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Summary

The increasing demand of compact and multi-functional antennas and RF sys-
tems is driving this research activity, where the reconfigurability concept is used
to enhance the capability and performance of a rat-race coupler, an UHF RFID
antenna and a phased array based on Rotman lens as beamforming network. In
each of the three designs it has been considered manufacturing and component/-
material costs, in order to introduce novel solutions that are ready to be applied in
a “real world” scenario. In particular, a reconfigurable phase management system,
superimposed to the phase distribution of a Rotman lens, has been proven to ex-
tend the scan range of a linear antenna array by factor two. Both simulations and
measurements show that, by introducing a reconfigurable phase shifting system,
the performance of the Rotman lens as beamformer are enhanced, resulting in a
doubling of the scan range and an increase of the scanning beams, thus keeping a
fine spatial resolution and very good coverage. The second research topic is focused
on the development of a miniaturized and frequency reconfigurable rat-race coupler
operating in two frequency bands, centered at 900 MHz and 1.7 GHz, that has been
developed using the artificial transmission lines technique, employing both the right
and left handed versions. In the design of the proposed reconfigurable rat-race cou-
pler a method to efficiently manage the group delays of the rat-race branches for
improving the operative bandwidth is described. Moreover, the frequency and po-
larization reconfigurability concept have been used to realize a compact and more
efficient UHF RFID reader antenna. The frequency reconfigurability allows the
antenna to operate in two UHF RFID regional bands (i.e. European and North
American), while the polarization agility greatly reduces the polarization loss factor
which occur between the RFID Tag (linearly polarized) and the UHF RFID reader
antenna, typically circular polarized, thus removing the static three dB loss.
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Above all, don’t fear
difficult moments.
The best comes from
them.

Rita Levi Montalcini
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Chapter 1

Introduction

In recent years wireless systems have undoubtedly experienced an extraordinary
growth, due to the multitude of applications that are adopting this technology for
increasing their portability, versatility and performance. The progress in RF/mm-
wave circuits and antennas in last decades has brought to a widespread of these
technologies in numerous applications, e.g. mobile and satellite communication,
radar sensing, biomedical, imaging, navigation systems, etc. Indeed, many different
communication standards have been created for supporting the requirements of all
the different applications, and the great increase in demand of frequency bands
lead nowadays to a scarcity of the available RF spectrum. Moreover, following the
prediction for the next future, an expansion of the market due to the advent of
the Fifth Generation (5G) of mobile communication will be experienced, devoted
to fulfill the requirement for the high speed connectivity. In addition, the wireless
connectivity will be applied to many devices, in which many operation of various
services [1] will be integrated. The latter aspect is part of the so called “Internet
of Things” (IoT), which foresee the wireless connection of any kind of device, from
industrial automation systems to household appliances. IoT is a very powerful
technology, and it is estimated by Ericsson that 24.9 billions IoT connection will
be active by year 2025. This number is not so surprising, if it is considered that
IoT will also embrace vehicle-to-vehicle communications, as well as security sensors
and wearable devices. In Fig. 1.1, the concept of smart home making use of IoT
technology is illustrated.

In particular, wearable devices have encountered a substantial increase in few
years, and they expect to be a key factor for IoT [3]. Wearables are also not only
related to consumer electronic, but also to medical devices, for monitoring health
parameters of patients [4]. However, even with the advent of new communication
standards, the majority of smart devices will use legacy RF formats. An impor-
tant market with an increasing interest in sensing and connectivity devices is the
automotive one, which nowadays requires many communication (e.g. Bluetooth,
FM radio, LTE), navigation (e.g. GPS) and radar sensor systems. In particular,
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Figure 1.1: Picture showing the future application of IoT technology in a house
environment [2].

lot of attention is gaining the radar technology, because it represents an enabling
technology for the autonomous intelligent driving, which is expected in next years.
Furthermore, the high volume of new antennas to be used in the next future, for
both civilian and military purposes, will also cause Electromagnetic Interference
(EMI) and Electromagnetic Compatibility (EMC) problems, which can range from
a temporary failure of the service to a permanent damage of the device. The
proliferation of new mobile platforms and wireless equipments establish a severe
constraints on the dimensions, weight and cost issues regarding the antennas and
feeding networks. Therefore, following all these great technological demands, the
research is focusing on the development of high performance and miniaturized de-
vices, which are easy to be integrated and low cost.

In this context, antenna systems are of paramount importance, since they ac-
tually characterize the transmission and reception over the wireless medium. The
continuous demand for particular characteristics has driven the innovation to create
many kinds of antennas (e.g. monopoles, Yagi antennas, horns, waveguide based,
microstrip antennas, reflector, etc.) that can be found in literature [5], each of them
presenting benefits and limitations which are suitable for specific applications. The
different kind of antennas have peculiar characteristics that define their performance
and usage, as radiation pattern, frequency band, polarization and shape. For this
reason, antennas are typically passive devices, exhibiting fixed characteristics, and
this leads to critical problems when many standards, each of them using a dedi-
cated antenna, have to be integrated in a single device. In the case of a portable or
handheld device, the difficulty is even larger: not only for the spatial allocation of
the dedicated antennas, but also because of the isolation that has to be ensured for
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the correct operation of the system. A typical solution employs several dedicated
antennas or multiband/wideband solutions for supporting various communication
standards [6–9]. Clearly, by utilizing dedicated antennas, the mentioned problems
regarding integration and isolation has to be faced, while multiband and wideband
antennas are more difficult to design, and an increased complexity is required from
the RF front-end, especially concerning the filters and diplexers that are connected
to the Low Noise Amplifiers (LNA) and the Power Amplifiers (PA). Therefore, a
complete new class of antennas and RF/microwave components is needed, since the
present and future wireless technologies requires antennas and circuits that can be
multifunctional, covering many standards and capable to change their character-
istic accordingly to adapt to the environment [10–12]. In the highlighted context,
an attractive solution is represented by reconfigurable antennas, that have the ca-
pability to dynamically change one or more peculiar characteristics (i.e. radiation
pattern, polarization and frequency band), in order to meet the requirements of a
multi standard communication system, or to adapt to different scenarios [13]. For
these reasons, great attention has been reserved to reconfigurable antennas and
components in recent years due to their attractive and flexible functionality[14–17],
which can allow a multiple service in a compact solution, reducing size, complexity
and costs while increasing the total performance of the system. Moreover, reconfig-
urability enables the multi operation by properly changing the polarization, and it
can maximize the connectivity while avoiding interference thanks to the shaping of
the pattern. Moreover, studies have demonstrated that the utilization of reconfig-
urable antennas is greatly beneficial for IoT sensors networks for power saving [18],
thanks to their adaptive radiation capability that supports an efficient ultra low
power communication between the sensor nodes randomly spread in the space, in
contrast with the typically used omnidirectional antenna, as depicted in Fig. 1.2.

