pertinent prior works reported in the literature for each
combination of region and frequency. A detailed review is presented subsequently

to detail further the RFID antennas.

1.2 Literature review and motivation

In this section, the review of most pertinent prior works is covered including the NF
and the FF antennas along with mutiband antennas used for RFID applications.
Since, this investigation is mostly based on RFID readers, the focus in this section

will be to review NF, FF, and multiband reader antennas.
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1.2.1 Review of Near-Field RFID reader antennas

Initiating the review of LF-RFID antennas, several RFID bands will be detailed
subsequently. Since the HF and the UHF bands became quite matured for the
use in NF RFID, a detailed review of HF- and UHF-RFID reader antennas is
additionally presented.

1.2.1.1 NF LF-RFID reader antennas

Since NF RFID applications are intended to operate for a short read range (due
to NF communications), the antenna radiator can be electrically small which con-
tributes to a low radiation resistance. Therefore, LF and HF are indeed frequency
choices for the NF RFID systems. For the applications, requiring a short range,
slow data reading speeds, high penetration of surrounding material, and relatively
less stringent design limitations, the NF RFID in LF at 125KHz and 134.2KHz is
attractive. Several LF-RFID antennas are reported in the literature. For instance,
[5] presented a step-by-step process of designing LF-RFID interrogator/reader an-
tenna and a multi-turn multi-layer coil was developed through this process. In
6], the range of LF-RFID reader antenna was investigated and single-/muti-loop
antennas were considered in the study, whereas in [7], a square-shaped loop an-
tenna was developed having 105 turns for maximizing the H-field in the NF zone.
RFID antennas designed for some specific applications were also presented, for in-
stance in [8], where a LF-RFID antenna was developed to fit in a fishing net for a
cuboid aquarium application using an operating frequency of 134.2KHz. A recent
ink-jet printing technology was also utilized to fabricate a LF-RFID antenna in
[9] at 125KHz and presented two spiral coils printed on a flexible substrate for
cost-effective solution. These LF coils can be re-used for higher frequencies but
requires optimization, for instance, the coils developed for HF-RFIDs have to be

cautiously optimized for a given read range. This is presented next.
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1.2.1.2 NF HF-RFID reader antennas

The HF 13.56MHz band is the preferred choice for NF RFID applications which
demand relatively low data rate (106 kbps [10]) and a small read range (~1m)
[11] and is due to the following two reasons. First, since the unlicensed use of
this band is worldwide internationally allowed, therefore, every system designed
for this band is applicable any where in the world. Second, the magnetic waves
at this frequency is less affected by and able to penetrate very dense surroundings
and dielectric materials with high permittivity, e.g., water, the ground, than EM
waves at higher frequencies. Therefore, HF-RFID systems are highly appreciated
in the literature to be adopted for NF applications.

RFID system architecture and design methodology has been investigated in various
reports of the literature. An architecture of RFID system was presented in [12]
and Tx and Rx modules were conveniently designed using commercially available
circuitry. Whereas, circuit design and related data processing of a transceiver was
reported in [13], in [14], the HF-RFID system compatible with multiple standards
was analyzed. The Silicon Phosphate (SiP) technology was used to develop the
HF-RFID reader in [15] and hereby the RFID module where the antenna integrates
is reviewed as to have a clear notion of how to enhance the overall performance
of the HF-RFID system. Since antennas are the responsible end entities for an
efficient power and data transfer between the reader and the tag, its optimization

is crucial to achieve optimum system performance.

Typically, the NF RFID systems at HF (similar to LF) employs inductive coupling
between the tag and the reader antennas [3]. Therefore, out of the solutions pre-
sented in Fig. 1.3, the coil antennas are widely adopted in this case as a low-cost
solution for both Tx and Rx, which becomes analogous to a loosely coupled (mag-
netically) transformer. By inductive NF coupling, a sufficient power is provided
to activate the tag IC from oscillating magnetic field (H-field) around the reader
coil antenna [16-18]. This poses the challenge to design the coil antennas of both,
the reader and the tag, to produce a robust H-field for the former and to effec-

tively capture this field for the latter. Unlike FF antennas which are characterized
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by gain, directivity, radiation pattern, etc., the coil antennas for HF-RFID are
characterized by the following performance parameters, the coupling coefficient
(k) between the reader and tag coils, received H-field (H) and induced voltage
(Vina) in the tag circuit, inductance (L) and resistance (R) and unloaded quality
factor (@) of the coil antennas. These parameters are considered to design a coil
for optimal system performance and depend on the geometry of the coils such as
the shape, dimension in radius, the section of wire in radian, and the number of
turns in the coil [19]. Both the tag and the reader coil antennas were designed in

the literature and optimized for a particular property.

Previous studies in the literature dedicated on designing the efficient tag coils for
inductive-coupling, largely concentrate on procedures to minimize the size of the
tag antenna and to enlarge the read out range [16-18, 20]. In general, these pro-
cedures of designing the tag coil antennas were mainly influenced by low cost, low
profile, and electrically small size, however, the bandwidth (BW) requirement for
the tag coil was not stringent [16] due to applications i.e., tracking and tracing,
requiring low data rates. Recent advancements in the antenna fabrication proce-
dure, e.g., ink-jet printing [21], urged to find new applications of RFID by pasting
the antennas anywhere, for instance, a car-body [22], food and drink cans, etc.
Therefore, the current investigations of the tag coil antennas are focusing towards

gaining flexibility to be able to lay the tags over surfaces of any shape and material.

On the other hand, a set of reported works have investigated the overall per-
formance of the HF-RFID system by optimizing the reader coil antennas for a
maximum V4 induced in the tag [23], an increased reading range (read out dis-
tance) [24], and the coil size reduction [17, 25]. For instance, [24] reports a design
procedure of a RFID reader antenna where coil size was optimized for a given
read out distance and a predefined tag. Other than the size, the design param-
eters for the reader antenna are the coil shape, the section of the wire, and the
number of turns. These parameters are also included in optimization, because
ultimately they do define relevant system performance quantities, k, H, L and Q)
of the reader coil antenna. Since the tag chip is powered by the voltage induced

in the tag circuit, the Vj,4 is the ultimate target of optimization whose value is
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desired to be as high as possible. The higher V,,; can be translated either into
an improved coverage (read-out distance), higher reliability of communication, or
antenna size reduction (smaller size of tag antenna captures comparatively low
H which compensates increased Vj,4). For enhancing the Vj,4 in the tag circuit,
typically, two optimization approaches are followed in the literature [17, 23, 25];

1) by k enhancement with unconstrained L and 2) by H enhancement.

In the first approach of obtaining higher V;,4, the reader coil antenna is optimized
to enhance k between the reader and the tag by keeping the reader L constant
(23, 25]. Any k improvement is supposed to yield an increased V;,, by following

the relation from [23],
V;nd:]wk' L'LRx'[7

where L and Lg, are the inductances of the reader and the tag coils, respectively,
I is the current in the reader coil, and w is the operating frequency. Since k
represents intensity of magnetic coupling between the two coils, it depends on and
can be altered with a change in reader coil dimensional parameters (e.g., radius,
shape, number of turns), and same dependence is true for the L. Therefore, the k
enhancement by altering reader coil dimensional properties also changes the L. We
note that Vj,; depends both on k and L, therefore, any approach of enhancing k
value oblivion of L does not fully reflect a desired enhancement in V;,,4, hence this
approach may not be the optimal one. However, the approach of £ enhancement
while keeping the L unaltered (to maintain resonance frequency constant) was
proposed in [25] that maximization of k is fully reflected into a Vj,4 maximization.
For example, maximization of k by optimizing the number of turns and separation
between the turns of the reader coil antenna is an attractive approach [17, 25],
however, it renders () degraded. This is because, when number of turns in the coil
increases, the coil resistance R increases, but if L is kept unchanged, this definitely
lowers the quality followed by [24]

Q=

w- L
—_— 1.1
R ? ( )
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We term this approach as constant-L design where L is assumed constant therefore
() reduces. Thus, optimization of k£ using constant-L approach has a disadvantage
that it results into a 25% reduction in @Q-factor [25], which means increment in

antenna losses and reduction in power efficiency.

The second approach of obtaining a higher Vj,,; by optimizing H is more appealing

and governed by the following relation from faraday’s law

‘/ind:,UO'jw'NRx'AR:L"H

where coil area Ag, and number of turn Ng, both belong to tag coil antenna.
By observing this relation, we note that the V;,4 is exclusively dependent on a
single entity belonging to reader antenna, that is the H-Field H. Therefore, an
enhancement of H will be exclusively reflected as a greater V;,4. For instance,
maximizing H by optimizing the reader coil antenna’s dimensional parameters
surely maximizes V;,4. Since several coil parameters are available, e.g., shape, size,
number of turns, etc., there can be many approaches to optimize these parameters,
one of them is the immediately mentioned constant-L approach. If constant-L is
used to maximize H, it will definitely improve V;,4, but will result into a lower @)
of the reader coil. This leaves a scope to develop a new approach of optimizing
multi-turn coil to obtain an enhanced H-field and high @) of the reader antenna to
improve the link-budget of HF-RFID systems. Thus, the target to maximize the
propagating H-field while ensuring a unconstrained () performance of the reader

coil antenna motivates us to design the optimum reader coil prototype for HF-

RFID systems.

In recent developments on HF-RFID antennas, there are investigations which fo-
cus on developing antennas for some particular applications. For instance, in [26]
a semicircular spiral antenna was developed for the applications where tags are
surrounded by conducting materials. In [27], HF-RFID reader antenna was devel-
oped to monitor gaming chips in a casino by installing synchronized spiral coils

under the playing chip tray.
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1.2.1.3 NF UHF-RFID Reader antennas

As presented in Fig. 1.3, a typical UHF-RFID works in the FF region and corre-
spondingly developed antennas hold a high radiation property implying an abil-
ity of efficient FF detection of the UHF tags. In contrast, for applications, e.g.,
item-level identification in medical instrumentation, health-care (e.g. bio-sensing),
and real-time logistics of mobile consumables (e.g. medicines) and patients, the
promising NF RFID technology developed recently operates at UHF [28]. The
coil antenna (solid-line) are the kind which preferred in the NF applications, as
presented in Section 1.2.2.1, they are the conventionally used low-cost solutions at
HF for reader and tag antennas. The idea of NF UHF-RFID antenna design is to
re-utilize those solid-line coil antennas [24, 25, 29] which are used as reader in the
LF- and HF-RFID. This posses a big challenge to adapt conventional HF-RFID
coil antenna for the use in UHF-RFID while maintaining the original coil size and
hence the large interrogation area. For instance, the solid-line coil antennas used
in LF/HF-RFID are electrically small loops (C' < \/10, where C' is the total cir-
cumference of the loop and A is the operating wavelength [1]), the current flowing
along the loop is almost in-phase which makes them capable of producing strong
H-field in the NF region of the reader antenna [24, 25, 29]. Whereas, at UHF,
C' of the same coil antenna becomes comparable to A [28, 30] (the loop becomes
electrically large) and current distribution along the loop is no longer in-phase,
moreover, the phase inversions and current nulls are encountered. Therefore, con-
ventional solid-line coil used as UHF-RFID reader antenna suffers with weak and
non-uniform H-field in the interrogation zone diminishing the system performance.
For near-field operations, a strong magnetic field is required and the electrically

large coil at UHF must be modified to compensate current phase variations.

To effectively design the electrically large coil antennas for NF UHF-RFID appli-
cations, some ideas have been reported in the literature. To obtain strong and
uniform H-field distribution, a coil antenna is proposed in [31] using segmented-

line loaded with lumped capacitors. The key of this design is to compensate the
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current phases (introduced along the line) at the end of each segment by a capac-
itor, such that the current in the coil appears to be in-phase. A similar idea is
reported in [32-34] where broken-loop antennas were proposed using different cou-
pled lines. Furthermore, to compensate the phases, various configurations of the
segmented-line coils were proposed using e.g., dashed-line [30], embedded phase
shifters in solid-line coil [35], and distributed capacitors [36]. This way, irrespective
of the coil being electrically large at UHF, the current along the perimeter of the
coil is forced to be in-phase. The UHF segmented-line coils presented in [37, 3§]
were composed of multiple segments of a solid-line section intercalated with a
fork-shaped capacitor, these segments were distributed along the periphery of the
coil. This coil was composed of only a single turn and termed as Segmented-Line
Single-Turn Coil (SL-STC). Although, conventional solid-line Single-Turn Coils
are widely used in HF-RFID readers, their evolution into multi-turn coils was a
major interest for coupling enhancement between the inductively coupled reader
and tag HF-RFID antennas. On contrary, segmented-line coils having multiple
turns for UHF-RFID have not been attended. This motivates us to investigate
the possibility to utilize the segmented-lines in a multiturn manner to maximize

H-field in the NF zone of the UHF-RFID.

In recent developments, some novel technologies are adopted to design UHF-RFID
reader antenna for NF applications. In [39], fractal antenna technique was used to
design a protruded tapered slot antenna for UHF-RFID reader. Whereas, in [40],
array technique was applied to develop a UHF-RFID reader antenna consisting
multiple layers of printed dipoles arranged in a square geometry to produce a

strong H-field in the NF zone.

1.2.1.4 NF MW-RFID Reader antennas

The typical applications of NF RFID in the market are largely dominated by lower
frequencies, e.g., LH and HF, because of their maturity over the time, however,
the demand to reduce size and cost of the tags is always motivating researchers to

explore other possibilities of cost-effective tag design technologies. One possible
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solution for the same was reported in [23], where a on-chip antenna (OCA) tech-
nology was developed to design tags with significantly reduced size and price. In
OCA technology, since the tag coil is fabricated directly on the Tag chip, the size
of the coil is very small, therefore, a higher operating frequency should be used
to realize such antenna. The NF RFID system developed in [23] uses frequency
2.45GHz to realize OCA for the tag, and correspondingly a reader antenna was

designed to operate at the same frequency.

Among various applications of the NF RFID, for the one which requires energy
confinement into a small area, e.g., supply chain, warehouse management, heating
of cancerous cells in medical application, item location search, etc., the Near-Field
Focusing (NF-F) antennas are demanded. For instance, for assets identification
on conveyor belts, the reader antenna is desired to be well focused in the near-
field region with low Side-Lobe-Levels (SLL) [41, 42]. A highly focused antenna
results in a high gain with increased efficiency of the RFID reader and the low
SLLs are welcomed for accuracy and reduced cross-talk systems. In [43, 44], a NF-
F planar microstrip array was designed for 2.4GHz RFID readers. A focus agile
(tunes/re-configures the focal distance) antenna can empower RFID systems with
rapid reconfigurability of the energy confinement of a reader. Following this idea,
a NF-F circular array antenna for 5.8GHz RFID reader applications was proposed

in [45] and uses planar printed dipoles as radiating array elements.

1.2.2 Review of Far-Field RFID reader antennas

In the previous section, the NF RFIDs with typical frequencies LF, HF, and UHF
were reviewed, and the coil antennas were found to be the most suitable candidate
for such applications. In contrast, the FF RFIDs find more applications at higher
frequencies e.g., UHF, 2.45, and 5.8GHz, as shown in Fig. 1.3, and the antenna
with high FF radiation is the preferred choice. In addition, the FF RFID reader
antennas in the literature were developed for multiple utilities adopting multiband
approach through a single antenna unit, therefore, the review of FF RFIDs is

attended individually for single- and multi-band antennas.
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1.2.2.1 FF RFID single-band antennas

Although, the typical antennas at higher frequencies can be developed using dipole,
monopole, microstrip/patch technology, there exist approaches in the literature
possessing low cost manufacturing and higher gain designing. For instance, in
[46, 47], partitioned circular/square loops were reported to produce robust FF
radiation and operate at 5.8GHz, where overlapped/top-layer printed loops were
designed. Whereas, in [48] to obtain a higher gain and impedance bandwidth, a
coplanar waveguide-taper fed technology was developed for RFID antennas of fre-
quencies 5.8 GHz and 915MHz individually. To reduce interference, beam-forming
techniques are useful, and smart antenna/phased-array is adopted to shape the
beam of a specific size. A phased array was developed for FFF UHF-RFID reader
antenna in[49, 50] claiming wider bandwidth in UHF and narrower beam-width
to mitigate interference from multiple tag reading. For 2.45 GHz FF RFID reader

application, a five element digital beam-forming antenna was reported in [51].

1.2.2.2 FF RFID multiband antennas

The antennas with multi-band response and solely FF operation are presented in
the following. Dual band antennas combining UHF and MW for FF RFID applica-
tions were designed; in [52] using microstrip slot line operating at 915MHz/2.45GHz
and in [53] using annular plate with slots operating at 922.5MHz/2.45GHz. In
contrast, to combine two MW bands, dual-band 2.45/5.8GHz antennas for FF
RFID readers were developed; using folded strip monopole in [54], using a U-
shaped feed with rectangular printed ring in [55] providing high gains, and in
[56], using a slot loop and a pair of strips for tunability. Some tri-band an-
tennas for FF RFID applications were also reported. For instance, in [57] HF-
UHF-MW were combined in one design using microstrip to develop a tri-band
antenna for 433/923MHz/2.45GHz RFID reader application. Whereas, a tri-
band tag antenna was developed in [58] using meandered dipole antenna for 910
MHz/2.45GHz/5.8GHz. Tri-band antennas were designed using fractal geometry
in [59] for both the reader and the tag operating at 3.6/5.8/8.2GHz.
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Once we reviewed the antennas which were developed individually either for NF
or FF RFIDs, the review of antennas providing both NF and FF functionality

through a single design unit is presented next.

1.2.3 Review of NF-FF and multiband antennas for RFID

In general, RFID antennas are designed for applications with a particular fre-
quency and optimized individually for either NF or FF. However, if a single an-
tenna unit could be developed to read the tags in NF as well as FF regions, it
can significantly reduce the cost of the readers introducing multi-purpose applica-
tions of RFIDs. Moreover, rather using a separate antenna for each frequency of
RFID operation, if a single antenna unit can be developed to operate for multi-
ple frequencies, this will serve to the ultimate purpose of minimizing system-cost.
Therefore, the low-cost multipurpose antennas having both NF and FF opera-
tions along with multi-band responses are highly desirable. In the literature, some
designs of RFID antennas with limited combinations of NF, FF and multi-band

responses were reported.

For instance, antennas functioning at single band UHF having both NF and FF
operations were developed by using; loop constructed from folded dipole [60-62],
segmented circular-loop with capacitive couplers [37], segmented square loop en-
compassing patch [63, 64], slotted circularly-polarized Patch [65], and loop loaded
by a left-handed ladder network for reconfigurability [66]. Some dual-band RFID
antennas to operate in the NF at HF 13.56MHz and in the FF at UHF 866/915MHz
were also reported, e.g., tag antennas designed in [67-72], and the reader antennas

proposed in [73, 74] made of HF-coil and UHF-dipole/monopole elements.

Although, the multiband antennas serve to cost-effective system design, they can
invite extra interference through multiple bands into the operational frequency
band. To mitigate such problems, frequency reconfigurability approach is adopted
[75], in that case the antenna’s operational frequency can be changed to the cur-

rent desired operation. One kind of frequency reconfigurability is called 'switched
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multiband antenna’, where the antenna is able to work at predefined multiple fre-
quencies but behaves like a single-band antenna at a time, this is performed by
switching the operational frequency between multiple bands using RF switches.
Hence, reconfigurable antennas having multi-band response with switchable oper-
ating frequencies are of great interest to reduce interference and improve overall

system performance [75] while keeping the cost to a minimum.

TABLE 1.1: Various combinations of NF, FF, and Multiband properties for
RFID reader antennas

’ Region H HF ‘ UHF ‘ 2.45GHz ‘ 5.8GHz ‘ Reconfig. ‘ Design ‘
NF | x | v X X x [37, 60-65]
FF X v X X (single loop)
NF X v X X v [66]

FF X v X X (single loop)
NF X v X X X Chapter 5
FF X v X X (multi-turn coil)
NF X X X X X [52, 53]
FF X v v X

NF X X X X X [54-56]
FF X X v v

NF X X X X X [57]

FF X v v v

NF v X X X X (73, 74]
FF v X X

NF v X X X v Section 6.1
FF X v X X

NF v v v v Section 6.2
FF v v v

For RFID reader applications, Table 1.1 summarizes the antennas developed with
various combination of NF, FF, Multiband, and switching properties. It can be
observed that previous designs leave a lot of scope for designing multi-purpose
RFID reader antenna with switchable mutiband response. This motivated us to
investigate and develop the antennas which can include most of the properties
shown in Table 1.1. The current research will try to achieve this goal through the

new designs referred in Table 1.1.
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1.3 Overview of the dissertation

The review of previous designs developed for RFID applications, presented in
Section 1.2 showed the limitations of existing antennas, it assisted us to discover
a research problem for this dissertation. Currently, as far as the author is aware,
there are no antennas that can actually work in both NF and FF along with
having multiple operational frequencies to be switched between. It is necessary
to design such antennas to achieve a minimal system expenditure and to gain in
terms of communication reliability. This study intends to contribute in designing
new antenna structures towards addressing the existing limitations, and it forms

the hypothesis of this investigation presented as following.

1.3.1 Hypothesis

It is possible to design a switched multi-band antenna that works for
both near-field and far-field RFID and whose operating frequency can
be switched between multiple bands.

1.3.2 Objective of this research

The main objective of the study is to design a multi-purpose switched multiband
RFID reader antenna. The specific objectives of the study are mainly two folds:
1) To enhance the performance of RFID systems by optimizing reader antennas to
produce intensive fields in the desired interrogation zone 2) To design RFID reader
antenna whose frequency can be switched between multiple bands and for each
band the antenna should be able to work in both NF and FF region. To achieve

the final goal, this study will proceed by targeting following sub-objectives:

e In single-band NF RFID applications, the reader antenna should be opti-
mally designed to enhance field in the vicinity, because, any enhancement in

the field directly translates into an extended reading range and more reliable
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communication between reader and tag units. To achieve this, one approach
can be by adjusting the geometrical parameters of the reader antenna, but
it should not affect negatively on other features like quality and operating

frequency of the reader antenna.

e Single-band reader antennas for RFID applications should be designed to
serve multiple purposes by able to read the tags in NF as well as FF zones.
The intended antenna should be able to produce a robust field in the NF
zone and a decent radiation in FF zone. Such multi-purpose NF and FF
antennas are needed for range extension and for reducing the cost of the

reader system by serving two purposes through a single antenna unit.

e RFID reader antenna should be designed for multi-band operation serving as
universally used antenna for all the frequencies of RFID applications. How-
ever, the switching must be incorporated to reduce interference and cross-
talks by selecting one of the multiple bands at a time for current operation.
Furthermore, this intended switched multiband antenna should perform both

NF and FF operations for each individually selected frequency band.

1.3.3 Key contributions of the dissertation

The dissertation has the following contributions to the knowledge:

e Proposed a novel geometrically optimized multi-turn coil antenna for RFID
application to generate significantly enhanced field intensity in the NF zone

of the reader antenna without affecting quality-factor of the coil.

e Proposed an antenna-array for RFID and wireless-power-charging applica-
tions to wide-spread the interrogation area of the NF reader. A robust
field intensity was achieved throughout the extended interrogation area us-

ing novel optimized multi-turn coil as the array element.

e Deployed the optimized multi-turn coil technique into RFID reader antenna

to generate an enhanced H-field in the NF zone along with a decent radiation
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in the FF zone, as a result, proposed a multi-purpose NF- and FF- antenna

for single-band operation.

e Developed a dual-purpose NF and FF reader antenna with dual-band re-

sponse whose operation can be switched between two RFID frequencies.

e Designed a multi-purpose multi-band reader antenna switchable between
three RFID frequencies and at each individually selected band it can work

for both NF as well as FF RFID applications.

e Introduced a 3-D vector-projection-model to analyze the RFID array an-
tenna for NF focusing applications, and developed an array antenna for
RFID reader with highly focused beam in NF and reduced side-lobes in

interrogation zone.

e Designed a novel RFID-WLAN antenna using ink-jet printing process, where
the antenna is sprayed directly on metal-based containers like food /beverage

cans and useful for hidden antenna applications.

1.3.4 Scope of the dissertation

The dissertation study is performed to address the issues which are not covered
by previous works and summarized in Table 1.1. It is a big engineering challenge
to design a universal antenna which can work efficiently for all the applications
covering all the frequency bands assigned to the RFID. This dissertation work
investigates the challenge of developing antennas gradually to include as many

properties as possible.

For instance, it begins with designing a novel antenna called Non-uniformly Dis-
tributed Turns coil (NDTC) optimized for a maximum H-field generation in the NF
zone of a HF-RFID reader operating at 13.56MHz. Therefore, a single-band an-
tenna having intensified field intensity in the NF zone is developed for 13.56 MHz,
however, this NDTC antenna does not serve any FF purpose. For that opera-

tion, a multi-purpose antenna serving both NF and FF operations is developed for
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UHF-RFID readers functioning at 915MHZ, this is termed as SL-NDTC antenna
and designed using the novel NDTC approach and a segmented-line technique of
obtaining an intensified and wider NF zone. Although, the SL-NDTC antenna
can interrogate tags in both NF and FF, however, it operates only at a single
RFID frequency 915MHz. Towards the intention of addressing the challenge, a
Dual-band reader antenna is developed using the optimized NDTC antenna along
with two RF-switches, the antenna can interrogate tags in both NF and FF zone
and its operating frequency can be switched between two RFID bands, HF and
UHF. Following that, ultimately, a multi-purpose switched multiband antenna is
designed to serve in both NF and FF whose operating frequency is switched be-
tween three RFID bands 915MHz, 2.45GHz, and 5.8GHz. It will be shown to
include two more bands of frequencies 354MHz and 3.72GHz in conjunction with
915MHz and 2.45GHz, respectively, hence, a penta-band antenna is developed.
However, since in this study we are concentrating only on reader antennas for
RFID applications, only three bands 915MHz, 2.45GHz, and 5.8GHz are chosen

for performance evaluation.