Figure 1.2: Standard versus reconfigurable pattern antenna in the communication
between sensors in a IoT network [18].

Reconfigurable antennas are distinguished in four main categories, depending on
the type of intrinsic property that is intentionally modified: frequency, polarization,
pattern and compound reconfigurable antennas. The latter type of reconfigurable
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antennas is characterized by the ability to change or tune two or more of the
fundamental property of the antenna independently. The three main properties
that are modified by reconfigurable antennas are depicted in Fig. 1.3.

(a) (b) (c)

Figure 1.3: Illustration of the three main types of reconfigurable antennas:(a) fre-
quency (b) pattern and (c) polarization.

Typically, the reconfiguration of the fundamental properties of the antenna is
achieved by rearranging the surface currents or the electric field distribution in a
reversible way, in order to adapt the functionalities of the antenna according to
a special requirement. This is possible by integrating active elements (switches
or tunable materials) in the antenna structure or in the feeding network. Many
different reconfiguration techniques have been adopted, in order to comply with
specific application and technology issues. The main techniques that enable recon-
figurability are recognised as: electrical, mechanical, optical and smart material
based. Moreover, it is noticed that reconfigurable antennas have gained attention
not only on standard communication standards, but in almost all applications,
ranging from Near Field Communication (NFC) [19] to Terahertz [20]. The great
needs of systems that can dynamically change their functionality, as well as the
need for multi-standard RF/mm-waves components has led to application of the
reconfigurability concept to basic RF structures and component, which have been
designed for operating in different frequency bands or in multiple operation states,
e.g. couplers [21], filters [22–24] and absorbers [25]. In addition, the reconfigura-
bility concept is used also for enhancing the performance of antenna arrays, by
applying to the antenna elements or to the feeding network [26]. Also metamate-
rials have experienced a strong effort on research for applying reconfiguration, as
described in [27]. However, the application of reconfigurability to an antenna brings
to the consideration of new factors and challenges that have to be faced by antenna
designers, such as the achievement of an adequate gain, stable radiation and proper
matching throughout the different operative states. In addition, the inclusion of the
switching components contributes to the evolution of antenna topologies for com-
bining the radiative element with the switching component, typically controlled
by a DC signal. As a result, parameters like switching speed, maximum power
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rating and DC power consumption, which are more related to the RF/digital elec-
tronics field, have to be addressed in the design of the reconfigurable antennas.
Clearly, the same considerations are applied for every reconfigurable structure un-
der development. Therefore, the design of a reconfigurable antenna embraces the
knowledge of multiple technologies, which are essential for the identification of the
best reconfiguration property and technique to be involved in the design.

1.1 Review of Reconfiguration Techniques
The peculiar factor of reconfigurable antenna and components is the switching/-

tuning element that allows the modification of its behaviour in a predefined and
controlled way. Just considering the antennas, the three main properties (i.e. radi-
ation pattern, polarization and frequency of operation) can be controlled in many
ways by employing different reconfiguration techniques, and it is responsibility of
the designer to choose the best method that efficiently realizes the intended task
and that is compliant with the performance and technical constraints. The same
considerations can be applied to other RF/microwave components, as for instance
filters and feeding networks, where reconfigurability is typically applied to change
the topology (by enabling/disabling some parts) or by tune the frequency of opera-
tion. Moreover, in all cases, cost and manufacturing issues plays an important role
for the reconfigurable antennas and systems, and they have also to be considered
in the development. As a matter of fact, the possibility of having a multitude of
operative states involves also more design effort to ensure that the requirements are
fulfilled in each of them. In the following, an overview of the main methods that
enables reconfigurability are briefly described.

1.1.1 Mechanical Techniques
The mechanical tuning technique is the first method applied for the early real-

ization of the reconfigurable antennas. By employing this technique, the intrinsic
characteristics of the antenna are modified with the use of actuators, motors or
other methods for moving part and/or the entire antenna, thus changing the elec-
trical properties. More in detail, some designs are characterized by a mechanical
tuning that modify the properties of the antenna substrate as in [28–30], while
other solutions are focused on the changing of the antenna structure by moving
some parts, resulting in a modification of the antenna radiating edges which lead
to a different antenna operation, such as different bandwidth, pattern and polar-
ization [31–33]. This technology is important solution regarding reconfigurability,
since it does not rely on switching devices, that typically need biasing lines, controls
and they have electrical limitations concerning power and tunability, as for instance
the reconfigurable horn antenna especially designed for high power application in
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[34], which uses some movable metallic flaps for modifying the antenna pattern, as
shown in Fig. 1.4a.