Although, there are various RFID frequency bands adopted in the literature, e.g.,
LH, HF, UHF, 2.45GHz, and 5.8GHz, and each individual band can be utilized
for either NF or FF operations, a single antenna unit which incorporates both
the operations at all the RFID bands with switching facility is uneasy to design.
Therefore, this dissertation limits itself upto three RFID bands in a single antenna

unit incorporating multiple purposes of NF and FF RFID applications.

1.3.5 Organization of the dissertation

The rest of the dissertation is organized as follows:

Chap. 2 tours a theoretical overview of the antenna system model to build the basic
knowledge of each separate block consisting in the system model. The performance
parameters of the antenna system are derived and utilized later to analyze some

typical antenna structures.
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In Chap. 3, the design process of 13.56MHz HF-RFID reader coil antenna used
for NF applications is described. To optimize the HF antenna, a novel NDTC
coil approach is proposed which can significantly improve performance of the HF-
RFID reader. The NDTC antenna is modeled theoretically and simulated using

EM solver, and both the results are compared.

In Chap. 4, the NDTC antenna is fabricated and measured results are compared
with the theoretical and the simulated ones. The NDTC antenna’s performance
is further investigated for various substrate and deposited conductor types and
the effect of reflector proximities over NDTC antenna is reported. Moreover, for
extended application of NDTC antenna in RFID and wireless power charging, an
array is developed using NDTC antenna elements to expand the interrogation area

to 4 times while keeping the field intensity to the maximum.

Chap. 5 presents the UHF-RFID reader antenna designed using NDTC approach
to maximize field intensity in the NF zone, in addition, to have a decent FF
radiation characteristics. Hence, a multi-purpose UHF-RFID reader antenna is

developed and presented in this chapter.

In Chap. 6, first, a dual-purpose NF and FF antenna is presented having dual
band operation and can be switched between HF and UHF RFID bands. Second,
a tri-band antenna is presented holding four properties: 1) serves multi-purpose
NF and FF zones 2) has multi-band response to cover UHF and two microwave
RFID frequency bands 3) its operating frequency is switchable between these three
bands 4) operate in NF and FF for each individually selected frequency band.

Chap. 7 demonstrates some applications of antennas. First, a NF focused ar-
ray antenna is analyzed for 5.8GHz RFID application. Then a review of ink-jet
printing process for current generation antennas is presented, followed by design
of a RFID Tag antenna developed using ink-jet printing technology and sprayed
over food/beverage can. At the end, an introduction of UWB antennas for in-car
communication is presented, and a technique to design highly efficient antenna for

in-car communication is demonstrated.
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Finally, Chap. 8 concludes the dissertation with indication of some open problems

and directions of future research.






Chapter 2

Antenna: Theoretical Background

An antenna is a crucial part of wireless communication system and equally im-
portant at transmitter and receiver side. The transceiver (transmitter + receiver)
system consists of several parts, each having its own attributes and working prin-
ciples, and a dedicated governing theory of analysis and synthesis for each part.
These building blocks can be studied separately and a vast literature is dedicated
for each of them. In this chapter, to build the base to understand the overall
antenna system principle, a summery of various building blocks of antenna system

is presented.

2.1 Antenna System

The basic antenna system model [1, 76] for a transmitter or a receiver node is
articulated in Fig. 2.1. The system is divided into several different parts each one
of them having its own importance and vast pertinent theory established in the
literature. To illustrate the model, we take transmitter side as an example, and
the receiver side will be analogous. At the transmitter side, the initial block in the
chain is a transmission module (Tx). The Radio-Frequency (RF) signal traveling
out from the Tx is fed to a Band pass filter, BPF (Part 5 in Fig. 2.1) to confine

the energy flow through a desirable frequency band and to reject the leakage of

35
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FIGURE 2.1: Basic antenna system model.

unwanted energy into the adjacent bands. The theory of Band pass filter design
and its property is studied to get the idea of loss and noise associated with BPF
operation, this can be a crucial part for the overall system performance and its

efficiency.

The filtered signal from BPF reaches to antenna by traveling through a transmis-
sion lines (Part 1 in Fig. 2.1), which may also introduce losses and distortions in
the traveling signal. At lower frequencies, length of the transmission line is com-
paratively smaller than wavelength of the traveling signal, an equivalent lumped
elements model can be used to represent and analyze the transmission lines, which
is governed by circuit theory. In contrast, at higher frequencies, transmission line
can not be represented as lumped elements model, thereby, making the analy-
sis complex. This is because, when the signal’s wavelength is smaller than the
transmission line’s length, it causes a spacial variation in the signal’s amplitude
along the line length. Hence, the transmission line theory is required when dealing
with such a higher frequency signal traveling through the transmission line. At
the termination point of the transmission line, if the impedance of the antenna is
mismatched with the impedance of the transmission line, it can cause reflections
at input junction of the antenna. The impedance mismatching can significantly

reduce the efficiency of the system, therefore, a matching network (Part 4 in Fig.
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2.1) is required to effectively match the transmission line to the antenna. The art
of designing an efficient matching network is covered in matching network theory

and will be described in this chapter along with several other parts of Fig. 2.1.

The electrical signal fed to the antenna is launched into the space in the form
of Electro-Magnetic (EM) waves. Therefore, the antenna can be perceived as a
converter of the electrical energy to the EM energy. This energy conversion should
be efficient for a desirable system performance and governed by the characteris-
tics of the antenna (Part 2 in Fig. 2.1). Once released from the antenna, EM
waves can travel through the medium (channel) and undergo through different
channel phenomenon, e.g, distortion, multipath fading, reflections, etc (Part 3 in
Fig. 2.1).The characteristics of the EM waves propagating through a medium are
studied under radiation and EM propagation theory.

At the beginning, it is desirous to start with the transmission line theory, so
that evolution and working principle of a radiating element or an antenna can be
understood. Hence, first we evaluate the basic characteristics of the transmission

lines and the theory for its analysis.

2.2 Part 1: Transmission Line Theory

In this section, an overview of transmission line theory is presented, and most of
the descriptions are fetched from well built chapter on this topic in [76]. For all
circuits consisting of lumped elements and connectors, circuit theory is the way
to analyze the properties of the circuit elements. The limitation of the circuit
theory analysis is that it is useful only for the lower frequency signals having
wavelength considerably higher than the spacial extension of the circuit elements.
In other words, if a time varying signal is fed to a circuit element then at a given
point of time its phase should not vary along the length of that element. Since,
the spacial invariance of signal property is not assured for higher frequencies, the

circuit element can not be represented by a lumped element network. Therefore,
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the circuit theory analysis is not valid and a separate method called field theory

is evolved.

In the field theory, the signal is represented as electric and magnetic field waves
which travel through the medium, this provides the relationships among various
entities of waves, sources, and medium. These relations are derived from the
maxwell’s wave equations that provide full solution of wave properties and EM
fields at each location of the space. In contrast, at very higher frequency (optical
domain) where the wavelength is much shorter than the element’s size, the analysis

is carried out using geometrical optics theory.

Depending on the complexity of the microwave circuit elements, the field theory
analysis possess its own mathematical complexity due to complex Maxwell’s field
relations. We note that, although, phase and magnitude of the signal vary along
the component length, it can still be represented as distributed lumped elements
connected in series. The study using distributed elements model is called as trans-
mission line theory, which is a bridge between the standard circuit theory and the
field theory, and also an easy method for initial understanding of the component’s

behavior.

2.2.1 Distributed lumped elements model for transmission

line

The transmission line is modeled using distributed lumped elements. An small
element of the line is chosen such that its length dl represents only a small fraction
of the wavelength, and the applied voltage and current can be treated constant
along the dl. This small fraction of length dl can be represented as a lumped
elements network as shown in Fig. 2.2 [76], this way the entire transmission
line can be represented by a series connections of such lumped networks. The
fraction dl is represented in Fig. 2.2 by series and parallel combinations of lumped

resistance, capacitance, and inductance where
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FIGURE 2.2: Distributed lumped elements model for transmission line.

R=series resistance per unit length (representing losses due to finite conductivity

of the two conductors in dl)

G=shunt conductance per unit length (representing dielectric losses of the material

between to conductors)
L= inductance per unit length of the two wires
C=capacitance per unit length between two conductors

These are the primary parameters of the transmission line and depends only on
the physical characteristics of the line. In terms of primary parameters R, G, L,
and C, the voltage V(x) and the current [(z) variation along the line length z is
given by:

dV(z)
dx

dl(z)
dx

= —(R+ jwL)I(x);

= —(G + jwC)V(z), (2.1)

where sinusoidal variation e/“! of signal is assumed in time. The solution sets of
differential equations (2.1) are obtained as:
758 Voo
V(z)=Ve ™+ Vie™ I(z) = 2e 1 — L (2.2)
Zo Zy
where 7 is the complex propagation constant given by a combination of attenuation
constant o and phase constant 3, and Z; is the characteristic impedance of the

transmission line. Both v and Z; are the secondary parameters which are defined
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in terms of primary parameters as:

y=a+j8=(R+jwL)(G + jwC) (2.3)
and
(R4 jwL)
Zo = (G + jwC) (24)

Moreover, for a lossless transmission line with R = G = 0, the ~ is purely imagi-

nary and we have:

a=0; B=wVLC; Z,= \/g (2.5)

From (2.5) we note that § is frequency dependent, therefore, signals with different
frequencies will travel with different velocities through the transmission line. In
practice, secondary parameters are widely used to describe the properties of the

transmission lines.

By observing V(x) in (2.2), we note that the voltage is a linear combination of
forward and backward traveling waves. This wave behavior corroborates the claim
made for the field theory that electric and magnetic fields are a combination of
waves traveling along the line in opposite directions. To understand the physical
meaning of characteristic impedance Z; of a line, we note from (2.2) that Z; is
the impedance seen by individual traveling waves. In other words, characteristic
impedance is the voltage to current ratio in the presence of a single wave traveling
in only one direction. But we can see the energy flow in (2.2) occurring in both
the directions simultaneously, which means there exists a source of this backward
traveling wave at the line termination. This phenomenon can be explained as

following.

When transmission line is terminated at an arbitrary load impedance Z;,, shown
in Fig. 2.3 [76], a part of forward traveling wave (incident wave) is reflected back
due to mismatch at the load site. This reflected wave serves like a source for the
backward traveling wave in (2.2). This reflection phenomenon is characterized by

reflection coefficient I" which is the ratio of reflected and incident voltage wave
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FiGURE 2.3: Transmission line terminated at an arbitrary load.

amplitudes and is given by:

Vo Zi— %

= = 2.6
VO+ Z1, + Zy ( )

Due to this reflection, the whole power is not getting transfered to the load; this

loss is quantified by return loss (RL) in dB as:
RL = —20-log|l'| dB. (2.7)

In practice, to realize I' of an antenna (which can be seen as a single port network),

the scattering parameter S; is measured.

Arose due to mismatching, the forward and backward waves traveling through the
same line interfere and generate standing wave along the transmission line. This
standing wave exhibits voltage maxima/minima distributed across the line, and
their relative values determine the intensity of the reflected wave and mismatching.

Therefore, another measure of mismatch is given by Voltage Standing Wave Ratio

(VSWR) and defined as:

Vinaz 1+ ||
Vinin 1 —|T|

VSWR = (2.8)

Since the voltage in (2.2) varies along the length of the line due to reflections, the
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input impedance Z;, of the transmission line while looking from source side will
also vary along the length. The value of Z;,(l) at a distance [ away from the load

site (Fig. 2.3) is given by:

V(=) _, Zu+ jZotanBl

0 I(=1) ~ “°Zy+ jZtanpl

(2.9)

The Z;,,(1) relation given in (2.9) is very important to build basic understanding
of the antenna theory, shown later in this chapter. As we will see in Section 2.3,
it is simpler to understand antennas (e.g., electric dipoles and loops) by realizing
antennas as a special case of transmission line terminated with specific loads.
For instance, a short electric dipoles (or loop) can be realized as an open (short)
circuited transmission line. Therefore, we will now consider these two special cases

of load termination of the transmission line.

2.2.2 Open circuited transmission line

When a lossless line is terminated with open end, the load impedance Z; = oo,

and Z;, in (2.9) reduces to

We note that the input impedance of an open circuited lossless transmission line
in (2.10) is purely imaginary and capacitive for a short line length /. The input
impedance, voltage, and current variations along the length of the open circuited
line is depicted in Fig. 2.4 [76]. As expected, the standing wave voltage is max-
imum and the current is zero at the end of transmission line. These results are
important and utilized in Section 2.3 in understanding small electric dipoles. It
is intended that the input impedance of a small electric dipole should have a

capacitive imaginary part.



Chapter 2. Antenna: Theoretical Background 43

1 M Normalized
V(z)
: : >
-A -3\/4 -N2 -\N4
-1
(a)
N
1 Normalized
/\ I2)
/ -A -3\/4 -\2 -4
-1
(b)
i : A
i i Normalized
i i Xin
LA 3M/a ‘N2 M4

(c)

FIGURE 2.4: Transmission line with open circuit load (a) voltage (b) current
(¢c) impedance.

2.2.3 Short circuited transmission line

If a lossless line is terminated with short circuited load, the load impedance Z;, = 0,

and Z;, in (2.9) simplifies to

We note that the input impedance of a short circuited lossless transmission line in

(2.11) is purely imaginary and inductive for smaller length /. The input impedance,
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FIGURE 2.5: Transmission line with short circuit load (a) voltage (b) current
(¢c) impedance.

voltage, and current variations along the length of short circuited line is depicted
in Fig. 2.5 [76]. The standing wave current is maximum and the voltage is zero
at the end of the transmission line. Analogous to the open-circuited transmission
line, the short-circuited line can describe small current loops which intended to

have input impedance with an inductive imaginary part.
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2.3 Part 2: Antenna Theory

Once the basic features of a transmission line were covered in Section 2.2, the
antenna and its characteristics are now described. The antenna is defined as a
unit which emits electro-magnetic radiation. As we will see in this section, a
transmission line can also behave like an antenna if the conducting wires of the
transmission line are optimized for the purpose. Most of the description and theory

in this section is inspired by [1, 77].

2.3.1 Radiating elements

The radiation is a property of conductors but not all the conductors radiate elec-
tromagnetic energy. The antenna built with a single wire can radiate only when the
wire is bent, terminated, truncated, curved or discontinuous, in case the charges
in the wire are moving with constant velocity. A single wire without any defor-
mation will radiate if the movement of charges in wire is time varying, this way,
even a single wire can be used as an antenna. But the single wire antenna does
not support TEM mode, because from the field theory we know that at least two

conductors are required for TEM mode to be operational.

The transmission line with two parallel wires seems suitable for the TEM propa-
gation at first sight. But the currents in two wires of the transmission line flow in
parallel but in opposite directions, and too close to each other that the total field
is canceled in space. Therefore, it eliminates the possibility of EM radiation and

can only guide EM waves along the length without any radiation.

Lets consider a two wire transmission line which is open circuited at the load
site as shown in Fig. 2.6 [78] with standing waves depicted in Fig. 2.4. Now
we gradually bend the two wires from open end in opposite directions to make
a vertical dipole as shown in Fig. 2.6. The dipole now has two currents flowing
in the same direction in the two vertical wires, and hence it radiates EM waves

into the space. This way, we can understand the EM radiation process of a dipole
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which is a simplest form of the antenna. It is also required to realize the radiation
of other complex antennas. For this, we analyze the radiation characteristic of
an infinitesimal dipole antenna known as Hertz dipole in Section 2.4, which is
nothing but a very small current caring element. Since any complex antenna can
be represented as combination of distributed infinitesimal current caring elements,
the radiation by that complex antenna can be realized as a vector combination of

radiation from infinitesimal dipoles.

In general, the antennas do not radiate the whole power supplied to them by the
transmission line; this is characterized by the efficiency of the antenna radiation.
The antenna system has its own limitations and behavior which should be char-
acterized to know the efficiency of the antenna systems and their properties. We

now study some of such parameters associated in general with the antennas.

2.3.2 Antenna parameters and properties

Although, the antenna can radiate EM power, but no practical antenna is ideal
to radiate all the power fed into it, because, antennas have losses due to finite
conductivity of metal and also due to dielectric. Moreover, when the antenna is
not matched with feeding transmission line, this adds return loss to the practi-
cal antennas systems. To analyze the antenna properties, its transmitting mode

equivalent circuit is represented in Fig. 2.7 [1].

The equivalent circuit of the antenna consists of loss resistance Ry, radiation

resistance R,., and reactance X,. The loss resistance R represents the conduction
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FIGURE 2.7: Equivalent antenna circuit in transmitting mode.

loss R. and dielectric loss Ry of the antenna structure following the relation:

Ry, = R.+ Ru. (2.12)

Hence, the total antenna resistance becomes:

R,=R;+R,=R.+Rg+ R,. (2.13)

The antenna is fed by a source V, with internal impedance Z, = R, + j.X, through

a transmission line with characteristic impedance Zj.

2.3.2.1 Input impedance

Input impedance, Z,, of the antenna is the impedance at input terminal of the

antenna and given as,

Zo= Ry + jXo = Ry + R,) + j Xa. (2.14)

Once we know Z,, the reflection coefficient, I',, at antenna’s terminal can be

calculated using (2.6) and is given as:

r,=22"2° (2.15)
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2.3.2.2 Impedance Bandwidth

The input impedance of the antenna is frequency dependent, and because of that
the antenna is not tunned for all the frequencies. Therefore, return loss of the
antenna will also depend on the frequency and it will increase with operating fre-
quency deviation from central frequency of operation. The frequency range around
central frequency (tunned) where return loss is under tolerable limit (mostly taken
as 10 dB) is called as impedance bandwidth. The prefix 'impedance’ given for this
bandwidth is because the antenna impedance is mismatched if signal frequency is

out of this bandwidth around operating frequency of antenna.

2.3.2.3 Antenna total efficiency

The antenna total efficiency e, takes into account all the losses present in the
antenna structure as well as the mismatch loss occurs at the input terminal of the
antenna. In terms of conduction efficiency e., dielectric efficiency ey, and reflection

or mismatch efficiency e, = 1 — |y |?, total efficiency is given by:
a = eceatr = eca(1 — |Ta]?), (2.16)

where e represent total loss in antenna structure and T, is given by (2.16).

In practice e. and ey can not be measured separately, hence the combined e is
measured, whereas I', can be measured by Si; as stated earlier for single port

network like antenna.

2.3.2.4 Antenna radiation efficiency

Antenna radiation efficiency, e.q, is defined as the ratio of the power delivered to
R, to the total power entering in to the antenna structure (power delivered to R,

and R,) and is obtained as:

(2.17)
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2.3.2.5 Radiation power

The power radiated by antenna is nothing but the power dissipated in R, and is
given by:
1
Prad: §|I|R12“ (218)

In this section, we have analyzed some of the properties of the antennas by rep-
resenting it by an equivalent circuit. But by doing that we can analyze only the
physical losses, reflections etc. of the antenna, but not the spacial radiation char-
acteristics and patterns. The radiated power P,.q detaches from antenna in the
form of EM waves. Therefore, to understand the radiation characteristics, we
first need to study the properties of EM waves detached from antenna. Moreover,
the antenna may not be able to radiate its power uniformly in all the directions.
Hence, the directional properties of the antenna radiation are also of interest.
Since P,,4 represents only the real power radiated by the antenna, there should
be some reactive power associated with the antenna represented by X,. To know
about these mentioned characteristics, e.g., complex power and its distribution in
the space around antenna, we study the properties of EM waves emitted from the

antenna in Section 2.4.

2.4 Part 3: EM Propagation and Radiation

As discussed in Section 2.3, the antenna emits EM radiation into the space. The
radiation properties as a function of space in 3-Dimension (3D) is represented
by radiation pattern of the antenna where the radiation properties like Electric-
field (E-field), H-field, radiated power density, directivity, etc. are presented in
graphical or mathematical form. The EM radiation from an antenna can be fully
described by knowing E- and H-field values at each location of the space surround-
ing the antenna. In this regards, the overview of background theory presented in

this section are developed from [1, 2].
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2.4.1 Electric and Magnetic fields

Similar to Section 2.3, an infinitely small current carrying element (Hertz dipole)
should be studied to understand the EM behavior of other complex antennas.
To evaluate the electric and magnetic fields, we place a Hertz dipole of length
[ << A/50 and a uniform finite current I, at the origin and aligned it along z-axis

in spherical coordinate system, as shown in Fig. 2.8. The electric and magnetic

FIGURE 2.8: Infinitesimal current caring element and EM radiation.

fields at a point P in space having a distance r from the Hertz dipole are obtained
by solving Maxwell equations for EM waves in space with current source at the

origin. The field components are calculated as:

Iyl cosf) ed@t=ifr [ 3 J
E - N 2.19
e wr?  wrd ( )

Iyl sinf e7«t=387 [ 532 B J
B - AR 2.2

b 4d7e wr + wr?  wrd|’ (2:20)
BEy=0, H,=0, Hy=0, (2.21)

Iyl sinf /=387 T453 1
H, = — 4+ —. 2.22
¢ 4 r + r2 ( )
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By analyzing these field equations, we observe that there are three different term
variations with distance r. Depending on the degree of decay with r, the three

different terms can be described as:

1. % Radiation field ~ £ oc w

2. %2 Induction field ~ ‘4—’275, independent of w

3. T% Electrostatic field ~ ﬁ x %

These three points are the key and at the core of different properties of the fields

at different region of space around antenna element, presented next.

2.4.2 Power in space around antenna

Once we know the field distribution around the antenna in space, we can evaluate
the power emitted into the space as a function of distance from the antenna. The

total power flow in radial direction at a distance r is given by:

Il |?

A

p=""

3 " ey

1
(1 —> = P,.a(Real) 4+ Reactive power (Imaginary) (2.23)

From (2.23), it can be seen that the total power is a complex quantity with real
part being radiated power and the imaginary part being reactive power stored in
the space, therefore, justifying the reactive element X, in circuit model of Fig.
2.7. We note that, the complex power in (2.23) is only the radial component.
There exist also the transverse component of the power which is purely imaginary
added contribution to X,. Depending on the domination of the reactive or the real
powers, the region around the Hertz dipole is divided broadly in to two regions.
The first region r << A/27, where reactive power dominates the real power, is
called as near-field region. The second region r >> \/2m, where the real power

dominates and reactive power (diminishes to zero), is called as far-field region.

After the study of radiated power and near- and far- field region characterization,

we realize that the power is assumed to be radiated uniformly in all the direction,
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till now there is no clue of directional properties of the antenna radiation pattern.

In the next section some directional properties of the antenna are described.

2.4.3 Directivity and Gain

The energy flow carried by electric and magnetic fields in radial direction is rep-

resented by average pointing vector (power density) W defined as:
1 *
W = iRe[E x H*| (2.24)

and for far-field it is called as radiation density. The radiation intensity U defined

as power radiated per unit solid angle is obtained as
U=nrW (2.25)

Directivity D: ratio of radiation intensity U in given direction to radiation intensity

Uavg averaged in all the directions, using U,y = Pra/47 is given by
U 4mU
D= = 2.26
Uavg Prad ( )

Relative Gain G: the ratio of power gain in a given direction to the power gain of

a reference antenna (e.g., isotropic lossless source) in the referenced direction.

AU 47U
G — = Ced—=—— = € D 2.27
Py, (lossless isotropic antenna) Ced Prog Ced (2.27)

2.4.4 Case study: The Magnetic Coil Antenna

The coil antennas having one or more loops are suitably adopted in near field
applications such as RFID. The principles behind which these systems work is
known as near field induction (coupling) between the Tx and the Rx coil antennas.
It is widely used in High Frequency RFID (HF-RFID) applications, where the

coil antenna is a natural choice and adopted in both a reader and a tag system.
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Once the field equations for infinitesimal current carrying element are known from
Section 2.4.1, in this section, we utilize them to derive the field distribution of a

current carrying loop and extend it later for a multi-turn coil antenna.

2.4.4.1 Field at the axis of a current caring small loop

Lets consider a small loop of radius a carrying a constant current I, (electrically
small loop hence a constant current assumption is valid) as shown in the Fig. 2.9.
The electric and magnetic field intensity will be derived at an observation point
situated at a distance D from the center of loop antenna. The loop is divided into
several infinitely small current sections of length dl, each having current I,. The
field components originating from one such current section at observation point

are depicted in Fig. 2.9(a) [24]. By knowing this geometry, it is observed that the

(a) (b)

FIGURE 2.9: Infinitesimal current caring element and EM radiation.

fields due to dl can be obtained by substituting # = 90° in to the field equations
(2.19) - (2.22). This renders all the fields zero except Ey and H, whose magnitudes
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can be obtained from (2.20) and (2.22) as

ILydl | B
= S 2.2
4 hre Lurz] (2.28)
Iydl [1
Hy = —1. 2.2
dl 47 [7’2] (2.29)

where only the near field reactive parts are considered as explained in Section
2.4.1. The directions of these fields are geometrically shown in Fig. 2.9(a). The
total field at distance D is given by vector summation of field components from

all the current elements forming the loop.

We note that due to symmetry, the E components will cancel each other, and
hence, the total E will be zero. The H components (Hgy siny) parallel to loop
plane will cancel each other, whereas, the H-components (Hy; cost) along the axis

will add to the total H-field and calculated as [24]:

2ma T T T 2
H= ZHdl siny = / 2 { ] mdl=2 {a—g] = oe 5 (2.30)
47T 2 |r 9 (m)

The resultant H-field formulated in equation (2.30) represents the total field at the

axis of the loop and has a direction normal to the loop plane. By analyzing this
case study, it is proved that any complex antenna can be analyzed by knowing the

field distribution of an infinitesimal current caring element (Hertz dipole).