(a)
(b)

Figure 1.4: Two example of mechanical reconfigurability (a) Horn antenna using
two movable metallic flaps for changing the aperture length in the H-plane direc-
tion for reconfiguring the half power beamwidth [34], (b) monopole with frequency
reconfigurability achieved by microfluidically extruding or retracting a metalized
plate [35].

Mechanical reconfigurability is obtained by using various actuators, that can
be stepped or linear motors, ideal to move specific parts of the antenna [31, 36],
as well as turning [37] and rolling motors [38]. Moreover, also electric and mag-
netic motors, like MEMS [39–41] and piezoelectric actuators [32] have demonstrated
good performance. However, the structural modification of antennas utilizing me-
chanical methods presents some drawbacks, such a bulkiness, slow response time
and regulation accuracy, as well as generating some concerns on the life-cycle and
maintenance of some mechanical parts. Moreover, many innovative concepts have
been presented for exploiting the property of mechanical reconfigurability to be low
loss while ensuring high linearity and higher isolation. Some new concepts which
are becoming popular in recent years are the microfluidic technology, [35], whose
structure is shown in Fig. 1.4b, as well as elastomers [42] and origami antennas
[43].

1.1.2 Reconfiguration Through Electrical Switches and Tun-
ing Elements

Electrical reconfiguration is the the most widely used technique applied to
achieve reconfigurability. The electrical reconfigurability mechanism is based on
switches, controlled by voltages or currents, that are used to modify the antenna
surface current distribution, to connect and disconnect some section of the struc-
ture and/or radiating edges as well as for altering the impedance [14, 16, 44]. An
attractive feature of such components is the easy integration with the antenna
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structure and planar devices, allowing the designer to place such tuning elements
in the peculiar position for allow the desired reconfiguration. Two different type
of electrical reconfiguration technologies can be distinguished. The first includes
the switching elements, such as PIN diodes, RF-MEMS, CMOS switches, Field
Effect Transistors (FET). The second category is related to the continuous tuning
element, namely varactors (i.e. variable capacitor), which are diodes able to vary
their junction capacitance as a function of the reverse bias voltage.

In past years, lot of attention were gained to RF-MEMS, which are micro me-
chanical systems that can be controlled by an applied voltage, due to their very
high isolation and low loss. Many different design employed RF-MEMS as reconfig-
urable element [45–51], however, this component lost some interest due to its high
cost, the low switching speed and for the required positive and negative control
voltages, and, most importantly, for its limited life cycle.

On the other hand, PIN diodes is probably the most popular component used
for applying reconfigurability. PIN diodes are cheap, low loss and fast switching
component which can be modeled as a current controlled resistor: few milliamperes
are enough to pass from a high impedance state to a resistance in the order of ∼ Ω.
This component can be easily be placed in antenna structure, filters and feeding
networks, due to its small form factor, ensuring a high reconfigurability dynamic
[52–57]. One remarkable example of reconfigurable design employing PIN diodes is
the pixel antenna [58], shown in Fig. 1.5a, which is able to reconfigure frequency,
radiation pattern and polarization of a patch antenna. It is noticed that the use of
PIN diode is quite simple, however a proper DC biasing network has to be designed,
which is sometimes difficult since it can affect the RF performance of the device.
Moreover, the DC power consumption can be an issue, since the component needs
some current to be set in low loss state. The latter semiconductor component which
is frequently used in many reconfigurable design is the varactor diode, which is the
ideal choice when a continuous variation of a parameter is needed (e.g. continuous
frequency tuning) for filters, antennas and metamaterials [44, 59–62]. As a design
example, it is shown in Fig. 1.5b an example of reconfigurable filtenna, where the
varactor is used to tune the frequency of the filter electronically.

The main drawback of such a component is its low tunability range and its
limitation in bandwidth. In literature are also reported some designs that employs
the use of both varactor and PIN diodes, for achieving reconfigurability [63, 64].
Despite their wide usage, this components exhibits some shortcomings, such as the
non-linearity effects (e.g. intermodulation), the presence of the biasing and control
lines placed close the RF device, RF losses and DC consumption and the sensitivity
interference.
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(a) (b)

Figure 1.5: Two example of electrical reconfigurability using semiconductor compo-
nents (a) fully reconfigurable pixel antenna, [58], (b) reconfigurable filtenna based
on varactor diodes, composed by a wideband monopole and a frequency agile filter
[61].

1.1.3 Reconfiguration Through Smart Materials
In recent years, lot of attention has gained the so called “smart materials”, which

are materials whose characteristic can be tuned by the application of an external
control, that can be represented by a voltage, a magnetic field or a thermal source.
Many reconfigurable antennas, filters, phase shifters, absorbers and metamaterial
components have employed such materials to properly alter their characteristic.
From this reconfigurable technique, two different types can be defined: the material
that can change their permittivity ϵr and/or permeability µr, and instead the ones
that can modify their conductivity.

The most commonly used in reconfigurable application are the first type, which
includes Liquid Crystals (LC) and ferrite materials, the most popular smart ma-
terials among all. Liquid crystal is an anisotropic material whose permittivity can
be controlled by the orientation of its rod-shaped molecules, by the proper appli-
cation of an electric or magnetic field. In particular, the nematic phase of the LC
is the most interesting for mm-wave frequencies. Therefore, the permittivity of the
LC based substrate can be altered by varying the applied voltage, in a continuous
way, and this feature is used to modify the electrical length of many antennas and
components [65–69], thus achieving a modification of the phase attained, frequency
band, polarization etc. An example of such a design is displayed in Fig. 1.6a, where
a reflectarray based on LC substrate is able to provide a sum or difference of the
beam by exploiting the properties of the smart material. The main drawback of
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the LC are related to their low tunable capability and the increase manufacturing
complexity due to the liquid nature of such a material. Moreover, ferrite materials
have also been used in many designs involving reconfigurability, due to their abil-
ity to modify the permittivity and permeability by the application of an electric
and magnetic field, respectively [70–73]. Another interesting characteristic of such
materials is their high intrinsic values of ϵr and µr in comparison with standard
dielectric, which is interesting for miniaturization purpose. In Fig. 1.6b it is shown
an example of patch antenna loaded with a ferromagnetic material, called Yttrium
Iron Garnet (YIG). The displayed antenna is able to change the radiation char-
acteristic upon a variation in the magnetic field. The typical drawbacks that are
related to the utilization of this kind of material are the high thickness and the
complex tunable system, which often lead to a non uniform tunability due to the
non uniform field distribution.