2.4.4.2 The multi-turn coil

To enhance near-field coupling of the magnetic loops, a coil having multiple turns
is utilized. The multi-turn coil antenna, shown in Fig. 2.10, can be expressed
by a radius vector A, where A = [aj, as,...ay] and a; is the radius of " turn
(loop), number of turns N, and current [ in the coil. In this section, we extend
the derivation performed in the previous section to find the H-field produced by
an electrically small multi-turn coil antenna at a distance D. The total H-field for
a multi-turn coil is given by summation of all fields generated by each of N turns

[17]. Hence, using derived H-field of a single loop in (2.30), the resultant H of a
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D
H
FIGURE 2.10: The field at a distance D from a multi-turn coil.
multi-turn coil antenna is obtained and given by [24]:
N
I-a?
H(A) =) . (2.31)

Inductance and Resistance of a multi-turn coil

To analyze the antenna, an equivalent circuit having lumped elements is used.
Therefore, the equivalent circuit parameters of the multi-turn coil antenna is de-
rived and used in later chapters. The multi-turn coil antenna is highly inductive

and equivalently represented as an inductance L and a resistance R.

The inductance L of a multi-turn coil with N turns is given by the sum of self-
inductances of individual turns added with mutual inductances between them [25].

For a single turn of radius a, the self-inductance is calculated as:

L, Sune) = o (1n (472 =2}, (2.32)
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where Sy is the cross sectional area of the wire. The mutual inductance between

two turns having radius a; and a; is obtained by [25]:

M(ai, a5) = o J/aia; K% - n) K(x) - %E(@} , (2.33)

where k = 2, /a;a;/ (a; + a;), K(x) and E(r) are the complete elliptic integrals of
the 15" and 2" kind respectively. Hence, using (2.32) and (2.33), L is given by:

L(A) = Z L((IZ’,T) + Z Z M(CLZ‘, CLj)(]_ — ¢ij)7 (234)

where ¢;; is one for ¢ = j and zero otherwise.

The resistance R of the multi-turn coil antenna depends on the conductor length

and an approximate value is given by [79]:
RA) = ———> 2, (2.35)

where o = 5.9 x 107/Qm is the conductivity of the copper. Since, L and R are
the functions of A, they can be calculated using (2.34) and (2.35) if the turn

distribution A is provided.

2.5 Part 4: Matching Network

To maximize the power delivered to the antenna, input impedance of the antenna
should be conjugately matched with characteristic impedance of the transmission
line; a matching network is used to perform that task. Matching becomes cru-
cial for safety purpose for the systems which are highly sensitive to the reflected
powers. The basic feature achieved by the matching is that there should not ex-
ist any reflections coming into the source. Various sort of matching networks are
present but the choice depends on the complexity, bandwidth, frequency agility,

implementation and cost.
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For instance, in case of antenna’s input impedance has purely real part, a quarter
wave transmission line can be used to match the load; this involves a simple
analytic solution. But to match a complex input impedance of the antenna, a
L-section matching network with lumped elements can be used [76]; this involves
either a graphical solution based on smith chart or an analytical solution using

formulas to calculate matching network parameters. Fig. 2.11 [76] shows two L-

— jX o iX
Zo jy Z. Zo )Y Z,
0 0O
(a) (b)

FIGURE 2.11: L-section matching networks

section matching networks attached with antenna impedance Z, = R, 4+ 7 X, and
having serious or parallel combinations of the lumped elements. For designing the

matching network shown in Fig. 2.11(a), the analytical solutions are given by:

Xo+ /52 \/R2+ X2 — ZR,

Y R+ X2 , (2.36)
X = % - X}“%aZO — %, (2.37)
and for matching network of Fig. 2.11(b), the parameters are given by:
X =+ Ri(Zy — R,) — X, (2.38)
BV % ;(f“)/R“. (2.39)

For antennas, designed to operate at microwave frequencies, e.g., printed, micro-

strip antennas, a single and double stub matching techniques can be used; this is
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done by the lumped elements replaced by open and short circuited printed trans-
mission lines connected in series or parallel with antenna input. Above impedance
matching techniques are useful for narrow band antennas and applications. For
the antennas demanding high bandwidth, more sophisticated matching units are

used for instance Chebyshev multisection matching transformers, etc, [76].

2.6 Part 5: Band Pass Filter

A filter is an entity of the system which is used to control the frequency response
of the system by controlling transmission of signal depending on frequency. The
filter allows transmission of signals of frequencies falling in passband of the filter,
whereas, it causes severe attenuation of the signal falling in stop-band of the de-
signed filter [76, 80]. At lower frequencies, the filters are designed using lumped
element circuit and various methods such as image parameter method, insertion
loss method can be used [76]. Whereas, at higher frequencies lumped element
circuits are not effective as the size of element becomes comparable to the wave-
length, therefore, distributed element model should be used. The lower frequency
methods for BPF designing yield lumped element parameters for equivalent cir-
cuit of the filter, but at microwave frequencies, these lumped parameters should
be transformed into distributed element parameters of transmission line sections,
which can be done using techniques called Richard’s transformation or Kuroda

identities [76]

A band-pass filter (BPF) is designed to transmit the signal of an specific band while
stopping the signal out-side the pass-band to reduce interference from other devices
and cross-talk in the system. The ultimate advantage of BPF in a communication
system is the improvement of Signal-to-Noise Ratio (SNR) by rejecting unwanted
noise from the deemed signal of transmission or reception. The same operation is
somewhat done by an antenna which transmits signals falling inside its bandwidth

and rejects out of band signals. However, the attenuation at the out-of-band
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frequencies is carefully designed by BPF, an antenna can be designed carefully to

also work like a BPF [81], therefore, relaxing the front-end BPF requirement.

2.7 Summary

This chapter was dedicated to present a theoretical background of antenna sys-
tems. Various basic building blocks of the antenna systems were introduced and
most important features of each block were described. These building blocks were
backed by corresponding theories such as transmission-line, antenna, radiation and
EM propagation, matching network, and band-pass filter, where an analogy was
presented between these blocks. The focus in this chapter was on introducing the
antenna parameters and their relation with antenna’s radiation characteristics.
The typical antenna equations defining antenna’s physical and radiation charac-
teristics were presented and used in later sections to analyze some typical antenna
structures, e.g., electric dipole, loop, and multi-turn coil antennas. The analytical
knowledge reported through this chapter will serve throughout the remaining of

this dissertation.






Chapter 3

Coil Antenna for HF-RFID

This chapter explores modeling and designing of near field coil antennas used as
reader in HF-RFID applications. The RFID system is optimized for high power
transfer efficiency (e.g., wireless power charging) and/or high data rate (for reliable
communications) applications. The performance is enhanced by optimally choos-
ing the coil’s geometric properties to maximize/provide a significantly enhanced

magnetic field as a result.

3.1 Introduction

In chap. 1, near-field RFID systems were introduced and concluded that the an-
tennas having a high near-field reactive energy and low radiation resistance are
the preferred choices for such applications. It is welcomed to adopt HF 13.56 MHz
band for its worldwide unlicensed use and its immunity to water and surrounding
dielectric materials. Once frequency is chosen, a suitable antenna is designed and
the coil antenna seems to be the preferred choice for its low-cost when used in

both Tx and Rx of HF-RFID [3, 1618, 82].

Since the power and data transfer is performed ultimately through the antennas

using near-field coupling, their optimal design is crucial for achieving optimal

system performance. In HF-RFID, both the coils (Tx and Rx) can be realized as
61
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loosely coupled (magnetically) transformer, where energy gets transferred because
of inductive coupling between the coils. This way, the coil antennas for HF-RFID
are characterized by parameters such as the coupling coefficient (k) between the
Tx and Rx coils, H-field (H) at the receiving coil, inductance, L, and unloaded
quality @) factor of the antenna, etc. Due to the fact that the coil antennas for HF-
RFID are designed for maximum reactive field and minimum radiation resistance,
the performance characteristics which belong to a usual far-field radiating antenna
e.g., gain, directivity, radiation pattern, etc. are of minimal interest for a near-
field antenna. To achieve desired performance characteristics, the optimization of
geometric parameters such as the coil shape and dimension in radius, the section

of the wire in radian, and the number of turns [19] is performed.

Lets consider the Tx coil antenna design to understand the process. It is certain
that a maximum H at Rx coil (to maximize coupling between them) should be
achieved and is done by optimally choosing geometric parameters of a Tx coil. On
the other hand, what should happen with (), should it be maximized along with H?
It is known that a higher ) means lower losses and high power transfer efficiency
between Tx and Rx. In contrast, the () being inversely proportional to the Band
Width (BW) influences the design for specific applications demanding higher data
rates and hence a lower (). Because of this ‘application dependent () demand’,

subsequently, the coil antenna design can be bifurcated into the following;:

1. Coil design for a high power transfer efficiency (high @ design); for the
applications which demand high power transfer but not the data rate, e.g.,
1-bit RFID, Biomedical applications, wireless power charging for sensors,

etc.

2. Coil design for a reliable data transfer (low @ design); for the applications
demanding some data rate while low power transfer efficiency can be com-
pensated by low communication range, e.g., short range RFID 106 kbps
[SO-14443 [83].
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3.2 Coil design for high power transfer efficiency

In this section, we present the design and H-field enhancement procedure for the
power efficient coil antenna. For case study, we choose the reader coil antenna
design for a RFID application (1-bit RFID), but the approach is equally valid for
other applications demanding power efficient designs with a high Q. In [24], the
design procedure for a RFID reader antenna is presented, where dependency of
the reader coil size on the read out distance from a predefined tag is studied. The
design parameters for the reader antenna are the coil shape and size, the section of
the wire, and the number of loops. These parameters determine relevant system

performance quantities, H at the receiver coil, L, () of the reader antenna.

Consider D be the maximum distance a tag can be situated (reading range of
interrogation) from the reader coil. Typically, that reader coil should be designed
such that the tag collects sufficient H (the minimum value H,,;,) to activate the tag
IC. As this system works in near-field only, D is limited to D < \/27 &~ 4m (chap.
5 of [1]) for 13.56 MHz. An electrically small circular coil [1] with a constant current
I flowing along the tracks of the coil is considered as reader antenna. Because of
the electrically small size of the coil, the current flowing in the resulting loops are
in phase and hence the H-field components adds constructively contributing to the
overall H-field for a distance D [24] as shown in Section 2.4.4. The coil having N
number of turns is called the Concentrated-loops coil Fig. 3.1(a) [29] where all the
turns of the coil are concentrated near the outer loop with radius a; and hence

the spacing between the loops is negligibly small.

The two geometric parameters N and a; are to be found and optimized to get
the reader coil designed where it produces maximized H at predefined D. In [24],
a; of Concentrated-loops coil was optimally found to have a maximum H, which
turned out to be a function of D but independent of N ; the optimal a; was found
as a; = /2D for small D (< 1 m) [84]. Whereas, the values of N and I were
derived in [24] as follows:

I x N =+/27H,;,D. (3.1)
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FIGURE 3.1: (a) Concentrated-turns coil antenna (b) Distributed-turns coil
antenna.

Using (3.1), the number of loops, N, can be obtained if the coil is fed with a
constant but limited known current source, I. Hence, for a given I and D, the

optimized a; and N can be obtain.

However, the obtained N affects the @) of the antenna, as both are proportional
to each other. The () increases with N, whereas the BW of the antenna reduces
with N because the @ is inversely proportional to the bandwidth [79, 85]. The
BW requirement for the current design is low, but the high @ is required. Hence,
the value of N is chosen such that the desired @ is achieved. This design method
will lead to an optimum reader coil with radius a;, number of loops (turns) Ny,
corresponding inductance L1, resistance Ry, and quality factor ¢);. Once the input
impedance of the coil is known, it is important to match the antenna to 502 by
resonating coil at 13.56MHz using a matching series RLC circuit with a lumped
capacitance C, given in [24]. The lumped capacitance C' is chosen to resonate the

coil at f = 13.56MHz using formula f = 27r\/1LTC'
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3.2.1 H-field Enhancement

To this end, we notice that, to further improve H of an antenna of Fig. 3.1(a) with-
out increasing I (for limited current sources), N should be increased. However,
an indefinite increment of N in the Concentrated-loops coil, Fig. 3.1(a), causes
unacceptable reduction in BW due to an increased ). We note that, improving
H ultimately improves induced voltage (V;,q) in the Rx (Tag) circuit and hence
a higher power transfer. Several approaches are adopted in the literature to ul-
timately increase the Vj,q [17, 23, 25] using various geometric optimization and

using various performance quantities, one of them is improving & to improve V4.

In this approach, we enhance k between the reader and the tag to ultimately get
an improved Vj,q by keeping the reader’s inductance L constant [23, 25]. This k
improvement can be translated into an improved coverage (read-out distance) and
Tag antenna size reduction otherwise. The improvement in & results in increased

Vina by following the relation from [23]

Via=j-w-k-\/L-Lpy-I (3.2)

where L and Lg, are the inductances of the reader and the tag coils respectively. I
is the current in the reader coil, and w is the operating frequency. We can observe
from (3.2) that the V.4 is not exclusively a function of k£ (the reader coil dimension
dependent), and is subject to L of the reader coil which can also be altered (like
k) with a change in reader coil parameters (e.g., radius). Therefore, changing the
reader’s geometric parameters to enhance k (keeping L constant) may not fully
reflect as desired enhancement in Vj,4. This is why a 25% reduction in Q-factor
[25, 29] is observed in the constrained optimization of k& while keeping L constant.
A reduced @) results into an increased loss in the reader circuit, and hence reduces

the power efficiency.

An another approach is more appealing with other design consideration, where

our focus is to enhance the propagating H-field coverage (distance) between the
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reader and the tag following the relation by faraday’s law
%nd:MO'jw'NRx'ARx'H (33)

The importance of this approach is, as apparent from (3.3), H is the only pa-
rameter depending of reader’s geometry and V,4 is exclusively dependent on the
H. Therefore, an enhancement in H by geometric alteration of the reader coil
will fully reflect as desired and greater V;,4. However, some H enhancement ap-
proaches to improve V;,,4 may result in a degraded @), for example, the constant-L

approach [23, 25].

For instance, a very attractive approach is adopted to enhance the H-field at a
predefined distance of a tag by increasing N and spacing between the elements
that form the coil [17, 25], yet, it results in a lower (). This is because of the
increment in the reader coil resistance R (while L remains unchanged) and as a
result, lowers the quality given by

w- L
R

Q= : (3.4)

for a series resonator in [24]. That is why this approach is called as constant-
L design in [29] where L is assumed constant, therefore, () varies. Moreover,
authors in [29], for the first time proposed constant @) approach to enhance the
propagating H-field and got motivated to design the optimum reader coil prototype
for HF RFID systems.

Subsequently in Section 3.2.2, the proposed approach in [29] to enhance the H-field
of the reader is presented. The parametric study of inner area of the coil to find an
optimal loop spacing between the turns is performed; this implies a Distributed-
turns coils antenna. For the approach, a final design (Distributed-turns) with a
@ equal to that of an initial design (Concentrated-turns) is developed, a shown in
Fig. 3.1. The Distributed-turns of the coil antenna are given by ay, results in a
modified L with no resonance detuning (as antenna is matched back by adjust-

ing the lumped capacitance C' of the matching circuit). The superiority of the
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proposed Distributed-turns coil design over the constant-L is now demonstrated

subsequently in Section 3.2.2.

3.2.2 Distributed-turns coil for H-field enhancement

The H-field of the reader coil shown in Fig. 3.1(a) is now enhanced by the design
which is proposed in [29] and represented in Fig. 3.1(b). The Distributed-turns
coil has Ny number of turns (Ny > N7) but the outer radius of the new design is
maintained to aj, hence, @) is expected to rise (shown later in Fig. 3.2). However,
to effectively bring the ) back to the initial value, it is proposed to have a finite
and equal spacing A between the adjacent turns, as shown in the Fig. 3.1(b); the
radius of the turn i is

a;=a;—(i—1)-A, (3.5)

where i € [1, Ny]. Hence, the turn distribution, set A = [a1, ag, ...ap,] is defined
accordingly. The quality factor )5 of the Distributed-turns coil antenna can be
obtained from (3.4) using Lo and Rs, the inductance and the resistance of the
Distributed-turns coil, respectively. The set A is substituted in (2.34) and (2.35)
to calculate Ly and Ry. It can be observed from (2.34),(2.35), and (3.5) that Lo
and Ry are the functions of A and N,. Therefore, substituting Ly and R, in (3.4),
provides ()2 as a function of A and N,. The parametric study of A is performed
to analyze the change in ()5. Similarly, for the Concentrated-turns coil, @), is
obtained using L; and Ry, and set A is obtained using (3.5) with ¢ € [1, N;] and
A = 2r (the minimum possible separation between the turns, r being the wire
radius), following Fig. 3.1(a). By substituting expressions from (2.34) and (2.35)
and solving (3.4) for Qs = @)1, the optimal spacing Ay was numerically calculated.
Subsequently, the parametric study of H-field due to A variation is shown. By
substitution of A at Ay in (2.31), the expected optimum H-field of the proposed

prototype, Fig. 3.1(b), is calculated.
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FIGURE 3.2: Q-factor versus normalized A for different N; a1 = 0.07 m; r =
0.125 mm; I = 0.1 A; D = 0.05 m.

3.2.3 Analytical Results

The designs under investigation are analytically studied using MATLAB. We
choose D = 0.05m, r = 0.125mm, and a; = 0.07m (using a; = 2D [84]).
In (2.31), Ny = 4 and Hy = H,, = 1.5 A/m (rms value specified in ISO-14443
[83]) led to I = 0.1 A.

3.2.3.1 Parametric study of () and H versus A

In this section, we present the variation of the Q-factor and produced H of the
Distributed-turns coil versus A, the percentage variation for different values of N
is shown in Fig. 3.2 which includes @); for comparison purposes. Before analyzing
this figure, note that A = 0 signifies that there exists no spacing between the
turns of Distributed-turns coils, that essentially becomes Concentrated-turns coil.
However, as A value increases, the turns distribute themselves and exploit the

inner area of the coil. As apparent from Fig. 3.2, all the curves corresponding to



Chapter 3. Coil Antenna for High-frequency RFID 69

4r

_Hmin ! Nl =4

3.5k% ___HZ;N2:5

I-l-‘.l.’.:.l.’./%|||||||H2;N2:7
e 3 = Hy N, =9
3 + H2;N2210
— """"""""""""'lHnu;,,,,,,HIH /~/
£25k 'H'"”'lu,,,u” %
2k
TR e
0
Aol 0 vy?
1.5c x * ‘ ‘ J
0 0.02 0.04 0.06 0.08 0.1
Ala,
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Q2 cross the horizontal curve reference (@), the intersections occur at particular
A points for each curve. This means that there exist A values for which the Q-
can be maintained to (1. This concludes that the final prototype (Distributed-
turns coil design, Fig. 3.1(b)) has an optimal Ay which corresponds to a Q-factor
equal to that of the initial design (Concentrated-turns coil design, Fig. 3.1(a)),
i.e., Q2 = Q1. Moreover, from Fig. 3.2, it is observed that a higher A, is achieved
for a correspondingly higher N,. This increase in N, proves the exploitation of the

inner area of the initial coil antenna in an advantageous manner to compensate

any possible Qs > Q).

The corresponding variation of the Hs of the Distributed-turns coil antenna,
which was calculated using (2.31), is plotted in Fig. 3.3 which includes H; of the
Concentrated-turns coil having N; turns for comparison. We observe from Fig. 3.3
that H, reduces if A increases, however H, is always higher than a denoted value
H,,;,, which is essentially the H; of the Concentrated-turns coil. The optimal A,
points where Q2 = @ (Fig. 3.2) are also depicted in Fig. 3.3 where a significant
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improvement in the H-field by using the Distributed-turns design is observed. A
higher H-field enhancement is observed for higher N, but the rate of improvement
reduces for higher N, as shown in Fig. 3.3. At this point, It may seem beneficial
to use as high Ny as possible, however, the higher Ny implies a longer length of
the coil tracks, therefore, a constant and in-phase current assumption may not
be valid. This results in a lower H-field due to phase variations unless the total
coil length can be regarded small compared to the wavelength [24], thats why this

approach is only valid for the electrically small coils.

3.2.3.2 Optimum design and performance

Once the parametric study of Hy over A is performed in Fig. 3.3, for different
values of Ny, the optimized Ay and corresponding H, are presented in Table 3.1
; the percentage variation over to the Concentrated-turn coil antenna (H; = 1.5
A/m; Ny = 4) is listed. One would presumably realize that any improvement

in H will be translated as higher gain. Table 3.1 includes the calculated A,

TABLE 3.1: Optimum spacing Ag and % H-field enhancement for the Constant-
Q design* compared to a constant-L design?

N2 © A * (H2I;1H1) % # (HLI;Hl) % # (QLQlQl) W
5 | 0.011 24.93 24.61 —16.25
6 || 0.020 49.56 46.50 —23.92
7 || 0.030 73.35 62.82 —28.18
8 || 0.037 95.68 72.66 —30.92
9 |/ 0.0436 115.9 77.13 —32.83
10 | 0.0479 133.6 78.32 —34.14

and percentage field improvement given by 2 Hl 1100%. To compare the gain
achieved by the proposed approach, results of the constant-L scheme with H-field
H;, quality factor @)1, and inductance L is also included. The constant-Q) scheme
provides an significant improvement in H-field, e.g., a minimum of around 24.9 %
gain for just one turn increment, but without any loss of quality. It was mentioned

in Section 3.2.1 that the antennas prototyped using the constant-L design suffer
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with a lower Q factor [25] which is now proved here that it has at-least ~ 16.25%
loss in @) for Ny = 5, moreover, this loss increases for higher Ny values. In addition,
the H enhancement shown by the constant-L design in Table 3.1 is inferior to that
achieved by the constant-@) design. For instance, when N is doubled (e.g., Ny = 8
and N; = 4), then 72.66% H enhancement is realized by the constant-L design?;
this is trivial compared to the 95.68% achieved by the proposed design*. Hence,
observations report a benefit of utilizing intelligently the inner area of a reader

coll for H-field enhancement.

3.2.4 Simulation and Results

Simulated results shown in [29] are now presented here. Near-field simulations of
the coil antennas are carried out using Zeland IE3D. The coils are drawn with
outer radius a; = 70.7 mm and strip width 0.25 mm for all the designs. The
Concentrated-turns coil was simulated with N; = 4; A = 0.2 mm and used as the
reference for the comparison; the simulated results for ¢); and H; were 167.6 and
1.6 A/m, respectively. It was compared to the Distributed-turns with constant-@) (
simulated for Ny = 5 and arbitrary A) and the constant-L designs. The simulated
H, and @), variations with A of Distributed-turn design are plotted in Fig. 3.4
from [29].

The similar trend as Section 3.2.3.1 was observed in the simulations; 1) @2 and
Hj, both decreases with higher A, 2) the optimum A is found where the Qs of
the Distributed-turn coil design crosses ()1 of the reference design. It was found
through simulations that Ay = 0.0127 and the H-field improvement at this Ay is

shown in Fig. 3.4 validating the advantage of using the proposed design.

Furthermore, a comparison with the constant-L design is also provided in Ta-
ble 3.2. It is indicated that the proposed design had a 3.97% higher H compared
to the constant-L design. Furthermore, the constant-L design had a 8.92% lower
@ compared to the reference design (();). This proves that the Distributed-turns
coil designed with constant-¢) approach accomplished an enhanced H-field with
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TABLE 3.2: Simulated optimum spacing Ag and % H-field enhancement for
the proposed design compared to a constant-L design
H-H —
N2 =5 Ao/al ( H, 1)% (QQ?I)% C(pF)
Proposed | 0.0127 | 23.34 0 12.97
Constant-L | 0.0269 | 19.37 —8.92 | 15.98

unconstrained Q-factor, whereas the constant-L design suffers with a reduced @

and comparatively lower H enhancement.

To resonate the reader antenna at 13.56 MHz, lumped capacitor C' for the series

RLC equivalent circuit was evaluated by simulations using commercially available

Agilent ADS software and included in Table 3.2.

3.3 Coil design for reliable data transfer

In Section 3.2, we have seen the design and enhancement approach for the near-

field coil with high @ demand. Although, a high () implies a higher power efficiency



Chapter 3. Coil Antenna for High-frequency RFID 73

but at the same time a lower BW. In that case, the attained BW from a high @)
design may be unacceptably low for the system requiring high data transfer, e.g,
RFID 106 kbps ISO-14443 [83]. In this section, we will study the coil design for a
13.56-MHz HF RFID reader demanding reliable data transfer, and subsequently,

a field enhancement approach is developed analytically.

3.3.1 Background

To achieve optimized coupling between the Tag and reader coil antennas, their
geometries should be optimized. The Tag coil designing is adopted in various
studies of the literature e.g., [16-18, 20, 86, 87]. However, the reader coils should
also be optimized to produce maximum reactive energy resulting into a higher
read range. The reader coil design procedure for a predefined tag is discussed in
[24], where the optimum size of the coil is formulated for a given read range [11].
Whereas, a design study of the RFID system is presented in [79] suggesting that
the @) of a reader coil antenna should be as small as possible for reliable data
transfer. Following this observation, [24, 79, 88] proposed the reader coils having
only a single turn. Hence, a Single Turn Coil (STC) antenna was evolved having a
minimum () suitable for the reliable data transmission, and an optimized size for a
maximum H. Once the optimal STC antenna is designed, and if a further H-field
enhancement is targeted, the adopted methods work by exploiting the inner area
of the reader coil (by using multiple turns) as performed in [17, 19, 23, 25, 89

which having their own limitations.

To further enhance the H-field of the STC, similar approaches of Section 3.2.1 can
be adopted. For this case, the constant-L enhancement approach will change the
desired @, hence, it is not appropriate. Whereas, the one proposed in [29] and

detailed in Section 3.2.2 for unconstrained () seems suitable at first look.