(a) (b)

Figure 1.6: Two example of reconfigurability using smart materials (a) reconfig-
urable reflectarray using liquid crystals [74], (b) polarization reconfigurable patch
antenna employing Yttrium Iron Garnet (YIG) [75].

The second type of smart material, named phase changed materials, have the
particular characteristic of change their resistivity according to some external con-
trol. This feature is particularly interesting, because the insulator-to-metal transi-
tion can is very steep, and for this reason such materials can be used to efficiently
realize switches for mm-wave and Terahertz application. Some results showing the
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capability of such materials are reported for Barium Strontium Titanite (BST),
that can be controlled by an applied voltage [76, 77], and for Vanadium dioxide
(V O2), that can be thermally controlled [78–80]. Another important phase change
material, which has attracted lot of interest, is the Graphene, that can be controlled
by a DC voltage to act as a lossy dielectric or a conductor [81–83].

1.1.4 Reconfiguration Through Optically Controlled Switches
At last, it is here presented a novel technique, which has been matter of research

in recent years, due to the requirements for high performance switching and tuning
elements that can be used in the mm-waves and Terahertz frequency ranges. In
fact, optical reconfiguration is an attractive solution since it does not require any
bias or control on the active components, because this technology rely on photocon-
ductive switches and materials. The principle of operation of such a switches uses
a light source, typically a laser, to increase the conductivity through the increase of
charge carrier density in the material. Clearly, some complexity is required for the
arrangement of the optical fibers and laser source. Moreover, the switching speed
of this components is lower than the semiconductor ones. Despite the mentioned
drawbacks, mainly due to the early research stage, some interesting design have
been reported employing silicon photodiodes and phototransistors [84–88]. Some
promising results are obtained in the mm-wave range by the Germanium Tellurium
(GeTe) phase change material, which demonstrates low loss in ON state and high
isolation when OFF [89, 90]. In [91], a reconfigurable patch antenna employing
GeTe switching concept was manufactured and measured. Moreover, it exhibits
high power handling and low power consumption, and it can be a good candidate
for future reconfigurable design.

1.2 Applications of Reconfigurable Antennas and
Components

As previously discussed, reconfigurabilty represents an attractive solution to
overcome many limitations of standard antenna functionalities imposed by the mod-
ern wireless communication systems. Due to their flexibility and their capability to
enhance the system and channel performance, reconfigurable antennas are the best
candidate for being one of the most important components in the future of com-
munication and wireless sensors. Moreover, since this technology is very promising,
many studies are also focusing on the management of reconfigurable antennas, for
taking advantage of their potential in create a highly integrated and smart approach
to future connectivity, by using FPGA and neural networks [92–94] or optimization
algorithms (e.g. particle swarm, genetic) are employed to define the best reconfig-
urable architecture [95, 96]. In the following, an overview of the advantages and
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perspectives of the four types of reconfigurable antennas, which involves frequency,
polarization and pattern agility, are briefly given.

1.2.1 Frequency Reconfigurable Antennas and Systems
Frequency reconfigurable antennas and systems, whose functionality is shown

in Fig. 1.3a, are the key element for the future multi-standards and multi-services
wireless devices, as replacement of the single band or multiband components that
are currently integrated in many portable and connected devices such as mobile
phones, smart watches, laptops, tablets and home appliances. In fact, frequency
agile devices can be used to dynamically and efficiently reallocate the used frequency
spectrum: this can be done by continuously varying the frequency range [97–101]
or by switching between different bands [102, 103]. This concept is the idea leading
the Cognitive Radio [104], which is an intelligent system which is able to monitor
the radio channel and identify the idle frequencies of the spectrum, called white
spaces, and then to react and to tune its operation accordingly. In order to do so,
a reconfigurable antenna is needed, for properly set the system to operate in the
desired white space frequencies. In Fig. 1.7 the communication process operated
by the cognitive radio is depicted.

(a) (b)

Figure 1.7: Illustration of the principle of operation of the cognitive radio:(a) cog-
nition cycle (b) the white spaces concept on the frequency spectrum [104]