The investigation presented in this Section in divided into three parts. First, the
HF RFID system architecture is discussed in Section 3.3.2. Second, Section 3.3.3

will present a typical optimization of the reader coil antenna for a reliable data
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transfer. Third, once the coil is optimized using traditional approach, further
enhancement of the H-field (proposed in [90]) from the designed coil antenna is

elaborated in Section 3.3.4.

3.3.2 HF-RFID System: Modeling and Design

The HF-RFID system is modeled in Fig. 3.5 with inductively coupled reader and
tag circuits inherited from [79]. The equivalent circuit model of the reader coil
antenna consists of coil inductance Ly, and coil resistance R, (represents ohmic
losses of the coil). A current source I is attached to feed the reader coil antenna
and having an internal resistance R,;. To maximize the power transfer and to
resonate the reader coil, a matching network is placed between the source and the
antenna. An L-match circuit is designed with lumped capacitances C'1 and C2
forming a matching network as presented in Fig. 3.5, which is a simple and low
cost solution for this purpose [11, 91]. The L-match network matches the antenna
impedance with the standard value R; = 50€2. To achieve the resonance condition
of the antenna at frequency f = 13.56 MHz, the lumped capacitances C'1 and C2

are chosen such that the coil can resonate at the desired frequency f.

Similarly, the tag network is represented with Lz, and Rg, as inductance and
resistance of the tag coil, respectively. The induction effect (mutual coupling)

and resulting induced voltages are also shown in Fig. 3.5. The tag is powered by
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the induced voltage in tag circuit due to reader coil current Iy through inductive
coupling. On the other hand, the induced current Iz, in the tag coil induces
a voltage in the reader coil. Therefore, the impact of the tag should also be
considered while optimizing the RFID system. This influence of the tag is studied
in [84] and modeled by entity Transformed Tag Impedance (TTI), Ry which is
simplified in [79] as:

Ry = wk*Lp, Qg (3.6)

where Qg, is the tag’s quality factor. In [84], a rigorous study was conducted and
concluded the necessity of maximizing Ry for an optimized reader and tag design.
The maximum Ryp is achieved by maximizing Qg, (a tag property) and also by
maximizing k?Lz, (an reader property). We only study the reader coils in this

chapter and the effect of k*Ly, is now presented in Section 3.3.3).

3.3.3 Reader Coil Design

The reader coil is designed following the instructions presented in [24, 79]. Subse-
quently, we present the overview of how the coil parameters are chosen to provide
the optimized reader coil and assuming a predefined interrogating distance D
(read range). Initially, an electrically small circular coil [1] antenna with a con-
stant current [ is considered, therefore, the H-field components that originate by
the current flowing in the resulting turns are in phase and contribute to the overall
H-field for a distance D. The coil consists of Ny number of turns where all the
windings are concentrated in close proximity to the outer winding (radius ag). In
[24, 79], the optimum design parameters are evaluated for this coil and given as

follows.

3.3.3.1 Size

The reader is designed by taking care of maximization of the quantity k%L,
introduced in (3.6). We subsequently show that the quantity k*Lr, can be realized
solely as H-field, H. By equating (3.2) with (3.3), and after manipulation we obtain



Chapter 3. Coil Antenna for High-frequency RFID 76

the relation:

- Npy - Apy H\?
k2Ly, = Ho® VRe * ARe 11 (3.7)
LRx [O
We observe from (3.7) that the quantity k*Lp, can be realized solely as % for a

predefined Tag parameters (Ngy, Agrs, Lr:). Therefore, for a given tag, maxi-
mization of TTI in (3.6) can be realized as maximization of fl—o which is obtained

from (2.31) and given as:

a_ Noag (3.8)

b sV

From (3.8) it is noted that, the optimization of 1% is independent of I, and depends
only upon the geometric properties (ag and Ny) of the reader coil. Therefore,
without loss of generality, we consider constant current source I, and maximize
H by choosing optimal ay and Ny. The optimum radius ag of the reader coil is
obtained for a maximized H-field at a predefined D. The optimum value ag was
derived in [24] as a function of D, and was obtained as ag = /2D for small D
(<1 m) [84].

3.3.3.2 Number of Turns

For a given tag at an specified D, the reader antenna is typically designed to at
least provide the tag with a minimum required value H,,;,, so that the tag IC can
be activated [29]. The values of Ny and I, are found by Iy x Ny = v27H,,;, D
derived in [24]. In this relation, for a constant but limited current source, I, the
number of turns, Ny, can be obtained, but the use of higher Ny is limited by the
reader antenna quality factor (Qy given by Qg = Q’TI{;% [79, 85]. As shown in [79],
the Qg increases with increment in Ny, whereas, the BW of the antenna reduces.
Hence, the value of Ny is chosen such that the BW should not fall below a desired

value; therefore, the authors in [24, 79] proposed to choose a single turn (Ny = 1)

antenna to get )y as low as possible for reliable data transmission.
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FIGURE 3.6: Coil antennas: (i) Single Turn Coil (STC) (ii) Uniformly

Distributed-Turns Coil (UDTC) (iii) Non-uniformly Distributed-Turns Coil
(NDTQ).

This design method leads to an optimum reader coil with radius ay = V2D,
number of turns Ny = 1 [24, 79]. The corresponding inductance Ly, resistance Ry,
and the restricted quality factor Qg = 2”};% is obtained and the design is called as
Single Turn Coil (STC) antenna, shown in Fig. 3.6(i). The lumped capacitances
C'1 and C2 of the matching network (Fig. 3.5) are chosen so that the STC coil can
be resonated at f = 13.56 MHz.

To this end, we notice that while keeping optimal size and feed current uncon-
strained, a further improvement in H of the STC antenna in (3.8) is not possible
unless a N > 1; that is the use of multiturn coil antenna. However, the multi-
turn coil can have unacceptably reduced BW due to the increment in () compare
to STC. Therefore, geometric approaches where a multiturn coil can be used to
enhance H but at same time () is maintained are desirable. It has been demon-
strated in Section 3.2.2, that the use of finite spacing A between two adjacent

turns e.g. Distributed-Truns Coil (DTC) is an attractive approach and can be
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equally utilized to improve H for this case also.

A possible solution of DTC antenna design is Uniformly Dustributed-Turns Coil
(UDTC), [17, 25, 29] shown in Fig. 3.6(ii) and very well studied in Section 3.2.2,
which has an equal spacing A between the adjacent turns. But, it will be shown
subsequently in Section 3.3.4 that there does not exist any optimal solution which
can be achieved using UDTC approach, however, a novel approach proposed in
[90] will be demonstrated having feasible solution for unconstrained ). This
novel approach allows turns to have unequal spacing between them, as shown
in Fig. 3.6(iii), and termed as Non-uniformly Distributed-Turns Coil (NDTC) an-
tenna design. The distributed turns of the NDTC coil, given by ay, are optimally

found to obtain unconstrained () as STC.

3.3.4 H-field Enhancement by Distributed-Turns Coil De-

sign

The geometry of the DTC antennas (both UDTC and NDTC) shown in Fig. 3.6(ii) (iii)
are defined by radius vector A, where A = [ay,as,...ay] and a; is the radius of
i'" turn. The DTC antenna contains multiple turns (N > 1), therefore, a certain
improvement of H over the STC antenna can be expected. However, () will show
an increment as presented later in Fig. 3.7), that needs to be effectively controlled
back. In this regard, a parametric investigation of the inter turn spacing of the
DTC is performed which ultimately produce design having unconstrained () and

significantly improved H.

The UDTC design approach, elaborated in Section 3.2.2 and proposed in [29], has
an equal spacing A between two adjacent turns, so that the " turn radius is given
by a; = ap — (i — 1)A, Fig. 3.6(ii). The UDTC designs are investigated and will
be shown to not have any outstanding solution for the H enhancement with the
unconstrained (). Moreover, when the uniform spacing A is used, it restricts the
adjustments between the turns so that the inner area of the coil is only partially

exploited, restricting a further scope of maximizing the H enhancement. All these
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claims about failure of the UDTC designs to achieve unconstrained ) over STC

are demonstrated, next.

1201
— STC N=1
110+ -==UDTC ) N=2
''''' UDTC ; N=3
wt\ UDTC ; N=4
Do not have = JDTC ; N=5
B Q, solution
90r -

Q-factor

F1GURrE 3.7: Q-factor of UDTC versus A and various N; D = 0.05 m.

For the proof of the claims, parametric study is presented, the ) of UDTC design
is plotted against A and different N in Fig. 3.7. The @ values are obtained using
(2.34) and (2.35) in (3.4), and other parameter values are set as D = 0.05 m,
wire cross section = 0.05 mm?, and ag = 0.07m calculated in Section 3.2.2. The
following are the information extracted from Fig. 3.7. At lower side of A, the @ of
all the UDTC designs exceeds the @ of STC (Qy, reference) design. However, the
Q reduces to Qp at optimum A)=? and A)=3, respectively for N =2 and N = 3,
it is not possible to obtain the unconstrained @) solution for N > 4. Essentially,
the UDTC design with N = 2 having only two turns can be termed as UDTC
as well as NDTC, subsequently we will include it in the NDTC category. All the
extracted observations about the use of a UDTC antenna to achieve unconstrained
@ suggest it to be a discouraging approach to enhance H over STC. Whereas, the

NDTC antenna proposed in [90] uses non-uniformly distributed-turns and shows
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a promising approach to get unconstrained () while maximizing H enhancement

over the STC design, subsequently presented in Section 3.3.5.

3.3.5 Non-uniformly Distributed-Turns Coil antenna

Similar to what defined DTC in Section 3.3.4, the NDTC antenna [90] geometry is
realized by radius vector A = [ay, a, ...ay] with N number of turns, and current
I, and shown in the Fig. 3.6(iii). For fare comparison, the NDTC antenna is fed
with an equal current as of the STC (I = Ip). The NDTC antenna has Q-factor
Q1. The A of the NDTC is targeted to be optimized for a predefined tag at a
distance D by maximizing H while keeping () unconstrained as compared to the

STC antenna (Q1 = Qo) -

3.3.5.1 Formulating the optimization problem

The optimum coil size for a maximize H is found to be a = V2D from Sec-
tion 3.3.3.1. However, the turns in NDTC antenna are distributed in the inner
area, they should confined to 0 < a; < v/2D. The aim is to find an optimum
turn set A which maximizes H with unconstrained Q-factor and this optimization

problem of NDTC antenna design is defined in [90] as:

max}kmize H(A)
subject to Q1(A) = Qo, (3.9)
O < a; S \/§D7

where H(A) is given by (2.31) and Q1(A) is obtained by substitution from (2.34)
and (2.35) in (3.4) as:
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To solve the maximization problem (3.9), its Lagrangian is defined as

LA A) = H(A) + A(Qi(A) = Qo) (3.11)

where \ is the Lagrangian multiplier. The solution can be obtained by partial
differentiation of £ in (3.11) with respect to a; and A, and equate the derivatives
to zero; this generates the solution set A with N variables. This solution set A

satisfies N + 1 non-linear equations obtained as:

d
dai

A(L,A)=0; Qi(A) = Qo

HA) + 220/ (A) =0; ie[1,N],

A (Ea ai) = 07
da; (3.12)

where H and )y are substituted from (2.31) and (3.10), respectively. To find the
ultimate solution of the maximization problem (3.9), it is necessary to solve the set
of N+1 equations written in (3.12), but it is difficult to get a close form solution out
of these equations because they involve complex nonlinear terms. Therefore, we
adopt a numerical method (algorithm) to find out the solution; which is presented

in Section 3.3.5.2.

3.3.5.2 Numerical method to find Optimum turn assignment A

As the optimization problem considered in this paper is not for an adaptive system,
therefore, the complexity issue of the algorithm in numerically finding the optimal
set solution is meaningless. The computational optimization algorithm is presented
in Table 3.3 and for a particular N, the steps of the algorithm are described. The
algorithm has seeds to initialize its variables, e.g., a; = V2D, V i € [1, N], as
0 < a; < v2D. In each iteration, first, the turn radii is decreased by a step size
d (a minimum permitted separation, g, between adjacent turns in the fabrication
process), and second, resultant H and @1 of the coil with new turn distribution are
calculated, then, after each iteration a comparison check is performed for Q1 = Qo
and H is maximum. Once the comparison check result is found positive, the

algorithm reveals the optimized NDTC turn assignment A found analytically.
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TABLE 3.3: Algorithm to find optimum turn assignment A

Initialization:
I <=1
a; <= /2D (in mm), Vi € [1, N]
0 <= 0.1
g <= 0.45
B<A
Iteration:
while(B(1) > 0)
B(2) < B(1)—g
while(B(2) > 0)
B(3)«<B(2)—g
while(B(3) > 0)

B(N)<B(N-1)—g
@Q1=0
while(B(N) > 0)
Calculate @); and H for set B using (2.31) and (3.10)
if (Q1 is equal Q)
Get A (optimum) < B with Maximum H

end
B(N) < B(N) -9
end
end
B(2) < B(2) -6

end
B(1) «B(1) -0
end
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3.3.6 Analytical results of NDTC antenna

The analytical study of the proposed design was carried out in [90] using MATLAB.
Algorithm detailed in Table 3.3 is analyzed and the numeral quantities are set as:
D = 0.05 m and S,y = 0.05 mm?, and ay = 0.07m, Ny = 1 and Hy = H,,,, = 1.5
A/m (rms value specified in ISO-14443 [83]) in (3.8) led to Iy = 0.4A.

A=[70.7 36.2] mm

A= [70.7 37.7 17.2] mm

A=[70.7 38.9 20.5 4.3] =[70.7 39.0 20.7 7.3 1.7]

(@)

FIGURE 3.8: Revealed NDTC antennas optimized using algorithm for various
N; D =0.05m; Syire = 0.05 mm?; Iy = 0.4 A.

O\

Fig. 3.8 shows the output generated by the algorithm of Table 3.3 for various
values of V; these NDTC designs with unconstrained () achieved the maximized
H. Rest of the results of the optimized NDTC designs, e.g., (), H, percentage H
enhancement are listed in Table 3.4. The STC antenna (H = 1.5 A/m and Ny = 1)
results are included for comparison and show its quality factor Qg = 33.165; this

value is sufficiently small for reliable data transfer [79].

The key information extracted from Table 3.4 are detailed next. A significant
enhancement of 72.47% in the H-field is observed for just one turn increment,

N = 2; moreover, this enhancement improves for higher values of N. NDTC
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designs having N > 5 are not feasible due to space limitations within the inner area
of 5" turn, Fig. 3.8. Ultimately, the optimized NDTC design with N = 5 shows the
highest H with 118.33% improvement over the STC with similar Q = 33.16; this
is the final solution encouraged to be adopted. These results prove the significance
and intelligence of NDTC design approach to enhance H without compromising

with Q-factor.

TABLE 3.4: Analytical results of H-field enhancement for optimal NDTC an-
tenna designs

Design Q-factor | H (A/m) %%
STC 33.165 1.500 0
NDTC N=2 | 33.162 2.587 72.47
NDTC N=3 | 33.162 3.017 101.13
NDTC N=4 | 33.164 3.207 113.80
NDTC N=5 | 33.164 3.275 118.33

3.3.7 Simulated Results of NDTC antenna

In this section, the analytical results produced in Section 3.3.6 are backed and
corroborated with simulation results.The simulation study is carried out using
Zeland TE3D for Near-field calculations of the NDTC antennas. The coils are
drawn in the simulator editor with scale a; = 70.7 mm and strip width 0.25 mm

and strip height 0.2 mm (hence, Syie = 0.05 mm?). The simulation of STC

TABLE 3.5: Simulated results of H-field enhancement for optimal NDTC an-
tenna designs
Design | Q-factor | H (A/m) | “12% | C1 (pF) | C2 (pF)

STC 31.33 1.491 — 173.80 40.56
NDTC N=2 31.35 2.521 69.08 97.64 31.28
NDTC N=3 | 31.27 2.920 95.84 78.07 28.43
NDTC N=4 | 31.18 3.109 108.52 70.59 27.27
NDTC N=5 31.16 3.224 116.23 67.73 26.81

and NDTC antennas are performed and the results are presented in Table 3.5.
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One can see that the simulation results have a fair agreement with the results
produced analytically in Table 3.4, and therefore, validate the idea. The prominent
observations of simulation results of Table 3.5 are detailed next. The NDTC design
with N = 2 has 69.08% greater H compared to STC. As found in analytical
results, simulations show that the H improvement increases with greater IV, e.g.,
with N = 5 NDTC has 116.23% H enhancement. However, this H enhancement
reduces with higher N, because opportunity to exploit the area beneath the inner
turn reduces, consequently, comparatively a smaller new turn is added to the coil
as N increases, Fig. 3.8. In addition to the performance results, Table 3.5 also
includes the simulated C'1 and C'2 values for the matching network of Fig. 3.5 for

consideration in the fabrication presented in next chapter.

3.4 Summary

In this chapter, a modeling of a RFID system was presented and the optimiza-
tion process of the RFID reader coil antenna was discussed. The RFID system
considered was suitable for High Frequency near field applications. A survey of
various designed coil antennas for the system under review was carried out, and we
explored possibility of enhancing H-field of state-of-the-art coil antennas. Essen-
tially the RFID system bifurcated in to two different applications, one requiring a
high power transfer efficiency and hence demands for a higher Q-factor, whereas,
second demanding a reliable data transfer seeking some BW and constrained Q-
factor. In this regard, some geometric approaches present in the literature were
considered; and Distributed-Turns Coil (DTC) seemed attractive to enhance H-
field for a predefined read-range of the RFID. In DTC design, by increasing the
number of turns of the existing optimized coil antenna and re-arranging them with
a well defined spacing between them, a significantly high H-field enhancement was
achieved. To validate the new design, a fair comparison was made with a refer-
ence design having comparable Q-factor. For the first application of high @ high
power efficiency, a Uniformly-Distributed-Turns-Coil (UDTC) was designed and

validated by analysis and simulation; the results demonstrated the advantage by
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showing an improved H-field with unconstrained inductance, L and Q-factor and
indicated that the UDTC design overcame a 23.34% higher H compared to the
reference design. Compared to a constant-L design, the constant-Q)Q UDTC had a
3.97% higher H and a 8.92% higher Q; a higher Q means a less lossy design.

Subsequently, for the second application demanding reliable data transfer, DTC
antennas were explored to enhance H-field of an optimized coil antenna. But,
the UDTC design approach showed discouragement having no proper solution
for an unconstrained Q-factor. However, a Non-uniformly Distributed-Turns Coil
(NDTC) was adopted for an enhanced H-field for such applications. The design
algorithm of NDTC antenna follows by first, increasing the number of turns for
maximizing H-field, and later optimally distribute the turns with a non-uniform
separation (spacing between the turns). This NDTC antenna was validated by
theoretical results and corroborated using Zeland IE3D simulator. The results
showed a 116.23% higher H-field with unconstrained Q-factor compared to the
reference design, encouraging its use over other coil antennas for HF-RFID reader

application.

After an intensive study of the NDTC antennas by analytical and simulation
modeling in this chapter, our next focus is to fabricate the NDTC antennas and

corroborate the desired performance by measurements, in next chapter.
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“Enhanced H-field in HF-RFID systems by optimizing the loop spacing of
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pages 944-948, April 2013.



Chapter 4

Fabrication of NDTC antenna

and its applications

The newly developed NDTC coil antennas in Chap. 3 to use for High-Frequency
(HF) Radio Frequency IDentification (RFID) are fabricated and near-field mea-
surement results are presented in this chapter. These coils having similar Q-factor
were designed for the highest possible magnetic field (H-field) and optimized using
non-uniformly distributed turns terminology [90] in Chap. 3. In this chapter, the
fabricated coils are measured. The results compare the performance of the de-
veloped designs and prove that the optimized NDTC antenna achieves relatively
higher H-field to corroborate with the previous analysis and simulation results.
Later, the influence of various used substrate types and reflector proximities oven
the NDTC antenna is demonstrated and provide the matching network parameters
to impedance the antenna. Finally, an application of NDTC antenna is consid-
ered, where the effective reading area of the antenna is widened using an Array
of 5 NDTC antenna elements. A wider area is required in applications such as

wireless data-transfer or power charging of large devices (or multiple devices).

87
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4.1 NDTC Coil antenna Fabrication and Mea-

surements

The four NDTC antennas reported in Section 3.3.5 having number of turns from 2
to b respectively, were optimally designed and compared with STC; all the designs
were optimized for read range D = 0.05m and () = 33.16. In this section, we per-
formed measurements of the STC and the NDTC antennas for comparative study.
The fabricated STC antenna with single turn is termed as Coil-1, whereas NDTC

antennas with number of turns 2 to 5 are termed as Coil-2 to -5, respectively.

The optimized designs proposed in [90] and presented in Section 3.3.5 have sizes:
Aq= [70.7jmm, A= [70.7 36.2)mm, A= [70.7 37.7 17.2Jmm, A4= [70.7 38.9
20.5 4.3lmm, As= [70.7 39.0 20.7 7.3 1.7]Jmm. The coils are etched on a double-
sided printed circuit board (PCB) of copper (50microns) and substrate Polyamide

E, = 3.4 and shown in Fig. 4.1(a). The equivalent circuit model of the coil antenna

= _coil'4 —

/ | \ - ' \CoiI—S

Inout Port

FIGURE 4.1: (a) Fabricated Coil antennas (b) Circuit Model (c¢) Matching
assembly.

having inductance L and resistance R, includes a matching network, Fig. 4.1(b).
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The in-house fabricated matching network is attached to the coil as shown in

Fig. 4.1(c). The performed measurements are detailed next.

4.1.1 Measurement Setup and results

In this section, the setup for the measurements is presented. The fabricated coils
are first measured for R, L, and @ using a micro probe (from Agilent 42941A
Impedance Probe Kit) shown in Fig. 4.2(a).

The Coils-1 to -5 are first measured for R, L, and () using a micro probe (Agilent
42941A Impedance Probe Kit), Fig. 4.2(a), and a precision impedance analyzer
(Agilent 4294A). The micro probe was calibrated and placed at two test points

(a) (b) (©)

FIGURE 4.2: a) The micro probe to measure R, L, and @ b) The test points
for the probe c¢) Near-field probe and setup for H measurement.

of the coils exaggerated in Fig. 4.2(b). A precision impedance analyzer Agilent
4294A is used and the measured R, L, and @) vs. frequency of Coil-1 to -5 are
shown in Fig. 4.3 which includes theoretical values for comparison purposes. At
the desired frequency of operation f = 13.56 MHz, analytical, simulated [90], and
measured () are shown in Table 4.1 where the deviation in the measured values

are observed due to manufacturing tolerances.
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FIGURE 4.3: Measured R, L, and () variation with frequency.

TABLE 4.1: The @ of the stand-alone coils.

Coil-1 | Coil-2 | Coil-3 | Coil-4 | Coil-5
Q analytical || 33.165 | 33.162 | 33.162 | 33.164 | 33.164
Q simulated | 31.33 | 31.35 | 31.27 | 31.18 | 31.16
Q measured | 37.50 | 33.38 | 31.89 | 32.52 | 32.16

The measured R and L are used to calculate the C1 and C2 for the matching

network of the corresponding Coil-1 to -5, and the closest commercially available

capacitances are chosen and surface-mount device (SMD) capacitor chips are pur-

chased. Both calculated and selected capacitances are shown in Table 4.2. Once

TABLE 4.2: Calculated and commercially available capacitance

Calculated | Calculated | SMD SMD
Cl (pF) | C2(pF) |Cl1 (pF) | C2 (pF)
Coil-1 178.90 38.75 180 39
Coil-2 98.99 30.35 100 33
Coil-3 94.86 28.98 100 27
Coil-4 70.54 26.60 68 27
Coil-5 63.38 25.72 68 27

SMDs chips are selected, the matching network is welded along with input SMA

connector and attached to the fabricated coils, Fig. 4.1(c). This renders the coils

ready for performance measurement.
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For the return loss (S11) measurements, a PNA-X Network Analyzer form Ag-
ilent technologies was used and appropriately calibrated up to SMA connector
to account for any possible cable inaccuracy. All the considered designs, Coil-1

to -5, are measured and corresponding S11 variation is depicted in Fig. 4.4. As
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FIGURE 4.4: Measured S11 of the fabricated Coils-1 to -5.

apparent from this figure, the fabricated coils have resonating frequency deviated
from desired 13.56 MHz; this is due to manufacturing tolerances of the impedance
matching network. The Coil-1 to -5 resonate nearly around 13.42, 13.15, 13.14,
13.37, 13.69, and 13.34 (MHz), respectively. Furthermore, it is observed that S11
at working frequency 13.56 MHz varies for different coils as shown via data points
in Fig. 4.4, where the return loss of the Coil-1 has advantage over other coils, on
the contrary, Coil-2 shows worse return loss performance. Coil-1 has the highest
measured ) with high deviation from its expected value given in Table 4.1. Both,
the return loss advantage/disadvantage and a high @ for the Coil-1 (both are not
desired for a fare comparison) are expected to reflect in the final performance

comparison presented next.
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The H-field of the manufactured coils are measured in the anechoic chamber and
a near-field probe (ETS-Lindgren’s Model 7405 Near Field Probe Set) is used
which is placed D = 0.05m above the coil, as shown in Fig. 4.2(c). The signal
generator (R&S SM300) is connected to the coil on the test pad and sends signal at
f = 13.56 MHz with generator voltage 9.2 mV peak. An analyzer (Agilent PNA-X
Network Analyzer) at the near-field probe measures the induced voltage, Vj,q due

to received H-field intensity. The conversion from measured V,,; to H for the used

probe is governed by [92]:

H(A/m) = Viua(V) + F(V) — 51.52 + Loss,

where Loss = 0.4 dBm, and F(V) is the probe performance factor with value
64.8dB. Table 4.3 shows measured H for Coil-1 to -5, and relative enhancement

TABLE 4.3: The measured H enhancement of the coils

Coil-1 | Coil-2 | Coil-3 | Coil-4 | Coil-5
H (A/m) | 1.499 | 1.506 | 1.721 | 1.741 | 1.817
UMy | o 0.46 | 14.81 | 16.14 | 21.21

compared to the Coil-1. The Coil-1 has measured H = 1.49 A/m and Coil-2 shows
a poor H enhancement of 0.46% over Coil-1; this is because of a significant S11
difference of 5.7 dB between Coil-1 and Coil-2 as shown in Fig. 4.4. Concluding
remark from results is that an attractive 21.21% improvement in H is achieved by
the Coil-5. The improvements shown here by the fabricated coils are significant
enough to encourage the practical use of the NDTC prototypes [90] for an advanced
design of the interrogator antenna for HF-RFID system.
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4.2 NDTC Antenna over different Substrate Types

and Reflector Proximities

In previous section, we have presented fabricated NDTC antenna printed on
ploymide substrate, in this section, we investigate the performance of the NDTC
antenna etched over various substrates with deposited conductor types and thick-
nesses. In addition, the NDTC antenna deployed in such applications where it
encounters metallic surfaces (reflectors) nearby, gets influenced and any variation

in the performance of the antenna is investigated.