Another interesting application of frequency reconfigurabilty, useful in wireless
communication systems like WLAN and WiMAX, is the modification of the opera-
tional bandwidth from wideband to narrowband/multi-bands [103, 105–107]. From
system point of view, frequency reconfigurable antennas shows advantages in com-
parison with wideband and multiband antennas in avoiding unwanted signals and
interference and simplify the architecture of the RF front-end circuitry. This effect
is obtained by both using a narrowband but highly tunable characteristic of the
frequency agile structure, or by implementing some filtering over a wide frequency
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range (e.g. notch filters) that can be dynamically adjusted for rejecting the in-
terference or to separate several communication standards [44, 52, 108–110]. The
latter kind of reconfigurable antennas are called filtennas, and they are named in
this way because they combine the feature of an antenna and a filter, therefore
providing high selectivity without distortions on the radiation pattern. Clearly,
frequency reconfigurability is also a popular solutions for filters, for adjusting the
frequency response [111–113] as well as the bandwidth or the center frequency in
single [114, 115] and dual band applications [22, 116, 117]. Usually, the achieve-
ment of frequency reconfigurability is realized by modifying the electrical length
employing various methods, as for instance material tuning, impedance loading,
metamaterials components or by switching devices. A commonly used technique to
tune the electrical length of the antenna or passive device is realized by altering the
geometry of the radiating device, by connecting/disconnecting specific parts and
therefore having an operating bandwidth which is accordingly reconfigured. This
method is very effective to switching between lower/higher frequency bands, and
it has been applied to many types of antennas, such as microstrip [102, 118–121],
dipoles [86, 122], and slot type [45, 123]. Another popular method for achieving
frequency reconfigurability is through reactive loading, where a tuning element is
used to compensate the reactive part of the input impedance of the antenna, thus
shifting the matching point [124, 125]. The last method used for the frequency
variation is obtained by changing the material properties, thus producing a mod-
ification of the electrical length without altering the physical dimensions. The
principle of operation exploits the different propagation constant related to the
changes in the material, which induces a shift toward lower or higher frequencies
as the permittivity change high to low (and vice-versa) [82, 126, 127].

1.2.2 Polarization Reconfigurable Antennas
Polarization reconfigurable antennas are an important solution for limiting mul-

tipath fading problems (as illustrated in Fig. 1.8a, for the case of in-body commu-
nication) and for reducing the polarization mismatch loss between the transmitter
and receiver. The latter aspect became critical in a dynamic scenario, where the po-
sition of the transmitting or receiving device is changing in position and orientation,
thus causing potential communication failure due to the polarization mismatch, as
depicted in Fig. 1.8b for the case of single polarized antennas.

Moreover, a polarization reconfigurable antenna can be useful to support fre-
quency reuse, by switching among two orthogonal polarization modes, if the com-
munication is under Line-Of-Sight (LOS). If this is not the case, polarization recon-
figurability can be used to support a diversity scheme. Further applications of this
type of reconfigurable antennas can be found in SATCOM and radar applications
[130, 131], as well as in MIMO systems to achieve polarization diversity [132]. In
literature are found many designs concerning polarization reconfigurable antennas
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(a) (b)

Figure 1.8: Application of the reconfigurable antennas to reduce (a) the multipath
effect [128] and (b) polarization mismatch due to random positioning of the receiver
and transmitter devices [129].

that can switch between Right Hand Circular Polarization (RHCP) and Left Hand
Circular Polarization (LHCP), or that can select between Circular and Linear Po-
larization (LP) states [133–137]. Another interesting implementation concern the
multi-linear polarization antennas, which are able to select among two or more LP
states [128, 129, 138, 139]. More in detail, polarization reconfigurability is achieved
by varying the surface current flow direction of the antenna. Many techniques are
used to obtain such a modification of surface currents, by employing reconfigurable
feeding networks [140–143], metasurfaces [144–146], and tunable radiators [147–
149].

1.2.3 Pattern Reconfigurable Antennas
Pattern reconfigurable antennas represent an important category, being a very

attractive solution in applications like surveillance, tracking, vehicle-to-vehicle and
satellite communication, cognitive radio, etc [150–154]. In fact, this kind of an-
tennas have the peculiar property to alter their radiation pattern in predefined
direction, for scanning the main beam or null spot in the desired directions. This
is an essential feature by greatly increasing the transmission rate, by steering a
high gain beam toward a target direction for maintaining the LOS, and therefore
a strong communication link, between one or two moving devices [10, 152, 155].
Especially for MIMO application the pattern reconfigurability represent an inter-
esting solution for minimizing the spatial correlation of the signals [156–158]. A
significant example of pattern reconfigurable antenna in displayed in Fig. 1.9. This
designed, presented in [159], employed an arc dipole radiating structure that can be
modified by a reconfigurable feeding network to radiate at four different directions,
as can be noticed in Fig. 1.9b.

Moreover, some designs applied the same concept to the null steering, by exploit-
ing the Direction Of Arrival (DoA) technique to discriminate between the signal
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(a) (b)

Figure 1.9: Pattern reconfigurable arc dipoles antenna (a) antenna topology, (b)
90° radiation pattern rotation [159].

and the noise the antenna is able to place the null in the direction of the interfer-
ence and reject it [160, 161]. Pattern reconfigurability is obtained by controlling the
current distribution on the antenna, for properly modifying the radiation character-
istic. The main challenge is represented by the impedance matching, that is altered
by the reconfiguration process of the surface currents of the antenna. Many differ-
ent methods are employed for achieving pattern reconfigurability, such as rotation
[41], parasitic elements or stubs [162–168], frequency selective surfaces [169, 170],
partially reflecting surfaces [171, 172], pixel antenna structure [173, 174], coplanar
to slotline transitions [175], switchless method [176], multi-modal excitation [177,
178].

1.2.4 Multiple Reconfigurable Functions
Reconfigurable antennas and systems that are able to reconfigure two or more

characteristic are indicated compound reconfigurable. Especially concerning anten-
nas, the combination of multiple function is clearly an asset for some application,
in particular for the development of portable devices that can use such a structure
to integrate multiple functionalities, keeping the overall dimension compact. In
recent years, many researches have been focused on the development of compound
antenna, for combining the advantages of two or more reconfiguration techniques.
Recently, many antennas with pattern and polarization reconfigurability was pro-
posed, for improving the capacity of the communication system as in [179–183].
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For example, MIMO technology can used both pattern and polarization recon-
figurability to develop and adaptive system, which can improve its efficiency by
applying both polarization and pattern diversity [16, 157]. Many research were
investigating the concept of frequency and pattern reconfigurability [86, 93, 184–
186]. Moreover, pattern and frequency reconfigurability can be applied to increase
the Signal-to-Interference Ratio (SIR), as in [187]. With this approach, the com-
bination of frequency selectivity, employed to reject the out-of-band interference,
were used in combination with a high directive steering pattern for reducing the
in-band interference. It is also mentioned that the multiple reconfiguration of pat-
tern and frequency is a key technology that is required by the cognitive radio [188].
Polarization and frequency can also be simultaneously reconfigured, for enhancing
capacity of the system through polarization diversity while operating in a free por-
tion of the communication spectrum, as in [189–193]. However, the development of
such a multi-functional systems has proven to be a great challenge: in fact, since
the antenna characteristic properties are closely related and mutually dependent,
sophisticated method to separately control the reconfiguration of each parameter
has to be investigated. In order to accomplish to the multiple reconfiguration, the
choice of the tuning technique is essential.

1.3 Outline of the Thesis
The Thesis structure is summarized below.
In Chapter 2, a method to extend the scan range of a phased array based on Rot-

man lens as beamformer is demonstrated through simulation and measurements.
The scan range extension is based on a reconfigurable phase shifting architecture,
named Phase Management Unit, located between the Beam Forming Network and
a linear antenna array. Two different approaches for the realization of the switching
phase shifters, responsible for the scanning mode selection, are described. More-
over, in the design it has been employed a novel method to efficiently illuminate
the Rotman lens and, at the same time, to generate a cosine type amplitude taper-
ing. A compact design has been manufactured and measured, employing standard
PCB technology, showing an actual increase of the scan range of a factor two, in
comparison with the standard approach.

In Chapter 3 a miniaturized and frequency reconfigurable rat-race coupler has
been designed. The concept of artificial transmission lines is here exploited to design
a very compact coupler, which can operate in two different frequency bands, by
acting on switches. The reconfigurable method, based on addition and subtraction
of line sections of proper length, is enhanced by a novel theory for balancing the
phase characteristic of the miniaturized branches of the rat-race coupler, including
also the effect of the switching elements. The measurement on the prototype have
shown good agreement with both analytical and simulated results.
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The frequency and polarization techniques have been applied to a UHF RFID
reader antenna. Chapter 4 presents the realization of a compact antenna, with
multiple reconfiguration capability, by employing the concept of the reconfigurable
feeding network. In particular, it is demonstrated how the polarization reconfigura-
bility can be a breakthrough in UHF RFID reader antenna application to overcome
the polarization mismatch effect, which occur in the communication link between
a circular polarized antenna and a linear RFID Tag. Based on an electrically small
suspended patch antenna, several method for the application of both frequency and
polarization agility are investigated, each of them focused on the optimization of a
particular aspect, showing promising results.

Finally, in Chapter 5 the conclusion of this research work are drawn and, more-
over, some comments on future applications and possible suitable techniques for
the reconfigurable antenna technology are provided.
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Chapter 2

Scan Range Extension of a Phased
Array Based on Rotman Lens

The continuous evolution of communication systems is experiencing a rapid in-
crease of the frequencies of cellular bands, driven by the demand of high data rate
and fast connectivity. As a result, the communication network technology is com-
plementing the operation frequencies in the radio spectrum from the sub-6 GHz
to the mm-waves, as required by 5G [194]. In order to meet these requirements,
communication systems are evolving through beam switching or beam steering so-
lutions in K bands, and moving toward the 50 – 110 GHz range. Moreover, also
radar sensors are evolving towards higher frequency bands, and E- and W- bands
are typical frequency ranges where radar sensor are operating in standard secu-
rity application. Undoubtedly, radar technology is growing exponentially in recent
years, with an increasing trend due to the technical advancement in customary
markets like automotive, space or military, and the exploitation of these devices in
sensors for industrial, automation and surveillance applications. A notable example
of its application is the Advanced Driver Assistant System (ADAS), which repre-
sents one of the key elements that support the autonomous driving research and
development, following the goal of a Highly Automated Driving (HAD) by 2020,
for highway driving scenarios, and the final introduction of fully automated driving
after the year 2025 [195].

In this context, phased arrays are key components for supporting the techno-
logical challenges for the future wireless systems. Their wide spreading application
leads to a raise in technology development, which increased the requirement of an
array antenna system with high performance, low cost and easy integration. In
particular, the commitment of antenna designers is not only focused on wide band
antennas and wide-angle scanning arrays, but also on the development of suitable
Beam Forming Networks (BFN) for properly feeding the antenna systems and shap-
ing the pattern in a wide angular range. Ideally, the BFN should be wide band, low
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loss and it has to properly feed the antenna array with the necessary phase and am-
plitude distributions. The requirements are extended to solutions which are suitable
for high volume production and compatible with Surface Mounted Devices (SMD)
and Monolithic Microwave Integrated Circuit (MMIC) for an easy integration with
the electronics. In the highlighted contexts, significant interest has gained the Rot-
man lens [196, 197]. In particular, this kind of BFN is very attractive because
it is a True Time Delay (TTD) device (thus intrinsically broadband), in contrast
to other beam forming concepts like the Butler Matrix, which is limited by the
performance of the phase shifters. In addition, the Rotman lens is relatively sim-
ple to design, it supports multiple beams and, if designed properly, it exhibits low
losses and an accurate progressive phase distribution over all its outputs. Moreover,
its manufacturing is very convenient for most applications, due to its monolithic
planar structure, which is light weight, easy to produce and low cost. Being the
scan range a primary feature of many antenna array systems, this chapter focus
on the description of a general method for extending the scan range of a phased
array based on a reconfigurable phase shifters system. The concept for broadening
the scan range is first described analytically by considering a general linear array,
and afterwords, its combination with the Rotman lens for designing a 24 GHz ISM
radar antenna system is investigated. Therefore, two design of a compact and wide
scan range phased arrays based on Rotman lens as beamforming network will be
proposed. In the first design, the reconfigurable operation related to the phase that
has to be applied at antenna array input, which is necessary to extend the scan
range, is realized employing a single phase shifting stage. In the second design, the
phase operation is divided in a fixed and reconfigurable phase shifting stages, for
improving the overall performance. Moreover, in the latter design, a novel feeding
concept for the Rotman lens is applied and analyzed.