Unit: mm

Front view

0.7

Feed and
matching
network

FiGURE 4.5: The NDTC antenna front view printed of various substrates

The optimized NDTC antenna, coil-5, designed for a read range of D = 5cm, is
now printed on various substrates using various metal depositions, shown the front
view in Fig. 4.5 and back view in 4.6. The matching network composing lumped
capacitances C1 and C2 were shown in Fig. 4.1(b); the capacitors are designated

to resonate the coil at f=13.56 MHz.
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Unit: mm
Bottom view

Via
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FIGURE 4.6: The NDTC antenna bottom view

4.2.1 Various substrates and conductor types under con-

sideration

We have chosen some typically utilized substrates presented in [93] for the HF-
RFID applications, such as the Printed Circuit Board (PCB) based on laminate
FR4 and Polyamide, the Liquid Crystal Polymer (LCP), the Low Temperature
Co-fired Ceramics (LTCC) and the Polyethylene Terephthalate (PET). The de-
scription of considered substrates and their corresponding conducting materials
are summarized in Table 4.4. Five NDTC antennas, correspondingly built us-
ing the five configurations of Table 4.4, are simulated and their performances are

compared in the following section.
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TABLE 4.4: Considered substrates with corresponding conductors.

E,. | tand | conductor | thickness
PCB FR4 | 4.3 ]0.025| copper 35
LCP 2.910.002 | copper 18
LTCC 5.7 1 0.001 gold 10
PET 3.4 10.002 silver 20
PCB-
Polyamide | 3.4 0 copper 17.5

4.2.2 Simulation of NDTC antenna printed over various

substrates

The five NDTC antennas with corresponding substrate/conductor types of Ta-
ble 4.4 are simulated using Zeland IE3D. To calculate the corresponding matching
elements C1 and C2, we first simulate the unloaded version of five NDTC antennas
to get the corresponding values of R and L. Table 4.5 includes simulated results
of R, L, corresponding (), and C1 and C2 of the five configurations considered for

the investigation.

TaBLE 4.5: R, L, Q of unloaded coils and corresponding matching network
elements.

R [ L(H) [ Q | C1(pF) [ C2(pF)
PCB FR4 2.2 1.48 | 58.0] 73.78 19.47
LCP 3.9 1.47 |32.3] 67.79 26.26
LTCC 9.1 1.47 | 13.7| 53.84 40.51
PET 3.3 1.47 | 37.8 | 69.62 24.25
PCB-
Polyamide | 4.0 1.47 | 31.3| 67.22 26.62

Once the matching network parameters for all five configurations are known, the
five NDTC antennas with loaded matching network can be simulated. The input
signal with peak 1V was fed to all the designs. Fig. 4.7 shows simulated S11 of

five configurations of the NDTC antenna, and the measured response for the PCB
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Polyamide NDTC antenna, that was presented in Section 4.1, is included here to

corroborate and prove correctly configured simulation setup. We now discuss the

S11 (dB)

—30H '='= Simulated PCB FR4 1B g

Simulated LCP s

******* Simulated LTCC z

—-35H - - - Simulated PET = b
—— Simulated PCB Polyamide E

Meassured PCB Polyamide

1 1
12 12.5 13 13.5 14 14.5 15
f (MHz)

FIGURE 4.7: S11 of the loaded NDTC antenna with various substrates.

observations found from these results. It is shown that all the five NDTC antennas
show a very well matched S11 response to 13.56MHz. The PCB FR4 shows the
highest Q-factor of 58, hence, has maximum power efficiency, whereas, the BW
shown is the lowest. The simulated H captured at z = D = 5cm out of five
NDTC antennas are compared in Fig. 4.8. It shows that the highest H achieved is
when NDTC is developed using the PCB FR4. For the antenna with LCP, PCB
polyamide, and PET H is about 46%, 44%, and 35% lower than that using the
PCB FRA4. In the light of highest () and H shown by PCB FR4, it is encouraging
to use it for low-cost HF-RFID NDTC antenna realizations. In the next section,
we exclusively choose the PCB FR4 substrate to investigate the influence of the

reflector on the NDTC antenna.
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FI1GURE 4.8: H-field comparison of NDTC antenna with various substrates.

FI1GURE 4.9: The NDTC antenna working in proximity to a metallic reflector.
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4.2.3 Influence of Reflector Proximities over NDTC an-

tenna

We consider a metallic plane, situated parallel to the NDTC antenna with PCB
FR4 substrate, and placed at z = —d, hence, the separation between reflector
and NDTC antenna is d, shown in Fig. 4.9. This configuration consisting of the
antenna and the reflector is simulated for d = 1 — 11cm and the S11 responses are

depicted in Fig. 4.10. It is apparent that the reflector in the vicinity detunes the

S11(dB)

—d=1cm
- --d=2cm
d=3cm
== d=5cm M
——d=11cm
— No Reflector

17 18

FIGURE 4.10: The simulated S11 response of the NDTC antenna (PCB FRA4)
and nearby reflector situated at d distance.

NDTC antenna but this impact dies off for higher d and becomes insignificant for
d > 1lcm. The antenna is re-tuned to f by reconfiguring matching network, the
new C1 ad C2 depending of d are evaluated and presented in Table 4.6 for d=1,
2, 3, 5, and 11lcm. Once the NDTC antenna is tunned back to f, we simulate it
to evaluate the H at z = bcm for several reflector separations d, the results are
presented in Fig. 4.11, where normalization is performed with respect to the H

without reflector. We observe that even after the antenna is re-tuned to f, the
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TABLE 4.6: Recalculated matching network C1 and C2 to preserve matching.

d (ecm)=| 1 2 3 5 11
Cl (pF) | 92.67 | 83.46 | 79.40 | 75.77 | 74.14
C2 (pF) | 24.56 | 22.05 | 20.97 | 19.99 | 10.56

H falls down due to reverse currents in the reflector, for instance, a ~6dB loss

in H is observed for d = lem. However, the effect on deterioration of H due the

metallic surface becomes insignificant for d > 11cm. This suggests that the effect

of contextual metallic parts in the vicinity should be considered while deploying

the NDTC antenna for HF-RFID reader.

The reduced H implies a decreased

reading range, and to preserve the reading range to D = 5cm, the H loss should

be compensated by an equal increase in input power.

Normalized |H| (dB)

FIGURE 4.11: The simulated H captured at z = 5cm of the NDTC
lying next to a reflector.

6
d (cm)

"

antenna
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4.3 Application: Wide-spreading of the near-field

It will be demonstrated in this section that reading area of a single NDTC antenna

unit is confined to the antenna size (~ ma?

), and for certain applications e.g., the
reading/interrogating and wireless power transfer (charging mats), a significantly
large reactive area can be demanded, as illustrated in Fig. 4.12. Therefore, an
array using NDTC antenna is investigated to significantly extend the reading area
of the antenna. The reading area is expandable (as much required by the appli-
cation) by repeating the unit cell of the NDTC array. One unit cell consists five
NDTC antenna elements. In this section we concentrate on design and perfor-
mance evaluation of one unit cell (now onwards called NDTC array) of very large

array. The NDTC array produces strong H-field in the interrogation zone with

broadened reading area of > 4ma?.

widespreading
of Near-field is
required for
application

FIGURE 4.12: Applications demanding wide-spreading of the near-field (photos
are for representation purpose only)

A single NDTC antenna optimized in Chap. 3 for a read range of D = 5cm at
13.56MHz was used as array element whose maximum reading area (interrogation
zone area, A) was limited by the size of that NDTC antenna (A ~ n7%?cm?). In
this section, a NDTC array antenna is designed which extends A to at least four

times and simulated to prove that a robust H is produced in its interrogation zone.
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FIGURE 4.13: The NDTC array antenna.
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4.3.1 The NDTC array antenna design

The NDTC array antenna structure is drawn in Fig. 4.13 consisting of 5 NDTC
elements; each element with their respective matching networks and shown in
Fig. 4.5 and Fig. 4.6. The NDTC array antenna is printed on a two-sided FR4
substrate having F, = 4.8 and tand = 0.02. As apparent from Fig. 4.13, the four
NDTC elements out of five have their front sides printed on the top face of the
substrate. At the beginning of the array design, only four elements were placed
and this arrangement showed a void (low H spot) between the four NDTC units
and was avoided by placing one more NDTC unit in the void. However, to avoid
inter element touching, the fiftth NDTC element was printed with its front side at
the bottom of the substrate as illustrated in Fig. 4.13. The total area covered by
this 5 element array is around 29 x 29c¢m?. The array elements are fed with equal
power and zero phase signal, hence contributing to the H-field in extended reading
area. The NDTC array antenna is simulated and its performance is evaluated in

the next section.

FIGURE 4.14: Current distribution in one NDTC element.
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4.3.2 Simulation and Results

Using EM software Zeland TE3D the NDTC array antenna was simulated along
with a NDTC element for comparison purposes. The current in a single NDTC
element is compared with that of the final NDTC array antenna, also, H distri-
bution in the interrogation zone of a single NDTC element is compared with the

Array.

Max Hz = 2.69 (A/m)

FIGURE 4.15: H-field distribution for one NDTC element at z = 5cm.

The simulated current distribution of a single NDTC element at 13.56MHz is

demonstrated in Fig. 4.14. It is apparent that the current flowing in the NDTC
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antenna has no phase variations due to electrically small size of the loop. There-
fore, these currents contribute to the H-field constructively in the reading area

(interrogation zone), and result into a strong field in the x-y plane.

The H-field distribution of the NDTC element at 13.56MHz is shown in Fig. 4.15.
The 2-dimensional (x-y plane) H-field distribution of the z-component, H,, at
z=bcm of maximum magnitude H, = 2.69A/m is shown. It is apparent that the

effective field is confined only to the element area.

FIGURE 4.16: Current distribution in the NDTC array antenna.

The current distribution of the NDTC array at 13.56 MHz is shown in Fig. 4.16
that demonstrates consistency of the current flowing in each NDTC element of
the array and its same clock-wise circulation with no phase variations along the
loop. Such a distribution of currents has ability to produce strong H-field and to
spread the reading area to at least 4 times than that of a single NDTC element.
It is demonstrated in Fig. 4.17 where the H-field (H,) distribution of the NDTC
array is shown as a 2-dimensional (x-y plane) distribution at z=5cm and has a

maximum magnitude H, = 2.7A /m. The effective field area is broadened and this
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justifies the use of NDTC array as a large antenna surface which can extend the

reading area significantly.

Max Hz = 2.7 (A/m)

F1GURE 4.17: H-field distribution for NDTC array at z = 5cm.

4.4 Summary

Analytically designed NDTC antennas proposed in [90] used for HF-RFID ap-
plications were fabricated and measured in this chapter. The five coil antennas
optimized in [90] having comparable Q-factor were manufactured and termed as

Coil-1 to -5. The Coil impedances were measured and corresponding L-matching
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network components were evaluated (at 13.56 MHz), and commercial SMD chip
capacitors with closest possible capacitances were used in the matching network
assembly. The final fabricated coils were measured for S11 and results showed
the shifts of resonating frequency due to tolerances in matching components. The
Coil-1 to -5 were experimentally validated for Q-factor with analytical and sim-
ulated values. We have observed that the optimized NDTC coils in [90] achieve
considerably enhanced H-field and measured for the Coil-5 as 21.21% enhancement

compared to the reference design Coil-1.

Furthermore, in this chapter, the NDTC antenna was assessed for the use on
various substrates with different deposited conductors types and thicknesses and
the performance degradation due to existing reflector in the vicinity of the antenna
was investigated. Since a well defined matching network was designed, the S11
response of the NDTC antenna showed insensitivity to the substrate permittivity,
and independence to the conductor type. However, the NDTC over PCB-FR4 had
highest () and H, its therefore seems suitable for the applications with high power
efficiency. The impact of reflector situated behind the NDTC antenna was found
negative when in close proximity and negligible for a reasonable separation. The
compromised H can be compensated by an equal increase in input power; this

would allow the antenna to be used near reflectors.

In the final section of this chapter, we investigated an array antenna developed
using NDTC antenna elements. For multipurpose NF applications, e.g., the read-
ing/ interrogating and wireless power transfer (charging mats), a wider reactive
field area is demanded. The NDTC array antenna was designed for extending
near-field interrogation zone at HF (13.56MHz). The maximum reading area (in-
terrogation zone, A) of a single NDTC element was limited to A ~ 77%2cm?. It was
expended to at least four times of A by designing an array composing five cau-
tiously arranged NDTC elements to produce robust magnetic-field in the wider
interrogation zone. Not only four-times but a much wider reading area of any size
can be obtained by repeating this NDTC array unit in the antenna plane. We
showed that the NDTC array antenna simulation results validate the claims and

show a robust and extended H.
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Chapter 5

Coil antenna for UHF-RFID

In previous chapters, we studied some highly efficient and optimized coil antennas
(e.g, NDTC) used for HF-RFID readers. There are also existing applications, e.g.,
medical products and bio-sensing, logistics, transports, tracking of pharmaceu-
tical products, which equally demand near-field RFID operating at Ultra-High-
Frequency (UHF). This chapter is intended to explore some coil antennas de-
signed to work for UHF-RFID readers. Among these antennas, a highly efficient
Segmented-line Non-uniformly Distributed-Turns Coil (SL-NDTC) antenna used
for near-field UHF-RFID will be investigated. This newly developed SL-NDTC
antenna, achieving a significantly improved magnetic field in the near-field zone,
is compared with a conventional UHF segmented-line Coil and a conventional

solid-line coil.

5.1 Introduction

The near-field UHF-RFID systems employ inductive coupling similar to the HF-
RFID, and can adopt the conventional solid-line coils used in LF/HF-RFIDs.
Those coils were electrically small loops (C' < A/10, where C is the total cir-
cumference of the loop and A is the operating wavelength [1]), which means that

the current flowing along the loop was almost in-phase making them capable of
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producing strong magnetic field in the near-field region of the reader antenna
[24, 25, 29]. In contrast, at UHF, C' of the same coil antenna becomes compa-
rable to A [28, 30] (the loop becomes electrically large) and current distribution
along the loop is no longer in-phase, even the phase inversions and current nulls
are encountered. Therefore, the conventional solid-line coil used as a UHF-RFID
reader antenna suffers with weak and non-uniform H-field in the interrogation zone

diminishing the system performance.

The key to design electrically large coils for UHF is by dividing the coil into several
segments and compensating the current phases (introduced along the line) at the
end of each segment by a capacitor, such that the current in the coil appears to
be in-phase. The UHF segmented-line coils presented in [37, 38] were composed
of multiple pairs of a solid-line section and a fork-shaped capacitor which are
distributed along the periphery of the coil. These designs are composed of only a
single turn and termed as Segmented-Line Single-Turn Coils (SL-STC). Although
Single-Turn Coils (STC) are widely used in HF-RFID readers, multi-turn coil (e.g.,
NDTC) are of major interest for coupling enhancement between the inductively
coupled Reader and Tag antennas in HF-RFID. Similarly, at UHF, the segmented-
line coils with multiple turns used for UHF-RFID are also intended to enhance
the H-field. In the next section, a SL-STC antenna (with 75mm radius) [37] and
a newly developed Segmented-Line NDTC (SL-NDTC) antenna, both used for
UHF-RFID, will be investigated and compared. The SL-NDTC antenna will be
designed to optimize radii of the inner turns for a maximum H-field. These designs

will be compared with a UHF solid-line coil, STC antenna.

Moreover, it will be shown that the designed UHF SL-NDTC antenna not only
performs in the near-field effectively, but also has an encouraging far-field radia-
tions; this is essentially welcomed for dual-purpose applications where it can read

tags in near- as well as far-field of the UHF-RFID applications.
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5.2 Segmented-line coil antenna for UHF-RFID

readers

The UHF coil antennas introduced in Section 5.1 are investigated in this sec-
tion. All the designs considered in this chapter are etched over a FR4 PCB with
thickness h = 0.8 mm, relative dielectric constant of €, = 4.4, loss tangent of
tand = 0.02, and metal strip width 1mm and height 0.002mm. The PCB lies in x-
y plane with the center of printed coils coinciding with the origin of the coordinate
system. For a fair comparison, all the designs are confined by a fixed maximum

turn radius R; = 7bmm, and resonating at frequency 915MHz.

5.2.1 The STC and the SL-STC antenna design

Unit: mm
YA
X\
Z L
/
/
/
39.2 /
A\ /
R.=75/
/
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0.57 et
8.68 3.03

(a) 3]

FIGURE 5.1: a) The STC and b) the SL-STC antennas for UHF-RFID.

Fig. 5.1(a) shows the printed conventional solid-line coil, STC, having total perime-
ter 1.44X (hence electrically large). The SL-STC shown in Fig. 5.1(b) has perime-
ter 1.44)\ similar to that of the STC, however, in addition to that it consists of
fork-shaped distributed capacitors to compensate the phase delay along solid-line
segments. One segment attached with a fork-shaped capacitor is 39.27 mm long,

Fig. 5.1(b), and the SL-STC is realized by repeating these segments along the
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coil’s trace. To match the input impedances of the antennas to 50€2, we use stub
matching network printed on both sides of the PCB. Since the current along the
SL-STC is expected to be unidirectional, it should provide strong H-field compared
to the STC in the near-field zone of the antenna. However, to further enhance
the H-field over that of the SL-STC antenna, next section presents a SL-NDTC

antenna which facilitates multiple distributed turns to maximize the H-field.

5.2.2 The SL-NDTC antenna design

In this section, we present the design of SL-NDTC antenna introduced in Sec-
tion 5.1. Similar to the SL-STC, the SL-NDTC antenna is made of several dis-
tributed segments (with one fork-shaped capacitor) shown in Fig. 5.2, but addi-
tionally, consists N turns of radii [Ry, ..., Ry]. A similar optimization as proposed
in [90] and described before in Section 3.3.5 is used for the SL-NDTC antenna
to evaluate the optimal radii while maximizing the H, along the coil axis. The
rigorously performed optimization starts with N = 1, that essentially is the SL-
STC, and gradually adds more turns to the current version of the antenna, and
optimizes the radius of the newly added turn for a maximum H,. An interme-
diate design with N = 2 will be elaborated in the next paragraph for a greater
understanding of the optimization procedure and parametric study. Once the full
optimization terminates, it yields N =4, Ry = 7bmm, Ry, = 57mm, R3 = 45mm,
and Ry = 27mm, and final version of SL-NDTC is shown in Fig. 5.2. The con-
necting strips between two turns are such that the segment length = 39.27mm is
maintained for the proper phase cancellation. In Fig. 5.2, (front view) the length
cd = ef = gh = hk = 39.27mm. Point m is connected at the via to the bottom
view, such that length mn and no = 39.27mm. Finally point o is connected by
via to the front view so that length op = 39.27mm. The antenna was matched to
50€2 and the matching network parameters are evaluated as [; = 8mm, [y = 3mm,

and /3 = 0.67mm.
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Front view

All adjacent capacitors ab, cd, ef, gh, hk, mn, no, op, etc. have total
segment length 39.27 mm between them.

FIGURE 5.2: The SL-NDTC antenna for UHF-RFID reader.

During the optimization, the Segmented Line-Dual Turn Coil (SL-DTC) with
the geometry shown in Fig. 5.3 came as an intermediate result between the SL-
STC and the SL-NDTC. The SL-DTC was obtained by an iterative procedure to

establish appropriate separation between the turns. Starting with STC antenna
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FIGURE 5.3: The intermediate design: SL-DTC antenna.

10

T i
] =

RS

_N O 7
=y

k=l

9]

N

E -5 7
5 st
=2

--- SL-DTC; R2=69
“““““ SL-DTC; R2=57

197 = SL-DTC:; R2=51
—— SL-DTC; R2=33
—— SL-DTC; R2=21
15 10 20 30 40 50 60
z (mm)

FIGURE 5.4: Assessing the optimal radius Ry of the SL-DTC antenna.

with R; = 75mm, the radius of the second turn was found by optimization from
the iterative radii shown in Fig. 5.4. The radius of second turn is chosen giving
maximum H,, by observation from Fig. 5.4, the response for Ry = 57mm was

chosen to proceed for next step in the optimization. Further turns were added to
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the intermediate coil and distributed for a maximum H, leading to the final SL-
NDTC design. For the SL-DTC design, the required stub matching circuit (Fig. 5.3
inset) was found by iteration and reveals values [; = 4.48mm, [y = 3.04mm, and

[3 = Omm.

5.3 Simulations and results

The UHF coil antennas, STC, SL-STC, SL-DTC, and SL-NDTC, are now simu-
lated and results are compared. All the antennas were fed with the same input
power, 1Watt, and simulated for their corresponding S11 variation, as depicted in

Fig. 5.5.
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FIGURE 5.5: Simulated S11 of the UHF-RFID coil antennas.

The -10dB Bandwidths (BW) are summarized in Table 5.1 for the operating fre-
quency of 915MHz. Results indicate that wide fractional bandwidths between 18
and 25% can be obtained for the multi-turn segmented designs which are 5-7 times
greater than the STC design. The achieved bandwidths are influenced by the dou-
ble stub matching networks (inset Fig. 5.2 and 5.3) meaning that the quoted values
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TABLE 5.1: Simulated bandwidths of the UHF coil antennas.

-10dB S11 BW | Fractional BW | Normalized BW with
(MHz) for 915MHz respect to STC
STC 34 3.7% 1
SL-STC 89 9.7% 2.6
SL-DTC 233 25% 6.8
SL-NDTC 165 18% 4.9

may not be the maximum obtainable in each case. However, further improvement
was not deemed necessary because the proposed SL-NDTC fully covers the 865-
868 MHz (Europe) and 902-928 MHz (North America) UHF industrial, scientific
and medical (ISM) radio bands,.

The simulated currents and H-field distributions of the coils at 915MHz are com-
pared in Fig. 5.6(a) and (b), respectively. The 2-dimensional (x-y plane) H-field
distribution of the z-component, H,, at z=50mm plane is shown. It is apparent
from Fig. 5.6 that the current flowing in the solid-line coil antenna faces phase
inversions due to electrically large size of the loop. Therefore, these currents es-
sentially do not contribute to the H-field constructively in the interrogation zone,
and result into a weak field in x-y plane of maximum magnitude H, = 0.18A/m.
Whereas, a higher H, = 0.37A/m is produced by the SL-STC antenna because of
the equal phased currents flowing along the traces of the coil, even though the coil
is electrically large. For the SL-DTC design, the current flow in the inner turn
has a same direction as of the outer turn, contributing constructively such that
the H, becomes 0.45 A/m which is 1.2 times greater than the SL-STC. Fig. 5.6
also shows that the current distribution in the SL-NDTC antenna is ensured to
flow in-phase by the use of segmented-line configuration, and it effectively works
for multiple turns as well. The constructive contribution of the currents in the
SL-NDTC antenna enhances H-field in the central portion of the interrogation
zone and results in the maximum H, = 0.58A/m which is 1.3, 1.57 and 3.3 times

higher than the SL-DTC, SL-STC and the STC, respectively.

Fig. 5.7 shows simulated H-field distribution along the coil axis (z-axis) for the
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Max Hz=0.180462 (A/m)

the STC

Max Hz=0.446738 (A/m)
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FIGURE 5.6: Simulated (a) currents and (b) H distribution of the coils.
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FIGURE 5.7: Simulated H-field distribution along z-axis and percentage H
enhancement by the SL-NDTC antenna.

three designs, and relative enhancement by the SL-NDTC compared to the SL-
STC is presented. For an equal power input to all the designs, a weaker H-field
is produced by the conventional solid-line coil throughout the z-axis. Whereas,
an enhancement in H is achieved by the proposed SL-NDTC over the SL-STC
antenna; that is 2.3, 5.8 and 0.3 times with respect to the STC, the SL-STC,
and the SL-DTC, which is significant enough to encourage the use of the SL-
NDTC configuration in the advanced design of reader antennas for UHF-RFID

applications.

5.3.1 Far-field simulation results

The SL-NDTC is now investigated for its use in far-field UHF RFID applications.
The simulated far-field radiation patterns are shown in Fig. 5.8 and the efficiency
and gain are plotted against frequency in Fig. 5.9. The observations extracted from
the far-field results are as follows. The SL-NDTC antenna has a gain of ~1.44dBi,
and an efficiency of ~80%. A reasonably flat gain response across 840-960 MHz

with a slight variation of + /- 0.05dBi is observed. Quite similar radiation patterns
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in E-theta and E-phi of the Elevation and Azimuth planes are observed and shows

a good omnidirectionality (E-total) for reading tags of any orientation.

5.4 UHF antenna fabrication and measurements

The STC, the SL-STC, and the SL-NDTC antennas were fabricated and shown
in Fig. 5.10(a). To measure the reflection coefficient (S11) of the antenna, an Ag-
ilent PNA-X Network Analyzer (connectors and cables appropriately calibrated)
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FIGURE 5.10: a) Fabricated antennas b) setup for measurement
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was used. The S11 responses are shown in Fig. 5.11. The deviation of S11 re-
sponses from operating frequency 915MHz can be attributed to manufacturing
tolerances. The fabricated antennas are now measured for their near- and far-field

performances, presented next.

5.4.1 Measurement results

The H of the antennas were measured in an anechoic chamber. The measure-
ment setup is shown in Fig. 5.10(b) where the fabricated antennas were fixed as a
transmitter (AUT) and fed with 10dB input power. A near-field probe (small loop
antenna as a receiver) was placed at a distance z = 50mm away from the AUT
and moved to scan the x-y plane. A Network Analyzer was connected to the near-
field probe and the measured received power (representing H) distributions are
presented in Fig. 5.12. The results show that the maximum received power from

the STC is -46.68dB, whereas, the SL-STC shows 4.45dB higher power than the
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FIGURE 5.11: Measured S11 of the UHF-RFID coil antennas.

STC. The SL-NDTC enhances the maximum received power by 2.21dB over that
of the SL-STC which is equivalent to 29.9% enhancement in magnitude. These
results encourage the practical use of the prototype for advanced interrogator an-
tennas in Near-field UHF-RFID systems. The SL-NDTC was also measured for
far-field radiation patterns and the results are depicted in Fig. 5.13. The directive
gain pattern in H-plane and E-plane are showing good omnidirectionality. The
measurements corroborated the simulations and showed the SL-NDTC with en-
hanced magnetic field in near-field zone and decent radiations in far-field zone of

the antenna; this proves it as a suitable option for Dual-purpose near- and far-field

UHF-RFID applications.

5.5 Summary

The circular segmented-line coil antennas used for UHF near- and far-field RFID
applications are studied. The traditional solid-line coil shows weak magnetic field
(H-field) due to currents facing phase inversions and nulls since the coil is electri-

cally large at UHF 915MHz. Instead, Segmented-Line Single-Turn Coil (SL-STC)
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FIGURE 5.12: Measured H of the UHF-RFID coil antennas at z = 50mm.

antenna is usually used (incorporating solid-line sections along with distributed
capacitors to compensate current phases along the traces of the coil) to produce
strong and uniform H-field even though the coil is electrically large. The use of

multi-turn coil was proved to enhance the performance over the SL-STC. For this
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FIGURE 5.13: SL-NDTC measured normalized radiation pattern.

purpose, an optimized Segmented-line Non-uniformly Distributed-Turns Coil (SL-
NDTC) antenna at UHF was presented. The radii of inner turns of the SL-NDTC
coil antenna were optimized using non-uniformly distributed turns terminology for
a maximum H-field in the interrogation zone. The simulations backed my mea-
surements of the solid-line coil, SL-STC, and SL-NDTC yield the results which
proved that the optimized SL-NDTC design achieves significant enhancement in
H-field compared to the other two antennas. The percentage H-field enhancement
achieved by the SL-NDTC over the SL-STC was 162.6% at 10mm and 58.7% at
50mm distance from the coil center. Along with the near-field results, the far-field
radiation patters were encouraging and this shows the SI-NDTC as a Dual-purpose

near- and far-field UHF-RFID reader antenna.
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Chapter 6

Switchable Multiband antennas

In preceding chapters, RFID reader antennas were designed to work for a certain
frequency of operation, such as HF(13.56MHz) or UHF (915MHz). Those can
be designated as single band antennas working for either HF-RFID or a UHF-
RFID. In this chapter, novel multiband antennas are investigated with emphasis
to deployments in various RFID systems which current standards can be met
using only a single radiating unit; this is attractive for compactness (single unit
vs. multiple units) and its related cost reduction. The frequency of operation of
the targeted antenna can be switched among various frequency bands assigned for
RFIDs; this incorporates frequency reconfigurability into the system. In addition
to the multiband switching ability, it will be fascinating to design a antenna which
facilitates both the near- and the far- field operations for a multi-purpose use. This
would lead to a multi-purpose near- far-field switched multiband reader antennas

for RFID applications.

In this regard, two switched multiband antennas are investigated in this chapter.
First, in Section 6.1, a dual-band antenna which evolves form the previously opti-
mized single band NDTC antenna (Chapters 3, 4) is designed and successively in
Section 6.2, a novel dual-purpose near- and far-field tri-band reader antenna for

RFID applications is proposed and presented.
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6.1 Switchable dual-band NDTC antenna

Several dual-band RFID antennas have been reported in the literature and re-
viewed in Chapter 1. For instance, the one presented in [74] was designed to oper-
ate in near-field at HF (13.56MHz) and far-field at UHF (920MHz). However, the
one reported in [94] benefits from a previously optimized near-field performance
at HF. To maximize the H using multi-turn coil antenna, the NDTC design [90]
at HF has already been presented in Chapters 3, 4. The design [94] investigated
in this section evolved from NDTC antenna to operate at 13.56MHz in near-field
or 866.6MHz in far-field and switches between two frequencies of operation using
two Micro ElectroMechanical System (MEMS) switches. To evaluate the switched
dual-band operation, the design is simulated using ideal switch model as well as
equivalent circuit model. The initial NDTC antenna with incorporated switches
yields robust reactive and radiated performance, leading to a dual-band near-

far-field antenna in a single unit; this is subsequently presented.

6.1.1 Design description of dual-band NDTC antenna

Similar to the NDTC antenna of Section 3.3.5, the switched dual-band NDTC
(DB-NDTC) antenna was defined by a radius vector A = [ay, as, as, ay, as] where
a; is the radius of i turn of the coil as shown in Fig. 6.1. The radiative elements
were etched on a double-sided printed circuit board (PCB) of copper (50microns)
and substrate(FR4 with E, = 4.8 and tand = 0.02) having thickness A = 0.8 mm.
The front surface (printed turns) of the PCB lies in x-y plane with the center of

the printed coils coinciding with the origin.

To obtain multiband operation, two switches, SW1 and SW2, with position pa-
rameters ¢, and d; respectively, are incorporated within the design as shown in
Fig. 6.1. Depending on the states (ON or OFF) of SW1 and SW2 , the antenna
switches its frequency of operation to one out the two bands. The switching states
with correspondingly selected bands are listed in Table 6.1 and detailed in subse-

quent section.
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FIGURE 6.1: The switched DB-NDTC antenna.
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TABLE 6.1: The DB-NDTC antenna switching

’ State: band H SW1 ‘ SW2 ‘

State-1: HF ON ON
State-2: UHF || OFF | OFF

6.1.1.1 State-1: Near-Field HF band

The State-1 of the switches in Table 6.1, essentially, defines the DB-NDTC antenna
as a NDTC antenna which was designed for near-field at operational frequency
fi1 = 13.56MHz and optimized for a read range of D = 0.05m and @) = 33.16,
having resultant optimal radii A= [70.7, 39.0, 20.7, 7.3, 1.7] mm. The equivalent
circuit model of the coil and the matching network has been presented in Fig. 3.5;
the coil had inductance L, resistance R, and matched using L-matching network

made of lumped capacitances C1 and C2. The capacitors were selected to resonate

the coil at 13.56 MHz.

6.1.1.2 State-2: Far-field UHF band

The State-2 of the antenna in Table 6.1 corresponds to the UHF band where the
DB-NDTC antenna is designed to perform in the far-field at operational frequency
fo = 866.6 MHz. The switch position parameters (6; and d;) of SW1 and SW2
are optimized using Zeland IE3D to match the antenna to 502 at fy; this gives
01 = 49.2° and d; = 17mm. The final design of the DB-NDTC is depicted in
Fig. 6.1.

0.50Q 120 pH 12 fF 050 120 pH
O NNANN— ) — NN
~__25fF —__10fF
) ™
® ®
MEMS ON MEMS OFF

FIGURE 6.2: MEMS equivalent circuit model for ON-OFF states.



Chapter 6. Switchable Multiband antennas 129

6.1.2 RF MEMS switch modeling

For simulating the switches incorporated in the designs, we have considered two
equivalent switch models: 1) ideal switch model 2) MEMS equivalent circuit model.
In the ideal switch model, the OFF state of the switch is represented by an open
circuited (no metal) line, whereas, the ON state of the switch is represented by
a short circuited (galvanic connection with metal strip) line. This represents the
simplest switch model which can be considered. In contrast, the MEMS equivalent
circuit model is sophisticated and includes switch’s internal capacitance/reactance
in the simulations; this is done by using equivalent circuits with lumped LCR
elements. In this study we adopted a MEMS equivalent circuit model reported
in [95], and redrawn the ON and OFF states in Fig. 6.2. Considering these two
switch models in the simulations, the DB-NDTC is simulated using Zeland [E3D

and results are presented in the next section.

6.1.3 Simulation and measurement: Results

6.1.3.1 State-1: Near-Field HF band

When the switches were in configuration of State-1, the DB-NDTC was measured
for R, L, and @) using a mini probe (Agilent 42941A Impedance Probe Kit) and
a precision impedance analyzer (Agilent 4294A). The values measured were R =
3.89 and L = 1.47uH at f;. The @ of the stand-alone coil antenna (without
the matching network) was measured at the f; and found to be 31.16 and 32.16,
simulated and measured, respectively. The deviation between the measured and
predicted results can be attributed to manufacturing tolerances. The measured R
and L at the f; were used to calculate the required Cl1= 63.38pF and C2= 25.72pF
and the most appropriate commercially available SMD capacitors C1= 68pF and
C2= 27pF were chosen.

Once the DB-NDTC antenna switched into State-1 and ready to be simulated and

measured, the S11 responses are gathered. The DB-NDTC antenna was simulated
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FIGURE 6.3: Simulated and measured S11 of the switched DB-NDTC antenna.

with both the ideal switch model and the equivalent switch models as described
in Section 6.1.2, in addition, the fabricated antenna was measured. All the corre-
sponding S11 responses are shown in Fig. 6.3 where a zoomed version of the plot
is also shown in inset for clarity. By observations we see that, using both switch
models in simulations, the antenna resonates around f;, however, realistic switch
model shows a degraded return loss performance, but that is acceptable. Whereas,
the measured S11 shows a deviation from f; due to manufacturing tolerance, which

can be mitigated by adjustments during fabrication process.

The H of the DB-NDTC in State-1 were measured in an anechoic chamber using a
near-field probe (ETS-Lindgren’s Model 7405 Set) which was placed at a distance
D = 5cm above the coil. A signal generator (R&S SM300) was connected to the
coil and sent a sine wave signal of 9.2 mV peak at f;. The H of the coil antenna
at was measured to be 1.817A/m which is a sufficiently large value to read the

tags from a distance D.
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FIGURE 6.4: Simulated radiation pattern of the switched DB-NDTC antenna.

6.1.3.2 State-2: Far-field UHF-band

In State-2 of the switches, the DB-NDTC was simulated using two switch mod-
els, and corresponding S11 plots are depicted in Fig. 6.3. It is observed that the
antenna resonated around f, without significant deviation. Moreover, the mea-
sured S11 response is included in the figure and matches with the simulations with
insignificant deviation. By calculation from Fig. 6.3, the 10dB (return loss) band-
width of the antenna is 54.7MHz (841.2-895.9MHz) which includes UHF RFID
band 865.6-867.6 MHz in Europe. To assess far-field performance, the simulated
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FIGURE 6.5: Simulated efficiency and gain of the switched DB-NDTC antenna.

far-field radiation patterns are shown in Fig. 6.4 while the efficiency and gain
are plotted against frequency in Fig. 6.5. The simulated far-field results showed
that the DB-NDTC antenna switched into state-2 had a gain of ~2.2dBi, and an

efficiency of ~82.5% at fy, with relatively wide E-total coverage.

FIGURE 6.6: Fabricated switched DB-NDTC antenna in anechoic chamber.

To support the results produced by far-field simulations, the fabricated DB-NDTC
antenna while switched into State-2 was measured in an anechoic chamber as
shown in Fig. 6.6. In ideal switch model was replicated on the fabricated antenna,
and the far-field radiation patterns were measured at 866.6MHz. The measured
radiation pattern of the DB-NDTC are shown in Fig. 6.7 where normalized gain

in E-plane and H-plane are plotted in both vertical and horizontal polarization of
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FIGURE 6.7: Measured radiation pattern of the switched DB-NDTC antenna.

tags. The maximum gain measured was ~2.71dBi at f, which corroborated the

simulation results.

The simulated and measured results showed a highly efficient near- (at HF) and
far- (at UHF) field antenna with switching capability for dual band operation,
this encourages the use of switched DB-NDTC antenna in dual-purpose RFID

applications.

6.2 Multi-purpose switched multi-band antenna

In previous section, we have investigated a switched dual-band coil antenna work-
ing in near-field at HF and far-field at UHF. Low-cost multipurpose antennas
having both near-field and far-field operations in their respective frequency of op-
eration and capable of switching between the operating frequencies of a multi-band
design is very attractive. For this, a switched multi-band antenna is realized in
this section. The proposed antenna is designed to switch its operating frequency
between 915MHz, 2.45GHz, and 5.8GHz using RF switches which leads to a multi
purpose near- and far-field antenna. The proposed antenna, which is etched on

a single-sided PCB, incorporates four RF switches to reconfigure the resonance
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frequency of the antenna. The simulated results will show the H-field (NF) and
radiation pattern (FF) generated at each switching state of the antenna to prove

the usefulness of the design for NF and FF RFID applications.

Essentially, the antenna investigated in this section, will be shown to include bands
at center frequencies 354MHz (348-360MHz) and 915MHz (900-930MHz) and
2.45GHz (2.42-2.49GHz) and 3.72GHz (3.5-3.93GHz) and 5.8GHz (5.59-5.93GHz),
for a penta-band antenna realization. However, since in this study we are concen-
trating only on reader antennas for RFID applications, therefore, only three bands
915MHz, 2.45GHz, and 5.8GHz, which has been reported in the literature for RFID

applications will be considered in the analysis presented subsequently.

6.2.1 Design of a switched multi-band antenna

The switched multiband NF-FF antenna was designed by incorporating a coil
with non-uniformly distributed turns as shown in Fig. 6.8. The radiative elements
were etched on a single-sided PCB of copper (50microns) and substrate (FR4 with
E, = 4.8 and tand = .02) having thickness A~ = 0.8 mm, maximum size of the
antenna is 98x98x0.8 mm?. The front surface (printed turns) of the PCB lies
in x-y plane with its center at the origin and printed with a strip width 0.25
mm and height 0.002 mm. The antenna was optimized using CST MW studio
software and consisting of three turns with radii 47.6mm, 14.8mm, and 7.0mm to
achieve targeted three frequency resonances which can be switched using four RF
switches SW1-4. The chip resistances shown in Fig. 6.8 are selected to resonate the
antenna at desired frequencies. Depending on the states (ON or OFF) of SW1-4,
the antenna operation is switched between the three bands. The switching states
along with correspondingly selected modes are detailed in Table 6.2 and described

subsequently.

The antenna is fed at the center as shown in the Fig. 6.8. We first describe
the operation in mode-3 which is selected when SW1 and SW2 are OFF. This

means that the inner most turn will no longer be in contact with other outer
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FIGURE 6.8: Multipurpose switched multiband antenna.

turns, therefore, the smallest active element shows resonance at higher frequency
and the antenna resonates at 5.8GHz. Since circular loop design produces robust
reactive field in the near-field zone, the choice for this design is justified. The
circular loop provides a sufficient H for inductive coupling between the reader and
the tag coils in near-field region. In mode-2, when SW1, SW2 are ON and SW3,
SW4 are OFF, the innermost turn connects with the middle turn but outermost
turn is still disconnected, the antenna resonance switches to 2.45GHz, in this case
both the inner turns will contribute to near-field H as well as far-field radiations.
In mode-1, when all the switches are ON, all the three turns get connected and
contribute to near-field H and far-field radiation, and the antenna’s resonating
frequency switches to 915MHz. For mode-1, the largest turn is divided by a cut
of Imm in left side to achieve the highest area of the coil (for a maximum reading

area) while maintaining the uni-directional circulation of the currents.
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TABLE 6.2: Switching modes of multi-band antenna

| mode: band || SW1 | SW2 | SW3 | SW4 |
mode-1: 915 MHz | ON | ON | ON | ON
mode-2: 2.45 GHz || ON | ON | OFF | OFF
mode-3: 5.80 GHz || OFF | OFF | OFF | OFF

6.3 UHF antenna fabrication and measurements

The antenna were fabricated and shown in Fig. 6.9(a). The coils are etched on
an FR4 substrate of thickness, h = 0.8mm, relative dielectric constant €, = 4.4,
and loss tangent tand = 0.02. The coil lies in the x-y plane with its center at the

coordinate origin and consists of copper tracks of width d = Imm. To measure the

(a) (b)

FIGURE 6.9: Fabricated antenna a) front b) back ¢) in anechoic chamber

reflection coefficient (S11) of the antenna, an Agilent PNA-X Network Analyzer
(connectors and cables appropriately calibrated) was used. The S11 responses are

included in Fig. 6.10 for comparisons.

6.3.1 Results

In this section, the antenna presented in Fig. 6.8 is simulated using CST MW
studio. We have considered only ideal switch model for simulating the antenna,
where the OFF state is represented by an open circuit (no metal) and the ON state
by a short circuit (galvanic connection with metal strip). The antenna performance

is evaluated in each mode of operation and simulated S11 responses are shown in
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FIGURE 6.10: S11 of the switched multiband antenna.

Fig. 6.10. As apparent from figure, the antenna resonates around 915MHz in mode-
1, 2.45GHz in mode-2, and 5.8 GHz in mode-3 achieving targeted RFID frequencies.
The bandwidth corresponding to 25dB return loss is 30MHz (900-930MHz) in
mode-1, 7T0MHz (2.42-2.49GHz) in mode-2, and 340MHz (5.59-5.93GHz) in mode-
3. The deviation of S11 responses from operating frequency can be attributed to

manufacturing tolerances.

For each mode, the antenna is simulated to evaluate H, (z-component of H) in
the near-field and radiation pattern in the far-field, the results are subsequently

presented.

6.3.1.1 mode-1: UHF 915 MHz near- and far-field results

In mode-1, all the three turns composing the antenna get connected and antenna
resonates around 915MHz. The current distribution in the antenna at 915MHz is
depicted in Fig. 6.11. At 915MHz, the largest turn has a perimeter of the order of
one wavelength, therefore, no current inversions are observed and a unidirectional
current flow is observed given the cut introduced in the outer turn of the design.

The clock-wise current flow in all the three turns favors a robust near-field reactive



Chapter 6. Switchable Multiband antennas 138

FIGURE 6.11: Simulated current at 915MHz in switching mode-1.

energy and a contributing H,. The simulated H, distribution of the antenna
at 915MHz is shown in Fig. 6.12(i) which was captured at z=10mm plane. A
peak magnitude 1.12 A/m of H, is observed. This corroborates that the designed
antenna produces effective reactive field in the near-field zone of the antenna, and
hence, suitable for interrogating the magnetically coupled Tags; this encourages

the antenna to be used for the near-field RFID applications for 915 MHz.

To assess FF performance, the radiation patterns are evaluated in both the planes,
Azimuth and Elevation. The polar plots of simulated E-theta and E-phi in az-
imuth and elevation cuts are depicted in Fig. 6.12(ii). The results show that the
proposed antenna in mode-1 has a maximum gain of ~1dBi in elevation plane
at 915MHz. A relatively wide E-total coverage was observed indicating a poten-
tial for interrogation of tags in any direction allowing additionally the use of the

proposed antenna for far-field RFID applications at UHF.
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FIGURE 6.12: mode-1: (i) simulated H, in near-field (ii) far-field radiation

patterns at 915MHz.
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6.3.1.2 mode-2: 2.45GHz near- and far-field results

In mode-2, the antenna is simulated at 2.45GHz for its current distribution, near-
field and far-field evaluation. The current distribution of the antenna is shown

in Fig. 6.13. As apparent form this figure, since only two inner turns are con-
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FIiGURE 6.13: Simulated current at 2.45GHz in switching mode-2.

nected to feed, currents mostly flow in those two inner turns only, and contribute
to H, dominantly; the outermost turn has negligible currents to affect the H, in
near-field. Moreover, since the perimeter of the second turn is of the order of wave-
length at 2.45GHz, the current flows in same direction throughout its perimeter.
A clock-wise circulation of currents was observed in the two inner-turns, therefore,
contributing to the resultant H, in the near-field zone. Fig. 6.14(i) shows the sim-
ulated H, distribution of the antenna in the z=10mm plane, where the maximum
H, magnitude is 0.82 A/m. This shows that the antenna is suitable for near-field
reader RFID applications at 2.45GHz.

The FF simulation of the antenna at 2.45GHz in mode-2 is performed to evaluate

the radiation patterns in azimuth and elevation planes and shown in Fig. 6.14(ii).
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FIGURE 6.14: mode-2: (i) simulated H, in near-field (ii) far-field radiation
patterns at 2.45MHz.

It can be observed form the results that the proposed antenna has relatively wide
E-total coverage for the tags to be read from any direction. Moreover, a maximum

gain of ~4.1dBi in azimuth plane is observed, thereby, a high gain performance
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for the use in far-field RFID application is justified.

6.3.1.3 mode-3: 5.8GHz near- and far-field results

Similarly, the proposed design in mode-3 is simulated at 5.8GHz. The current dis-

tribution of the antenna is shown in Fig. 6.15, which shows that the inner turn has

FIGURE 6.15: Simulated current at 5.8GHz in switching mode-3.

a clock-wise circulation of currents to contribute towards near-field H,. In con-
trast, since the middle turn perimeter is electrically large, it has induced currents
which are non-uniform with certain nulls; this is non-supporting a enhanced H.,.
Although the induced currents in the middle turn are unfavorable for near-field, it
can favor far-field radiation gain and the inner turn current flow shows dominant
effects in H,. The H, distribution of the antenna in the z=10mm plane is shown
in Fig. 6.16(i) and maximum achieved H, has magnitude 0.98 A/m. Therefore,
the proposed antenna can be used for near-field RFID applications at 5.8GHz
additionally.
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patterns at 5.8GHz.

For the antenna in mode-3, the simulated FF radiation patterns at 5.8GHz of the

E-theta and E-phi are presented in Fig. 6.16(ii). The results show an encouraging

gain of ~4.3dBi in azimuth plane and corroborate the additional applicability of



Chapter 6. Switchable Multiband antennas 144

the proposed antenna for far-field RFIDs at 5.8GHz applications.

6.4 Summary

In this chapter, we have investigated, designed and presented multiband antennas
with frequency switching ability and suitable for near- and far-field RFID appli-
cations. Various frequency bands have been adopted in the literature for RFID as
well as for either a near-field or a far-field. The near-field antennas are aimed to
produce sufficient magnetic field H because the working principle of the system
is based on inductive coupling, whereas, the far-field antennas are aimed for high
gains and wide radiation patterns so that it can read tags from any direction. For

the accomplishment the following antennas were proposed.

First, a switched Dual-Band NDTC (DB-NDTC) antenna [94] was presented; this
antenna was optimized to function for near-field in HF and far-field in UHF. These
two modes of operations were switched by using two MEMS switches; while both
the switches ON, the DB-NDTC antenna maintained all the features of the HF
NDTC design [90] and a robust magnetic-field (H) in the interrogation zone, while
both switches OFF, the DB-NDTC antenna operational frequency shifts to UHF
and provided a far-field radiation. The presented antenna is of interest for RFID
applications where a greater coverage (extended interrogation zones) is sought.

Simulations validated the design and measurements supported the argument.

Second, a multi-purpose switched multiband antenna used for near- and far-field
RFID applications was presented. The antenna incorporated frequency recon-
figurability by switching between three frequency bands of RFID using four RF
switches. Depending upon the states of the switches, one out of three modes-
1-3 of operation was selected with corresponding resonating frequency 915MHz,
2.45GHz, and 5.8GHz, respectively. The circular loop shape adopted in the design
supported effective generation of reactive field (H-field, H,) in the interrogation
zone; this works for near-field RFID applications. Whereas, non-uniform currents

along the loop advantageously resulted in far-field radiation making the antenna
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suitable for far-field RFID applications. The claims were supported by the sim-
ulations which showed a decent H, achieved in the near-field zone and radiation
gain in the far-field zone for all the three frequency modes of operation. This
demonstrates the suitability of the proposed antenna for RFID applications will-
ing to exploit multiple zones (near- and far-field) and multiband behavior using

frequency reconfigurability (switching technology).

6.5 Chapter related publications

e A. Sharma, I. J. Garcia Zuazola, J. C. Batchelor, and A. Perallos, “Switched
Non-uniformly Distributed-Turns Coil Antenna for Dual-band operation”, in
9th European Conference on Antennas and Propagation (EuCAP), Lisbon,
Portugal, April 2015, pp. 1-4.

e A. Sharma, I. J. Garcia Zuazola, J. C. Batchelor, and A. Perallos, “Multi-
purpose near- far-field switched multiband coil antenna for 915MHz/2.45/
5.8GHz RFIDs,” shall be communicated in IEEE Journal, 2015.






Chapter 7

Applications

This chapter presents three novel applications of antennas; although the anten-
nas might not be exactly those reported in preceding chapters, these application
concepts can be generalized to all. First application investigates the possibility of
attaining a highly focused field in the NF region of 5.8GHz RFID. Second appli-
cation uses current ink-jet printing technology for antenna fabrication and reports
a RFID Tag antenna developed using conducting ink sprayed over food/bever-
age can. Third application investigates a novel technique for the possibility of

achieving a highly efficient antenna for in-car wireless communications.