2.1 Rotman Lens
This type of beamforming network takes his name from Walter Rotman, who

first developed the concept in 1963 in collaboration with Turner [198] as an improve-
ment of the Ruze lens concept [199]. In their work Rotman and Turner derived the
set of equations needed to determine the geometry of the lens, depicted in Fig. 2.1.

The Rotman-Turner lens was designed to provide 2D scan to a linear antenna
array, and was characterized by two conductive parallel plates, excited by horn
antennas at input side (named as Beam Contour) and connecting the array elements
via transmission lines at its output (named as Array Contour). In other words the
operation of a Rotman lens can be described as the transformation of the excited
Beam Contour into a linear phase shift for the Array Contour, which can be directly
connected to a linear array. This development was using three focal points along the
beam contour that ensure theoretical zero phase error of the phase front feeding

18



2.1 – Rotman Lens

Figure 2.1: Original geometry of the Rotman lens[198].

the linear array elements. In this first version, the parallel plates were filled by
air, and the contour was imposed to be circular, restricting the scan angle of the
phased array to be equal to the angle subtended by the beam port position. The
principle of operation of this passive beamforming network is the exploitation of
the electrical length between a defined input on the beam port contour to all the
ports on the array contour for creating a linear progressive phase shift across them.
Therefore, the signal injected in one of the beam ports of the lens generates a
cylindrical wave front that propagates in the structure and distributes evenly in
all array ports outputs. The path length with which the wave is travelling in the
structure defines the phase shift. This means that for each input of the Rotman
lens a well defined phase shift is associated, which is therefore related to a distinct
beam of the antenna array. Since this first design, many research were focused on
the improvement of the concept developed by Rotman and Turner, as for instance
the insertion of the Dummy ports for reducing the effect of the spillover and the
use of a dielectric filled waveguide for reducing the size of the lens by a factor √

ϵr

[200]. An important advancement was introduced by Katagi [201], that defined
a new variable for providing the degree of freedom of independently setting the
scan angle and the angle subtended by the off-axis focal point (respectively β and
α in Fig. 2.2). Therefore, referring to Fig. 2.2 and to Fig. 2.1 for comparison,
it can be noticed that with the concept developed by Katagi the scan angle β is
different from the angle α obtained from the inner focus axis XO1 and the other
focal points O1F1 (equivalently O1F2) where X, F1 and F2 are the three focal points
introduced by Rotman,with G and F the respective focal length. The figures report
also the beam contour, indicated with σ1 array contour, named σ2, as well as the
transmission lines connecting the Nmax elements of the antenna array. More in
detail, Katagi demonstrated that by using the new design variable, defined as the
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ratio between α and β, a new shape of contours can be calculated and, as a result
of the refocusing, a lower phase error can be achieved.

Figure 2.2: Geometry of Rotman lens proposed by Katagi [201].

The major breakthrough was introduced by Hansen in [202], who introduced
the elliptic beam contour. In his work, Hansen proposed seven design parameters:
focal angle, focal ratio, beam angle to ray angle ratio (i.e. β and α), maximum
scan angle, focal length, array element spacing and ellipticity.

The Rotman lens designed in the presented research work follows the set of
equations derived by Hansen. Despite the multitude of studies conducted in past
decades, the Rotman lens is still attracting many interest in the scientific commu-
nity, and many studies have been carried for improving the performance of Rotman
lens, by calculating a more efficient lens geometry [203–209], or by optimizing its
construction [210, 211]. Furthermore, state-of-the-art technologies have been ap-
plied to the Rotman lens design for enhancing its performance, by exploiting Sub-
strate Integrated Waveguide (SIW) [212–214], Low Temperature Cofired Ceramic
(LTCC) [215], or either introducing synthesized dielectric substrates [216], multi-
layer design [217] or Ridge Band Gaps (RBG) [218]. Since its first development, the
Rotman lens has proven to be an interesting approach for producing 2D scanning
in linear antenna array in many applications, since it is a True-Time-Delay (TTD)
device, and therefore it produces beam steering independently of the frequency, and
it is therefore capable of wide-band operation. In fact, as long as the path lengths
exhibit constant time-delay behavior over the bandwidth, the lens is insensitive to
the beam squint problems exhibited by constant phase BFNs. This is in contrast to
other passive beamforming networks like Butler Matrix and discrete phase shifters.
Moreover, the Rotman is relatively simple to design, it supports multiple beams
and, if proper designed, it exhibits low losses and an accurate progressive phase
distribution over all its outputs. Furthermore, its manufacturing is very convenient
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for most applications, due to its monolithic planar structure, which is light weight,
easy to produce and low cost. However, in order to have the precise progressive
phase distribution, the geometry of the lens has to be carefully chosen, according
to the desired maximum scan angle. Moreover, an efficient design of the lens does
not consider only to pursuit the beam steering, instead the geometry is optimized
for reducing the spillover losses and their impact on the BFN. In this context, the
Dummy ports (terminated to 50 Ω) are placed between the beam and the array
contours of the lens, for absorbing the power radiated at the side of the lens (i.e.
power that is not coupled to the array ports), therefore avoiding internal reflections
in the lens cavity. This aspect is very important in the design of the lens, and it
will be discussed in more detail in the following paragraphs. Finally, Fig. 2.3 shows
the propagation principle of a typical Rotman lens, where it can be distinguished
the wavefront which has its origin on the excited beam port and it is then coupled
to all the array ports. In Fig. 2.3, it can also be recognized the power lost in the
Dummy ports (place on the sides) due to spillover.