7.1 Near-field focusing for RFID applications

RFID technology has well emerged for the applications of tracking, packaging,
intelligent transport, and authentication and management systems. For instance,
for assets identification in conveyor belts, the reader antenna is desired to be
well focused in the near-field region with low Side-Lobe-Levels (SLL) [41, 42]. A
highly focused antenna results in high gain with increased efficiency of the reader
and the low SLLs are welcomed for accuracy and reduced cross-talk systems. To
achieve this, an array specifically designed for Near-Field Focusing (NF-F) can be
the choice [43, 49, 96-100]. By adjusting the corresponding phases of the array

147
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elements, the NF-F effect can be obtained, this means forcing radiated fields of
every element to contribute constructively at the focus. The array elements can
be printed as microstrips with corresponding feeding-network for the excitation of

every element [96-98].

A focus agile (tunes/re-configures the focal distance) antenna can empower RFID
systems with rapid reconfigurability of the energy confinement of a reader. The
focus agility in rectangularly-configured arrays [43] was performed by having ad-
equate phase shifts per array element, but since several phase shifters (one for
each element) are required, it results into a highly complex feeding network. In
contrast, a circularly-configured array [45, 101] shows reduced complexity, because
of the circular distribution of the array elements, the array elements belonging to
the same circle will be equidistant from the focus, and therefore, just one phase

shifter per circle is required.

Following this idea, a Near-Field Focused Circular Array (NF-FCA) antenna for
5.8GHz RFID reader applications was proposed in [45]. The NF-FCA is made
of 24 array elements distributed along the periphery of 3 co-centric circles (8
elements per circle), and uses planar printed dipoles as radiating elements which
are preferred due to their mathematical tractability. The corresponding phases
of circles are adjusted to confine the radiating energy at the focus. The array
whose dipole element orientations (direction of the current flow with respect to the
center of the array) are aligned radially will be validated using vector projections
in Section 7.1.1.1 and used as the base for the studies; this is termed as initial

design.

The Electric fields (E-fields) generated by every dipole are modeled analytically in
a 3-D coordinate system. Using this model, we compute the beneficial contribution
of E-field vectors at the focus for several dipole orientations (only 2 cases of dipole
orientation will be presented for brevity, the radial and the co-linear [102]), and
the constructive effect of the resulted E-field magnitude will be given. It will be
shown that although the E-fields from radially oriented dipoles [45] combine at the

focus constructively, they spread in 3-D near the focus and are some what likely to
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cancel each other showing a drawback. As a result, the total E-field magnitude is
not maximized and a final design proposed in [102] is constructed and optimized
for enhancement. This is performed by reorienting the printed dipoles adequately
for maximum E-field response, and redefining the internal circle radii to control
SLL. This yields an improved energy confinement at the focus using the latter

design compared to the initial design.

7.1.1 The optimization process using vector projections

Vector projections in a 3-D coordinate system are used to model the NF-FCA
antenna as reported in [102]. The vector projections are used for the optimal
estimation of the focalization and the resultant E-field magnitude from the array
antenna when adequate dipole orientations are found. The possible vector projec-
tions in the 3-D coordinate system is given in Fig. 7.1(a). We use planar-printed
half wavelength dipoles for the array antenna; adequate phases are selected for the
constructive E-fields. The antenna-array plane is denoted in Fig. 7.1(a) by the
X-Y plane, and the location of focus by the Z-axis with coordinates (0,0, F'). The
array is made of C' concentric circular rows (circles) of radii RY, Vv € [1, C], where
a number, N, of dipoles are distributed per circle. Hence, the array is made of
total NC' dipoles. For the phased-array analysis and the individual E-fields that
originate from dipoles, we will show how the antenna system is modeled in 3-D
using vector projections on coordinates X, Y, and Z and respective unit vectors z,

~ ~

y, and 2.

7.1.1.1 Customized 3-D vector projection analytical model

In this section, the final contribution of the individual E-fields out of each element
of the NF-FCA is modeled and we use 3-D vectors to represent the possible rays
launched by the antenna, Fig. 7.1. The spacial location of a dipole u in a circle v
is denoted by a vector 5’;’ and mathematically given by:

SY = (R cos ¢,) & + (R sin ) § + 02, (7.1)

u
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FIGURE 7.1: (a) The NF-FCA antenna E-field vector projections in a 3-D

rectangular coordinate system. (b) A 2-D representation of the array elements

(phases ,1) in regard to the focus and (c) Geometric evaluation of the ¥V cor-
responding to a circle v.

where u € [1, N]; v € [1,C], and ¢, is the angular position of dipole u with respect
to the X-axis. Equation (7.1) formulates the spacial vectors locating the dipoles,
but it does not consider the dipole’s orientation (0° — 360° ) which defines the
direction of individual E-fields at the focus. To follow this, the current flowing in
dipole u of the circle v is defined by a vector I_;f whose direction, 17, and magnitude,

Y u
IU

u "’

represent the orientation and the current magnitude, respectively. Since the
NF-FCA is designed such that the individual E-fields originated from each of
the array elements contribute constructively at the focus, the current phases, 1"
are adjusted accordingly to compensate unequally distant dipoles, Fig. 7.1(b).
Typically, the dipoles in a shared circle are equally distant from the focus, as a
result, the phases need to be equal for each dipole of a shared circle. In contrast,
a phase difference is inserted between two group of dipoles of two different circles;

this means C' — 1 phase-shifters are required. To account for the phase differences,
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we assume that a phase 1" is inserted to each dipole of the circle v, Fig. 7.1(b).
To determine 9", a geometrical evaluation is performed Fig. 7.1(c), and calculated
[45] as:

R, (\/F2 R F) , (7.2)
27

where ko = 7 is the free space wave number and A is the wavelength. If the total
current, [y, fed to the antenna-array is known, and the necessary phase shifts, 1",

given by (7.2), then IV can be calculated as:

IV = N[—% (e7*¥"), Vue [1,N];v e [1,C]. (7.3)
We note from (7.3) that, the I,? is independent of u for a given v because of an
equal 1V used for each of the dipole in the circle v. f;’ is found by the orientation
of the dipoles in the array. The NF-FCA antenna can be fully represented by
the parameters: N, C, R", ¢,, Sif, and I_;f For a designed NF-FCA antenna,
the resultant E-field due to NC' dipoles at a point P, Fig. 7.1(a), is subsequently
formulated. The vector location, f’, of point P is given by P = P2 + Pyl + po2
and the vector distance, 5;, between the dipole u (of the circle v) and the point
P, is given by:

—

Dl =P—SY. (7.4)

u

Since, the resultant E-field occurring at point P is the sum of all the individual
E-fields (denoted as vectors, Fig. 7.1), we first compute the E-field due to every
dipole.

The near-field distance, [, in the Fresnel region is defined [1] by [ = 2d?/\, where d
is the antenna linear dimension; any value greater than [ would lay in the far-field.
The considered 5.8 GHz NF-FCA antenna is of d = 1 m and [ = 38.69 m and
every dipole d = % = 2.58 ¢m and [ = 2.58 cm. Therefore, because the focal
distance of the antenna-array is 0.4 < F < 2 m, it lays in the Fresnel region,
however, for every dipole (I = 2.58 ¢m) in the Far-field. Thus the E-field vector of

a each dipole in isolation, Fig. 7.1(a) (inset), is expressed [1] in a local spherical
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coordinate system as:

- inl,e~7%0Da [ cos (Z cosf .
B, = Jniqe ( (2 d)) E,, (7.5)

27TDd sin Qd

where n = 1207, 6, is the angle between the dipole current vector, I:l with respect
to Dy (distance vector to P1); note that the quantities in the dipole local coordinate

system are denoted with the subscript d.

The resultant direction of Ej is shown in Fig. 7.1(a) (inset), however, since we have
considered a rectangular coordinate system instead, (7.5) is arranged to define E_if
(the E-field vector projected at P due to a dipole u of the circle v), as:

E! = EBE;, (7.6)
where E?, and E are (for a dipole u of a circle v) the magnitude, and the direction
of the E-field, respectively. E" is calculated using (7.5), where D, is substituted
by the magnitude D from (7.4), and 6, is substituted by 67, Fig. 7.1(a), which

is computed by the cosine law as:

Dy Y
0Y = cos™? o I 7.7
o () -

Using (7.4), DY and (7.7), 6!, we derive E! from (7.5) as:

B gnI e koD cos (% cos )
“ 2Dy sin 6

(e75) (78)

where e7%%" is the phase shift required to co-phase E-fields at the focus. Since
it can be observed from the inset of Fig. 7.1(a), £ must be normal to D? and
parallel to the plane consisting of 5]; and I:f, this must satisfy using vector cross

products:
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Finally, since all E-field vectors, EX Yu € [I,N];v € [1,C] (7.6), are found
by substituting E¥ and EP from (7.8) and (7.9), the overall E-field, E, at P is

calculated as:

N C N
E=Y Y E'=> > E'E} (7.10)

v=1 u=1 v=1 u=1
7.1.1.2 Initial NF-FCA antenna design

Based on [45], the initial design consists of 3 circles, C' = 3, having 8 dipoles
uniformly separated per circle, N = 8, and the circle radii R! = 10 cm, R* = 30

cm, and R? = 50 cm, hence, the array is made of N xC' = 24 dipoles, and is printed

27 (u—1) of

on the X-Y plane of Fig. 7.1(a). The dipoles angular positions ¢, = =5

vectors, S’;f , are calculated using (7.1). We considered radially-oriented [45] dipoles
for IV, which is defined as I = 55, where s = —1 for u > 5 and s = 1 otherwise.
To compensate for the phase difference of the array, two phase shifts are required
and calculated using (7.2). We use the same feeding network as presented in [45] to
feed the array. The total E-field distribution of the initial design in the proposed

scenario is calculated from (7.10).

Although the E-fields are embraced to contribute in-phase at the focus, vector com-
ponents with same magnitude and opposite direction cancel each other - this limits
the practical E-field. Preliminary results were used to calculate the E; delivered
to the focus using (7.9) and corroborated this statement. Subsequently, rather
than using radially-oriented dipoles for the array, a unidirectional configuration

for mitigated cancellations of E-fields and enhanced performance is presented.

7.1.1.3 Final NF-FCA antenna design

Using the customized 3-D vector projection analytical model, the most prominent
orientation of dipoles are found for best focalization at the focus. Initially, the
vector projections were analyzed for several dipole orientations, whose expected
E-field directions E were computed using (7.9), and depicted in Fig. 7.2(a).

We found that certain vectors were the image of those initializing and therefore
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FIGURE 7.2: Optimal E-field vectors to adequately direct in a more concen-
trated fashion at focus and due to (a) radially oriented dipoles (initial design),
(b) co-linearly oriented dipoles (final design).

canceled by a mirroring effect, but a right orientation of dipoles aligned the Ej
more efficiently, minimized cancellations, and as a result, more concentrated E-field
vectors led to an enhanced focused response, Fig. 7.2(b). Moreover, to improve
the FLL and the SLL over that of the initial design, the radii, R", Fig. 7.1(a),

were redefined.

Hence, the optimization process was having two stages. In first stage, we found the
optimal dipole orientations to maximize the summation of the E-Field at the focus
(results into an intermediate design ID-1), however, Forward-Lobe-Levels (FLLs)
and SLLs were compromised. In second stage, we suppressed the side lobes in the
focal plane without compromising the focalization performance (results into final
design). In the first stage, it was found that least cancellation of E? occurred when
all dipoles were aligned in parallel (co-linearly oriented). In the second stage, the
compensation for the poor FLLs and SLLs of ID-1 is done by re-calculating R’
and R? by iteration 0 < R® < R® and 0 < R! < R?. Ultimately, the shared
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design parameters of the initial and the final designs are: 24 dipoles, N = 8§,
C = 3, and ¢,; while the new set of optimized R is: R! = 22cm, R? = 37cm, and
R? = 50cm (maximum antenna size). For comparison, another intuitive design,
ID-2, will be included in investigation results; ID-2 has same dipole orientations
as initial design but the R and R® values from the final design are used. All the

designs are analytically evaluated and compared in next section.

7.1.2 Analytical Results

First, we validate the customized 3-D vector projection analytical model presented
in Section 7.1.1.1 using MATLAB. Initially, the E-field analysis of the initial an-
tenna is performed and the results, later given in this Section, were in line with
[45] validating the model. In addition, the model is used for the ID-1, -2 and the
final designs to compare their performances with the initial design. We first start
by calculating the E-fields received at every point of the scenario, Fig. 7.1(a), in
near-field using (7.10) and the necessary phase shifts ¢" of the array for a desired
focal distance F' using (7.2).

For F' = 1m, the calculated 9" at each circle R, R?, and R’ of the array were
respectively, 0.927, 2.567, 4.567, for the initial and ID-1 designs, and 0.197, 1.707,
4.56m, for the final and ID-2 designs. The expected field strength (normalized |E|)
distribution in the focal plane (z = F' = 1m) for the initial and final designs is
presented in Fig 7.3(a) and (b), respectively. Compared to the initial design, the
final version provides a higher |E| at the focus (x = Om, y = Om, z = 1m), with

lower SLLs.

The following expressions analyze the focus properties of all considered antennas

including, the |F| at focus, beam-width (BmW), focal depth, SLL, and FLL
BiW = A |arge (1B = [EIG - 3)]

focal depth = A[arg J(1B|G02) = |B|G0F) 3)},
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FIGURE 7.3: Normalized |E| in the focal plane when F' = z = 1 m (a) initial
design (b) final design.

SLL = |B|§p*" — | B|5",
FLL_|E|00z0 |E|00F

where A [p] is the distance between two possible solution points p, and (xg, yo, 20)

are the coordinates of the lobe nearest to the focus.

The normalized |E| for all the designs in Cartesian form for two transversal cuts
of the main beam is depicted in Fig 7.4. Following observations can be extracted
from the results. The ID-1 achieves a higher |E| as compared to initial design,
but the SLLs are compromised (the final design compensates this by optimizing
R! and R?). whereas, the ID-2 shows similar |E| levels to the initial design, but
increased SLL along the Y-axis. In contrast, a higher |E| of ~ 4 dB in favor of the
final design is achieved; this is measured at the peak center of the focus, with lower
SLL along the X-axis (SLL-X) and along the Y-axis (SLL-Y). The BmW along
the X-axis (BmW-X) is narrower for the final design and similar in the Y-axis

(BmW-Y), Fig 7.4.
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FIGURE 7.5: Focus agility comparison of the initial and the final design along
the Z-axis (z = 0,y = 0) for various F.

The focus agility of the final design is now investigated. Fig 7.5 shows the nor-
malized |E/| distributed along the Z-axis x = y = 0 for F' = 0.6, 0.8, and 1m for
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the initial and final designs. Compared to the initial design, the final design shows
higher, |E|, and lowers FLLs for the three F' cases without a focus displacement

in the X and Y axis.; this defines an efficient focused agile antenna.

An in-depth comparison between the designs is presented in Table 7.1. The results

TABLE 7.1: focus properties of the initial design vs. the final design

focal length, F' — 0bm| 06m| 0.8m 1 m
Initial design:-

BW-X (cm) 510] 550] 6.50] 7.70
BW-Y (cm) 3.30 3.70 4.50 5.50
SLL-X (dB) —7.35| —=7.19| —7.01| —6.89
SLL-Y (dB) 790 | —7.89| —7.86| —7.82
SLL-Max (dB) —227| —229| —3.08| —3.14
FLL (dB) —5.85| —6.2T| —554| —4.50
Focal depth (cm) 13.30| 16.10 | 23.50| 31.70
% shift of the focus 0.4 0.6 2.0 3.6
Proposed design:-

BW-X (cm) 332 424] 456] 542
BW-Y (cm) 312| 3.55| 442] 532
SLL-X (dB) “14.28 | —15.37 | —17.36 | —19.04
SLL-Y (dB) —0.83 | —11.06 | —12.81 | —13.91
SLL-Max (dB) “391| —389| —381| —3.80
FLL (dB) “545| —6.17| —6.23| —6.35
Focal depth (cm) 15.20 | 20.15| 26.75| 36.75
% shift of the focus 1.6 2.0 2.8 4.2
E-field enhancement (dB)

|E|proposed - |E|initial 429 422 410] 4.02

give confidence of improved focus agility for the final design. Concluding remarks
reveal (compared to the initial design), 1) A final design with ~ 4 dB enhanced
|E| for all values of F'. 2) Narrower BmW-X and similar BmW-Y. 3) Lower SLL-X
and SLL-Y, and SLL-Max (the maximum SLL at the focal plane) with similar and
lower FLLs when F' < 0.6 m and F' > 0.6 m respectively. 4) Higher focal depths
(3 dB beam width along Z-axis) of &~ 4 cm. The focal depth of the final design was
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10-15% higher than initial design and is deemed acceptable for the antenna-array

application.

The maximum peak intensity of the beam is seen slightly shifted in regard to

the focus, Fig 7.5, that is, the peak intensity lies at a shorter distance than F,

and is naturally always present as reported in [45, 98, 103]. The calculated shifts
shift(m)

measured in percentage (%) (W % 100) is included in Table 7.1; they provide an

insight of focus displacements to be intentionally compensated prior prototyping.

7.2 Ink-jet printing of antennas using conductive

ink

Since antennas are essential in a communication system, their effective and op-
timized designs are necessary for an overall system efficiency, in addition, for an
adequate system cost minimization, their manufacturing is deemed intended cost
effective. For instance, planar antenna structures are encouraged over 3-D, be-
cause the 3-D structures present a higher difficulty for integration with existing
electronics and RF stages which prefer more compact antennas. Therefore, the
solution adopted here is the planar antennas with simplified structures, for ex-
ample, circular, elliptical or trapezoidal shapes [104, 105]. Apart from choosing
printed planar antennas from design point of view, the cost effective and easy
techniques for antenna manufacturing are also sought. Nowadays, the fabrication
of printed antennas, by reflecting metal patterns on substrates, is done by selective
masking and etching, and from decades the most popular technology for that is

photolithography [106].

The photolithography process involves multiple steps to fabricate the intended
antenna design. From copying the antenna shape (designed using some CAD
software or EM software designing tool) over a mask while maintaining the real

antenna dimensions for physical realization, to transferring the shape over the
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silicon wafer, etching and electroplating, all steps are time consuming and resource-
inefficient. Moreover, the use of substrates is limited due to solvent used for
etching and e.g., the low cost tags printed over paper material cannot be realized.
Therefore, the photolithography does not represent an optimum solution for a cost

and resource effective manufacturing of the antennas [21, 107].

On the other hand, a ow cost low complexity technique can be used for flexible
applications; that is inkjet printing technology, which resembles to a most com-
mon method of printing on paper using home computers and printers. The most
attractive feature provided by the inkjet printing is the direct printing of the CAD
shapes over the substrates; this reduces manufacturing time drastically by skip-
ping many of the steps involved in photolithography. The evolution of ink-jet
printing opened a new path of cost effective and novel applications for consumer
electronics by development of various Nano-technology based conductive inks suit-
able for printing over various substrates including paper [21]. This attracted the
ink-jet printing technology for new applications such as, printed solar panel and
cells, sensors, flexible displays, RFIDs, and antennas. Although it is an attractive
technique to use conductive ink to spray the pattern over a substrate, there are
many printer parameters needed to be carefully controlled while fabricating RF
components, since the sprayed conductor ink will eventually define the RF proper-
ties of the printed shape. Hence, inkjet printing poses challenges in using it for RF
applications, and a precise control of the ink deposition is required. The control-
ling parameters for inkjet printing include physical and chemical properties of the
conductive ink, pressure/temperature of the jet and orifice size to spry, substrate
properties, etc. Once these parameters are precisely controlled, ink-jet printing

becomes a promising technology to empower the antenna manufacturing.

The ink-jet printing technology also found its utility in RFID applications. The
RFID antennas fabricated using conductive paint and ink-jet printing technology
were reported in [22, 108]. A UHF RFID printed antenna was developed in [22],
where the conductive paint was sprayed over a car body to develop the antenna,
and a coating layer was used to make the antenna suitable for in-car hidden appli-

cations. In [108], a novel application of RFID-WLAN at 5.8GHz was demonstrated
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by printing a tag antenna over a can body; this is potentially useful for RFID ap-
plications with hidden tags pasted on food and beverage cans and metal-based
containers. As the tag antenna was sprayed using copper conductive paint, a low-
cost and compact tag was realized having reasonable gain and a range of input
impedance for various Tag ICs. A summary of the sprayed antenna reported in

[108] is presented next.

7.2.1 Sprayed antenna on cans for WLAN-RFID tags

In this section, we briefly introduce/study the RFID tag antenna, reported in [108],
sprayed over a beverage can. The frequency band chosen for the design is 5.8 GHz
because the antenna designed at this frequency will be less affected by reflector in
close proximity, and a compact and conformal structure can be designed. Using
conductive paint, the antenna pattern is sprayed onto a can body and Tag IC can
be attached at the input port of the design. How the integration of Tag antenna
with metallic body of the can affects the Tag’s performance was analyzed, and

parametric study to tune the antenna for various possible Tag ICs was presented.

7.2.1.1 Sprayed antenna structure

The can used for investigation is shown in Fig. 7.6, it has a cylindrical shape with
115.5mm height and 32.9mm radius of circular bottom face. The metallic can
body when purchased generally has a sprayed color paint of thickness 0.127mm,
which works like a substrate and prevents contact of printed tag with can metal.
The antenna was first designed in CAD and its formed of two layers; radiating
layers and resonating layers. First resonating layer is sprayed over can, then a
layer of color paint is sprayed over it. Finally the radiating layer is sprayed over
color paint, hence, forming a top layer which has a non-conductive gap to connect
Tag IC between two strips: inner, of length b, and outer, of length a. By adjusting
the inner strip length b, the input impedance of the gap is adjusted to match with
the Tag IC impedance.
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FIGURE 7.6: Sprayed Tag antenna on a can.

7.2.1.2 Results

The sprayed tag antenna over can was simulated and measured, and the results
were presented in [108]. For the measurements of the can with sprayed tag antenna,
a 50€2 coaxial probe was connected with the gap (rather IC), and precisely arranged
to not let it contact with the can body. The return loss (RL) of the sprayed
antenna was simulated and measured and showed that the antenna resonated
around 5.8GHz, any discrepancy in the simulated and measured S11 results were
attributed to manufacturing tolerances. The S11 result showed a -10dB bandwidth
of 785MHz for the sprayed antenna. Also, it was found that there was not any
significant effect of an extra layer of color paint (over radiating layer) over S11

performance, therefore, such antenna is also suitable for hidden application.

The parametric study revealed that adjustment in the inner strip length b can pro-
vide a fine tunning of the input impedance at the gap for Tag IC while maintaining
almost the same S11 characteristics (resonating frequency). A highly capacitive
Tag IC impedance should be conjugately matched to the impedance at the gap
between the strips of antenna for full power transfer. Therefore, a highly inductive
with low real part of impedance at the gap of antenna is intended and achieved

by trimming inner strip b.
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For far-field performance evaluation, the can with sprayed tag antenna was mea-
sured in an anechoic chamber. The far-field results showed that the antenna was
radiating in all the directions for both elevation as well as azimuth planes, and
had a measured gain of 3.04dBi. Overall results encouraged the use of this new

technique and color painted sprayed tag antenna for hidden tagging applications.

7.3 Antenna customization for In-vehicle UWB

MB-OFDM Communications

For in-vehicle high-speed wireless communications, Ultra-Wide Band (UWB) Multi-
Band Orthogonal Frequency Division Multiplexing (MB-OFDM) is a suitable tech-
nology, because of its high performance, low-power and low-cost characteristics.
To optimize the UWB MB-OFDM system design, an antenna can be customized
to provide improved Bit-Error-Rate (BER) performance at all the passenger loca-
tions inside the vehicle. To achieve this, a step-by-step process of channel-based
antenna synthesis, which includes full in-car channel profile measurements, BER
profile simulations, pattern synthesis, and source construction, is realized and pre-
sented in this section. The channel is first measured using a standard antenna and
based on the experiments is set-up to measure the distribution of impulse responses
(IRs) and signal-to-noise ratios (SNRs) in the vehicle’s Passenger Plane (PP). The
measured and simulated data is used in the synthesis process to customize a new
antenna having optimized radiation pattern to improve BER performance in the
passenger plane. The optimum radiation pattern shows a remarkable improvement

of BER over the commercial antenna used in the measurements.

7.3.1 Introduction

In-vehicle wireless connectivity is attractive to reduce the cost associated with
wiring, and to provide mobility to portable devices which is highly demanded as a

user point of view. The challenges for the realization would be: the solution should
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be low cost, suitable for unlicensed use, and capable of providing high data rates;
the coverage range of operation is not stringent for in-vehicle communication due to
the small vehicle volumes. In 2002, the US Federal Communications Commission
(FCC) allocated the frequency band 3.1 - 10.6 GHz for unlicensed operation of
UWB radios [109] having a maximum allowed power spectral density of -41.3
dBm/MHz. Such a low power is only suitable for applications limiting for a short
range (< 10m) but a wider bandwidth (BW) can be supported for a high data
rate ~480Mbps. Therefore, UWB has emerged as a promising technology for
short-range high data rate wireless communication [110]. For instance in-vehicle
applications, the UWB technology showed the potential to deliver high data rate
and spatial capacity, with multipath immunity [111] along with low power, low cost

solution.

The MultiBand Orthogonal Frequency-Division Multiplexing (MB-OFDM) has
been a strong candidate for standardization for UWB applications [112, 113]. To
develop an alternative physical layer based on UWB signaling, the IEEE 802.15
standardization group organized a task group 3a [114] who proposed physical layer
specification for MB-OFDM UWB system [115, 116]. In another place, MB-OFDM
has been recently accepted in a standard European Computer Manufacturers Asso-
ciation (ECMA) [117]. For in-vehicle communication, the MB-OFDM system was
adopted in [111] for its slightly more immune to Gaussian noise [118]. Whereas,
in [119], the performance of MB-OFDM is shown to be inferior than its competi-
tor Direct Sequence UWB (DS-UWB) for intra vehicle communication, but the
paper concludes the advantage of MB-OFDM due to its comparatively low com-
plexity. The MB-OFDM system design parameters optimized for realistic UWB
channel environment is presented in [120] and various blocks of the UWB MB-
OFDM PHY architecture are described. The system performance was evaluated
for the UWB channel models developed under IEEE 802.15.3a work group con-
sisting CM1, CM2, CM3, and CM4, for several line of sight (LOS) and non-line
of sight (NLOS) situations [120, 121] based on the clustering effects reported in
[122]. Whereas, in the investigation presented in this examines the UWB MB-

OFDM system functions under in-vehicle channel.
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For in-vehicle propagation, the characteristics of the received signals reflected from
vehicle body, windows, seats, etc., are very complex to be modeled inside the ve-
hicle. Therefore, the distribution of the received envelope caused by in-vehicle
multipath propagation requires a new set of measurements for its proper under-

standing.

In the literature, various studies [123-129] are dedicated to in-vehicle channel
measurements and modeling and various kind of vehicles were considered. All of
the aforementioned works adopt application specific transceiver deployment and
measurements were taken only at those few deployed locations. Moreover, many
were deployed just to provide wireless connectivity to static locations without any
mobility feature desired for the passenger devices. Furthermore, the antennas
used were omni-directional without any intelligence incorporated to optimize the
performance in-vehicle. The preferred location of the Access Point (AP) antenna
inside vehicles had being set in the middle of the ceiling of the car [130] to ensure
good power distribution intending high bit rates to likely mobile equipment (ME)
locations within the car. In this regard, the experimental channel measurements
with preferable AP location were carried out in [111] for an specific car. Still,
the antenna used was omni-directional and only a set of locations were measured
in the passenger plane. Whereas, the system with omni directional antenna may
not be an optimal choice for system design point of view. If a new antenna is
customized specifically to optimize the system, then new measurements will be

required for all the possible locations of ME in the passenger plane.

To optimize UWB system for in-vehicle application, along with the channel char-
acteristic in the passenger plane, the behavior of various UWB antennas including
the directional one should be investigated. The UWB antenna behavior study
for in-vehicle provides an idea to customize a new antenna which is optimal for
UWB MB-OFDM system deployed inside the vehicle. The UWB antennas have
vast literature dedicated and having different characteristics and various types;
from 3-D structures to planar and from plate/slot to printed monopole antennas

[41, 104, 105, 131-134]. But, they all have limitations including size, bandwidth,
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inability of integration with an integrated circuit. The drawback limits their prac-
tical use for specific applications and a lot of efforts have been put to improve
the performance of the UWB antennas for particular applications. For instance,
[135] presented several UWB antennas for wireless communications and detection
applications working from 3.5 GHz to 9.9 GHz. Since the UWB antennas de-
signed covering whole UWB spectrum suffer from interference by licensed user,
e.g., WLAN, the implementation of MB-OFDM systems prefers antennas with
BPF like response. Thereby, some band-notched UWB antennas were designed in
[132, 135].

These UWB antennas have several concerns. None of the aforementioned UWB
antennas were designed for optimal performance while deploying inside the vehicle.
They were not customized to provide uniform BER performance throughout the
passenger plane. Moreover, their radiation pattern is such that the received SNR
will not be uniform in the passenger plane and certainly will have unacceptable
SNR at some locations (blind-areas: defined for BERs > 107°). To minimize the
deeply faded blind-areas of the passenger plane, the antenna’s radiation pattern
can be customized such that a higher power is radiated towards deeply faded loca-
tions, and brings-up the received SNR level to match with a minimum acceptable
SNR for target BER. To achieve this aim, we need many parameters to be de-
fined, measured, simulated, and processed together to finally develop an antenna
with desired optimum radiation characteristics. Thereby, in this section, we in-
vestigate a step-by-step process of channel-aware source synthesis to design an
optimized antenna which minimizes blind-areas and achieves target End-to-end
BER performance. This channel-aware antenna synthesis process includes full in-
car channel profile measurements, BER profile simulations, pattern synthesis, and

source construction, all detailed next.
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7.3.2 In-vehicle UWB connectivity in the passenger plane:

Problem description

For the model, dimension of the vehicle and location of the transmitter (Tx) and
Receiver (Rx) systems are shown in Fig. 7.7. The access point (AP=Tx) being set
in the middle of the ceiling of the car and is the preferred location in vehicles [130]
to ensure high bit rates by ensuring a good power distribution to likely Mobile
Equipment (ME=Rx) locations within the car. Both Tx and Rx are equipped
with UWB MB-OFDM systems. The measurements were therefore taken at 0.8 m
below the ceiling, “This is the most likely location for the ME/fized equipment while
minimizing field exposure to occupants” [111]. The in-car environment is assumed
to be static, using a closed-environment (complete shielded vehicle) scenario and

a motionless vehicle.

<= AP Antennan o emmmea |

Car ceiling,—"':7§\

0.8 m

. Dlane (PP) /i\
~~~~~~~~~ 0.6m

rS8 ; v
2 8 z ,1.2' m

-

/ PN Y

1 " .
: X

FIGURE 7.7: The in-vehicle system configuration.

According to the coordinate system shown in Fig. 7.7, the Passenger Plane (PP)
is defined by z = 0.6m, whereas, the location (z,y,0.6)m,Vz € (1,2)m;y €
(0,1.2)m, of the UWB receiver can by anywhere in the PP. The location of the
Rx with respect to the Tx essentially determines the channel (impulse response
and received SNR) between them. This is why the channel profiles will be vary-

ing for the various locations in the PP, and so the End-to-End BER performance
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at the receiver. Since Rx is assumed existing anywhere in the PP, the BER is
determined at each location (z,y,0.6)m with profile, BER(z,y). The BER(z,y)
distribution also depends on the radiation pattern of the antenna used inside the
vehicle. In general, the commercial UWB Tx antenna having omni directional
pattern would have BER(z,y) profile with many deeply faded areas in the PP.
At these deeply faded locations, BER(z,y) is unacceptably lower than the target
BER, BERigrget = 10~?, and they are called blind-areas. The ultimate perfor-
mance measure of the UWB antenna in-vehicle is given by %Blind-Area, which is

defined as:

total PP area with BER > BERyqget

Blind-Area =
7Blin rea total PP area

100 (7.11)

Ideally, the %Blind-Area should be zero, but it is not true for the commercial
antenna. Therefore, to improve the performance, an antenna is customized par-
ticularly for in-vehicle channel. The ultimate aim should be the synthesis of an
antenna which achieves an acceptable BER at each location of the passenger plane,

hence,

Synthesize antenna with customized pattern
such that (7.12)

%Blind-Area is minimized

The actual BER(z,y) using ordinary antenna does not follow (7.12). To achieve
the desired BER distribution in the PP, a process is desired to customize the
antenna pattern by utilizing the channel knowledge. Thereby, we propose the

channel-aware synthesis process of designing customized antenna which solves the

problem defined in (7.12).

7.3.3 Channel-aware source synthesis process

In this section, a systematic process, to be followed to design the antenna specifi-

cally customized for the in-vehicle application, is presented as a solution of (7.12).
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Channel-based Antenna Synthesis
for In-vehicle UWB Communication

M Uses a known reference
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Steps for the channel-aware process of antenna design for in-

FIGURE 7.8:
vehicle UWB connectivity.

Fig. 7.8, shows the steps of the channel-based antenna synthesis process to ob-

tain the final antenna design. We elaborate each step involved in the process,

subsequently.
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Step-1 : In-vehicle channel measurements

Since in-vehicle channel is a multi-path scenario, BER of the communication sys-
tem working in-vehicle depends on the received Signal-to-Noise Ratio, SN Rg.,,
and the impulse response (IR), h(t). Since the channel property changes depend-
ing on the location of the Rx, the SNR and the IR should be location dependent
and are related by [136]:

BER<xay) = f[SNRRcv(x,y), h(taxayﬂv (7'13>

where f[-] is the complex relation which transforms the channel parameters into the
system performance, and depends on the properties of various blocks of the MB-
OFDM system. To evaluate BER(z,y), we need to know channel profiles h(t, z, y)
and SN Rr.,(z,y). Using known omni-antenna, the channel profiles h°(¢, x,y) and
SNRY%., (z,y) were measured inside the vehicle. For the channel measurement
set-up, a PNA-X Network analyzer form Agilent technologies, two UWB antennas
(commercial) from Wisair Ltd, and connecting cables were used, Fig. 7.9. Both
the commercial antennas are monopole antennas with 2 dBi gains [111]. The
transmitter emits power spectral density (PSD) of -42 dBm/MHz containing the
WiMedia/ MBOA group 1 sub-band (3.168 - 4.752 GHz).

Step-2 : Finding the desired antenna space-factor

Once the channel profiles SNR%, (z,y) and h°(t,z,y) are measured at all the
points of the passenger plane, the BER’(z,y) in case of the known omni-antenna
is obtained by simulating the UWB MB-OFDM system corresponding to f[-] used
in (7.13). The MATLAB Simulink model of UWB MB-OFDM system is presented
in Fig. 7.10 where the building blocks of the MB-OFDM Tx and Rx [115, 116]
are shown. The UWB channel block includes antenna front end responses which
were measured and feed in terms of channel profiles SN Rg.,(z,y) and h(t, z,y).
This way, the channel block can represent the real radiation pattern as well as the

path impairments.
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AP antenna ME antenna

In-vehicle Setup Vehicle

FIGURE 7.9: Measurements of the in-car UWB channel scenario.

The BER simulations for commercial antenna shows that there are certain loca-
tions in the passenger plane where the BER is unacceptable. To improve the BER,
the SN Rpe(z,y) should be redistributed by customizing the antenna radiation
pattern. This problem is known as antenna pattern synthesis for which the desired
antenna radiation pattern is first evaluated. To do that, we simulate the BER-
SNR variation of the UWB MB-OFDM system using measured IR h°(¢, z, ), this
is to find the targeted minimum SNR, SN Ri,¢.: that corresponds to the target

BERiqrger- This manual search is performed as:

For Vz € (1,2);y € (0,1.2)
find snr >0 such that
(7.14)
f[sm“, ho(tv x, y)] = BERtarget

SN Rigrget(z,y) < snr

The target SNR profiles, SN Riarget(,y), calculated using (7.14), is the desired

SNR, whereas, the SNRY% . is the real measured SNR using omni-antenna. Using
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FIGURE 7.10: MATLAB Simulink model of UWB MB-OFDM system.

these two quantities we can evaluate the desired radiation pattern SFy(z,y) for

the synthesized source using following equation.

SNR arget\ L, Y
)

(7.15)

The SFy(x,y) obtained using (7.15) is subsequently used in Step-3 to synthesize

the source having desired radiation pattern.

Step-3 : Radiation Pattern and Source Synthesis

The antenna pattern and source synthesis process is invoked to obtain the desired
SF. For instance, we have considered rectangular aperture source of dimension
l; x 1. The source dimension and the local coordinate system (z’,/, 2’) is demon-
strated in Fig. 7.11. As a result, SFy(z,y) takes the form of SF,(6, ¢) to account
for the spherical coordinate system of the antenna whose aperture (effective area)

is predominantly related to the PP dimensions, Fig. 7.7, and 6 and ¢ are given
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Antenna Physical
Aperture used as AP

FIGURE 7.11: The geometry of the antenna physical aperture used as AP.

by the following transformation equations and calculated geometrically as,

0.8

(0.6 — y)}
(1.0—2)|"

N [\/($ —1.0)2+ (y — 0.6)2] |
(7.16)
¢ =tan™" [

The origin of the antenna aperture (Fig. 7.11) is the center of the AP (Fig. 7.7)
with coordinates x=1m, y=0.6m and z=1.4m. Hence, x = 2’4+ 1;y =y +0.6; 2z =
1.4 —2'. The general form of SF'(6, ¢) for a continuous source (a single source also

applies) is given by [1], Chap. 7, as,

ly/2  pla/2
SF(0,6) = / / I, y)
—1y/2 1. /2 (7.17)

5 Y ! s N / !
% ej(k;r sinfcosp+ky’ sinfsing+P(z',y ))dl'/dy,,

where [, and [, are the linear dimensions along the 2z’ and y' directions, I(z',y’)
is the source amplitude, ®(2’,y’) is the phase distribution of the antenna for

a rectangular-like physical aperture, and Va' € (=&, &)y € (_Tl”,%’) The
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SFy(0, ¢) is then given by substituting (7.17) as

ly/2  pla/2
SFd / / Ifm CL’ y)
ly/2 s /2 (7.18)

% ej(kx/sinﬁcosqSJrky sinfsing+® ¢y, (x’,y’))dx/dy/

where the required source coeflicients, amplitude I;;,(2,y’) and phase ®;, (2, ')
for the desired radiation pattern are reflected in (7.18). To solve the inverse prob-
lem (7.18) with unknowns Iz, (2, v'), ®pin(2’,y") and known SFy(6, ¢), we used
the Method of Moments (MoM) and the Woodward Lawson synthesis. These
numerical solution techniques are used for the pattern synthesis and source con-
struction, and the details of these standard methods could be found in [1] but

omitted in this dissertation for brevity.

Step-4 : Feasible antenna solution

The theoretically obtained desired source with amplitude and phase distributions
is reflected as antenna hardware using some antenna fabrication technology. It
is highly complex to exactly reflect theoretical current amplitude and the phase
coefficients on continuous antenna aperture, whereas, array as the solution could
be inefficient for in-car application due to confined size issues. The discretization
of the continuous sources (e.g., discrete source) is another possibility which gives
an approximate radiation pattern to the desired pattern. The permitted difference
between the desired and the approximate radiation pattern will depend on the final
BER performance in the passenger plane. For sampling of continuous sources, the
root-matching, and perturbation techniques [137] can be used but all have their
own limitations of accuracy. For shaping the antenna’s radiation pattern, the use
of dielectric lenses and domes [138] is also an attractive approach and we suggest to
investigate them for channel-based antenna synthesis, this is intended to provide

an ideal antenna solution with dispersive gain.
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7.3.4 Results

In this section, the final results of BER distribution for the optimum source pro-
duced by channel-aware synthesis process is presented. The BER/™(x,y) distri-
bution in the passenger plane is calculated by the optimized source (Ifn(2’,y’)
and @, (2',y')) given in (7.18). A comparison is done with BER’(z,y) of the
commercial antenna. Both BER®(z,y) and BER/™(z,y) were calculated and the
results are shown in Fig. 7.12. We observe from Fig. 7.12(a) that the BER perfor-
mance for the commercial antenna in passenger plane is not consistent, and there
exists many blind locations (BLUE grids) where the targeted BER is not achieved.
Whereas, it is apparent form Fig. 7.12(b) that, the optimized final source drasti-

cally reduces the blind locations as compared to that of the commercial antenna.

BER <10°°
B 3R 10

FIGURE 7.12: BER distribution in the passenger plane (a) BER® for the com-
mercial antenna (b) BER/™ for the customized optimum source

Using the results of Fig. 7.12, the blind-area (in percentage) is computed for
comparison between the responses when the customized and the standard antennas
were used as AP. The %Blind-Area is compared in Table 7.2, where the customized
optimum source reduced the %Blind-Area to 17.72% as compared to 55.45% of

the commercial antenna. Hence, the investigated optimum source shows great
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advantage of the channel-aware synthesis process for improving the performance

of UWB-OFDM communications inside the vehicle.

TABLE 7.2: Performance comparison of the optimized antenna vs. the standard
antenna used as AP.

’ \ % Blind Area ‘

Standard Antenna 55.45%
Proposed Antenna 17.72%

7.4 Summary

In this chapter, a near-field focusing, a printed antenna technology and a cus-
tomization of an antenna for in-car applications have been proposed, investigated

and presented.

First, we investigated a Near-Field Focused Circular Array (NF-FCA) antenna
designed for 5.8 GHz RFID applications. The antenna array was carefully modeled
in 3-D for maximum focalization and field strength at the focus in near-field.
Using the customized 3-D vector projection analytical model, the resulting E-
field vectors were optimally found to direct in a more concentrated fashion while
minimizing their cancellation from imaging. The effects of the E-fields contributing
at the focus due to possible dipole orientations were studied. The model affirmed
that dipoles oriented unidirectionally (final design) are favored over those oriented
radially (initial design), and the corresponding necessary parameters for the final
design customization were given. The final design showed (compared to the initial
design) a higher field strength, a more focused beam with improved beam-width

and side-lobe levels, and enhanced focus agility.

Second, we presented a short review on ink-jet printing technology used as a
cost and resource effective antenna manufacturing. The advantages of the ink-jet
printing over traditional photolithography were presented, where the latter is more
laborious, time consuming and involves many steps to fabricate the antennas. One

antenna design for 5.8GHz RFID tagging application was studied and presented,
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where the tag antenna was sprayed over a cylindrical can. The antenna was fabri-
cated by using a copper paint, and a color paint coating. The results encouraged
its use for hidden tagging applications and showed a good return loss, gain, and

omni radiation patterns for the azimuth as well as the elevation planes.

Third, we investigated a channel-aware source synthesis process of designing op-
timally an antenna to specifically customize it for inside vehicle applications of
UWB MB-OFDM system. We showed that using commercial antenna there ex-
ist deeply faded locations (blind-areas) in the passenger plane where the BERs
are unacceptably high. The radiation pattern of the antenna under investigation
was customized to improve the bind-areas in the passenger plane. For the pro-
cess, a new set of in-vehicle channel measurements (channel profiles) were taken.
The BER-SNR characteristics were simulated using a MATLAB/Simulink model,
where the measured in-vehicle channel profiles were utilized. Using measured in-
vehicle channel profiles, we evaluated the desired antenna pattern and synthesized
optimally the corresponding source (rectangular aperture) amplitude and phase
profiles. The optimal source profiles had shown a potentially reduced blind area
to 17.72% in the passenger plane as compared to the 55.45% using the commercial
antenna, hence, it is very welcome for the UWB MB-OFDM system in in-vehicle

applications.
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Chapter 8

Conclusion and Future Open

Problems

8.1 Concluding remarks

In this dissertation we have investigated the advancement of antennas used for
Radio-Frequency IDentification (RFID) applications. In general, the RFID finds
its application individually in Near-Field (NF) and Far-Field (FF) zones of the
reader antenna designed to operate at a single RFID frequency. The bands adopted
in the literature for RFID applications are LH, HF, UHF, 2.45GHz, and 5.8GHz,
where each band can be utilized for NF and FF applications. In this work, we
developed a 'multi-purpose NF and FF switched multiband RFID reader antenna’
which through a single antenna unit performs both NF and FF operations and
incorporates multiple RFID bands with switching facility. The elaborated antenna

was as a result of several intermediate designs, each introducing novel properties

for advancement, and presented as UDTC, NDTC, SL-NDTC, and DB-NDTC.

Initially, we presented optimization of HF-RFID reader antenna to enhance H-
field by targeting the following two criterion. First, we optimized the coil antenna
for a high power transfer efficiency (hence a high Q-factor) using a Uniformly-

Distributed-Turns-Coil (UDTC) approach. By analysis and simulation results, it

179
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was demonstrated that a significant enhancement in H-field can be achieved using
UDTC antenna, that is a 23.34% improvement over a reference design. Subse-
quently, the coil was optimized for the second criteria of a high data transfer rate;
a Non-uniformly Distributed-Turns Coil (NDTC) was proposed. The design al-
gorithm of the NDTC antenna was presented to maximizing H-field by optimally
distributing the multiple turns in the inner area of the coil. Theoretical study and
simulation of NDTC antenna showed a 116.23% higher H-field with unconstrained
Q-factor compared to the reference design. Furthermore, the NDTC antenna was
fabricated and measured, and the corresponding H-field enhancement from the
measured results was 21.21%, this encourages the use of NDTC antenna over
others for HF-RFID reader applications. Moreover, an assessment of the NDTC
antenna was performed for use on various substrates with different deposited con-
ductors types and thicknesses and the performance degradation due to existing
reflector in the vicinity of the antenna was investigated. The results proved that
the NDTC over PCB-FR4 had highest () and H, and therefore, most suitable for
the applications seeking high power efficiency. It was also found that reflector
in vicinity affects negatively when very close to the NDTC antenna, however, the
effect diminishes for a reasonable separation. The compromised H can be compen-
sated by an equal increase in input power; this would allow the antenna to be used
near reflectors. Although the NDTC antenna exhibited a robust performance in
NF zone, applications such as the reading/ interrogating and wireless power trans-
fer (charging mats) demands for a wider reactive field area. Therefore, an array
antenna was also developed composing five cautiously arranged NDTC elements
to produce robust and extended H-field in the interrogation zone. It was validated
through simulations and demonstrated a proposed array capable of expending the

interrogation zone to at least four times of that of a single NDTC antenna.

Since the NDTC antenna was developed for NF applications it does not serve any
FF purpose. To fulfill that, a multi-purpose antenna serving both NF and FF
operations was developed for 915MHz UHF-RFID readers. In the design process,
circular segmented-line coil antennas were studied. The traditional solid-line coil

showed weak H-field because of the currents facing phase inversions and nulls and
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is due to the electrically large coil at UHF 915MHz. Instead, a Segmented-Line
Single-Turn Coil (SL-STC) antenna is proposed (incorporating solid-line sections
along with distributed capacitors to compensate current phases along the traces of
the coil) to produce strong and uniform H-field even though the coil is electrically
large. An optimized Segmented-line Non-uniformly Distributed-Turns Coil (SL-
NDTC) antenna at UHF was designed to expand/improve the SL-STC antenna
for a maximum H-field in the interrogation zone. The simulations backed by
corroborated measurements proved a significant enhancement in H-field achieved
by SL-NDTC over SL-STC, that was in percentage 162.6% at 10mm and 58.7%
at b0mm distant from the coil center. The FF radiation pattern results were
encouraging to use the SL-NDTC as a dual-purpose NF and FF UHF-RFID reader

antenna.

Although, the SL-NDTC antenna served dual-purpose, however, it was designed
to operate at a single RFID frequency. In the view of this constraint, and to
further move a step ahead towards the ultimate goal, we designed a Dual-Band
NDTC (DB-NDTC) antenna with frequency switching capability, and optimized
it to operate in NF when switched to 13.56MHz and in FF when switched to
915MHz. The simulation and measurement results showed a DB-NDTC antenna
with a robust H-field in the NF zone when switched to HF, and a wide FF radiation
pattern of gain ~2.2dBi and ~82.5% efficiency when switched to UHF. This design
is welcome for RFID applications where an extended and distinguished interroga-
tion zones are sought. Ultimately, a multi-purpose switched multiband antenna
was customized for providing multiple switched bands. The antenna incorporated
frequency reconfigurability by switching between three frequency bands of RFID
operation using four RF switches. Depending upon the states of the switches, one
out of three modes-1-3 of operation can be selected with corresponding resonat-
ing frequency 915MHz, 2.45GHz, and 5.8GHz, respectively. The non-uniformly
distributed circular shape was adopted in the design to support effective genera-
tion of H-field in the NF zone which advantageously also resulted in FF radiation.
The results proved the claim with decent H-field in the NF zone and radiation

gain in the FF zone for each individually switched frequency. This demonstrated
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the suitability of the proposed RFID reader antenna for multiple zones (NF and
FF) and multiband applications using switching (frequency reconfigurability) for

multi-purpose use.

In this dissertation, novel applications for the antennas has also been covered,
e.g., near-field focusing using antenna-array, ink-jet printed antennas, and cus-
tomization of antenna for in-car applications. In this regard, we have presented
a Near-Field Focused Circular Array (NF-FCA) antenna made of dipoles for 5.8
GHz RFID applications and carefully modeled using a customized 3-D vector pro-
jection analytical model. The E-field contributions from dipole elements were
optimized in such a way that the resulting field strength at the focus was maxi-
mized by producing a more focused beam with improved (narrower) beam-width
and lower side-lobe levels with an enhanced focus agility. Another application
reported a cost effective design technology; a 5.8GHz RFID/WLAN antenna was
designed by spraying the conductive paint over a cylindrical can with a color paint
coating. The design was encouraging for hidden tagging applications and showed
a good return loss, gain, and omni radiation patterns for the azimuth as well as
the elevation planes. Latest application reports a channel-aware UWB antenna
synthesis process for in-vehicle applications utilizing MB-OFDM system, where
results demonstrated an antenna customized using the proposed specific synthe-
sis to effectively reduce deeply faded areas of signals inside the vehicle, hence, a

suitable choice for the UWB MB-OFDM system in in-vehicle applications.

8.2 Scope for future research

The research work performed in this dissertation can be further extended in the

following directions:

e The final design presented in this dissertation for RFID reader antenna was
developed for three RFID switchable bands, e.g., 915MHz, 2.45GHz, 5.8GHz.

It is motivating to extend the idea to also include LF and HF bands in
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the same design to ultimately get an universal RFID reader antenna. Of-
course, it must be challenging, because the final antenna should perform
equally good in near-field and far-field at all the selected frequencies. Also,

impedance matching of the antenna at multiple frequencies is another issue.

e The number of RF switches used in universal design should be minimized

for an optimal system point of view.

e The interrogation area in the near-field zone for microwave 2.45/5.8GHz
RFID readers is small and future studies should investigate the possibility
of extending this area particularly for higher frequencies while maintaining

a robust and intensive H-field.

e Only RFID reader antennas were considered in this work, therefore, in fu-
ture, tag antennas should be developed targeting multi-purpose multi-band

designs.

e In this dissertation, the reader antennas were developed on PCB, whereas,
the effects of novel approaches for antenna fabrication, e.g., spray painted
antenna technology should be investigated for printing the reader antenna
cost effectively over flexible surfaces while maintaining the multi-purpose

switchable multiband.

e In future studies, one target to extend the multi-purpose multiband antenna
is optimizing the multiband design to achieve a band-pass-filter like response

for each switched band of operation.

e Since the effect of reflector proximity over reader antenna exhibited certain
limitations, a new design technique to make the antenna insensitive to such
proximities should be developed. The use of ferrite cores is among the pro-

posed options.
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