Figure 2.3: Simulated wave propagation inside the Rotman lens cavity. The excited
input, positioned on the lower side, generates a wave propagating inside the lens,
and reaching all the output ports, located on the top side of the figure, with equal
phase. Moreover, the mutual coupling between input ports as well as the spillover
effect, visible on the terminated lines in the two sides of the lens, can be observed.

As previously stated, a wide scanning range phased array is desirable in many
different applications. The enormous increase of mm-wave antennas covering appli-
cations ranging from communication to surveillance estimated for the next future
is setting the requirements to high performance but low cost and reliable solutions.
In this chapter, a general method for increasing the scan range of a general phased
array is firstly theoretically formulated, and its concept is then used together with a
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Rotman lens in order to design and realize a wide scanning range radar antenna suit-
able to be used as a Short Range Radar (SRR) in the 24 GHz ISM band. Actually,
Rotman lenses represent a key technology to develop radars for both consumer and
automotive market, due to its good performance, its multi-beam capability and the
favorable manufacturing considerations (i.e. planar structure and low cost). How-
ever, the design of the Rotman lens become complicated when wide scan angles
are required. The reason for the high inaccuracies of this kind of BFN, concerning
the phase distribution and beam level in relation to wide scan angle, is given by
the intrinsic geometry of the lens, which assumes excessive and inefficient shapes.
Nevertheless, few achievements have been published for improving this aspect of
the Rotman lens. The most representative is found in [219], where Piezoelectric
Transducer (PET) controlled phase shifters were used for increasing the steering
angle by 8°, for a total scanning range of ±38°. In a similar way, in [220], Liquid
Crystals (LC) phase shifters were used in combination with the Rotman lens to
increase the scanning range by ±7.5°.

The scope of this research activity is to propose a method to double the Field of
View (FOW) of the Rotman lens. The standard Rotman lens with wider angle will
be applied to the case of a planar antenna array scanning for ±30° for validation
of the proposed design method.

2.2 Extended Scan Range Method
The process of extending the scan range is related to a well defined phase shifting

pattern superimposed to the phase distribution of the original BFN, which is then
fed to the antenna array. This phase operations are collected in a block, represented
in Fig. 2.4, named Phase Management Unit (PMU). The PMU working principle
can be distinguished into two separate but concurrent operations, which have been
named “Complete Beam Shifting” (CBS) and Beam Mirroring (BM).

In order to clarify the effect of the PMU on the phase distribution in the case
of a generic phased array, it is considered the general equation for the array factor
AF (θ, φ) of a N−elements linear array:

AF (θ) =
N∑︂

n=1
Inej(n−1)(kd sin θ+Φ) ejαn⏞⏟⏟⏞

CBS

ejβn⏞⏟⏟⏞
BM

(2.1)

referring in particular to the case when the array elements are arranged along the
x axis, with uniform spacing d, uniform phase gradient Φ between adjacent array
elements, and the antenna radiation pattern steered in the xz plane. In (2.1), j is
the imaginary unit, In is the amplitude of n−th element excitation, and k is the
wavenumber.

The two phase factors ejαn and ejβn are the phase contributions of the CBS and
the BM respectively; hence, as already pointed out, the extended scanning range
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Figure 2.4: Block diagram illustrating the extended scan range Rotman lens method
fundamental parts. The three elements are: Rotman lens, Phase Management Unit,
that produces the increase of the scanning range, and the antenna array.

method involves two operations superimposed to the BFN phase distribution. In
order to better understand the scan range extension method, the two contributions
on the phase of the CBS and BM will be analysed separately.

2.2.1 Complete Beam Shifting
The Complete Beam Shifting is a general approach to move all the radiated

beams in such a way that just one portion of the scan range is covered (either
positive or negative). In other words, when the CBS is applied to an initial phased
array scanning in the range ±θmax, the out coming scan is then modified to cover
the range from 0 to 2θmax. This process is resulting by the application of a pro-
gressive phase shift superimposed to the canonical phase distribution produced by
the original BFN. The additional phase term, ejαn in (2.1), that defines the CBS,
is specified as:

αn = n · k · d · sin(θmax) (2.2)

with n = 1, 2, . . . , N is the n−th array element. In Fig. 2.5 is given a graphical
representation of the effect of the CBS on the initial pattern.

2.2.2 Beam Mirroring
Similar considerations discussed for the CBS are applied to the BM. Taking as

reference a radiated beam, the BM operation produces a reversal of the sign of its
pointing angle by the application of proper phase distribution at the array input.
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Figure 2.5: Working principle of the complete beam shifting effect. The initial
beam pattern (dashed line) is shifted by θmax.

This process is repeated for all the beams. Analytically, the phase term ejβn in
(2.1), that accounts for the BM, is expressed as:

βn = −(2n − 1) · k · d · sin(θmax) (2.3)

with n = 1, 2, . . . , N . Figure 2.6 shows the principle of operation of the BM, where
the application of the term ejβn to the considered n−th radiated beam introduces a
movement on the opposite side of the scan range, with magnitude 2θmax. Moreover,
it can be easily verified that the beam previously pointing to θmax, due to the
application of the BM, is now pointing to −θmax, and, as a remarkable case, the
beam pointing at θ = 0° will be then located at −2θmax.

2.2.3 Combination of CBS and BM
From the description of the PMU realized so far, it is noticed that the combi-

nation of the CBS and BM applied to the original BFN phase distribution allows
to provide a doubling of the initial scanning range, as illustrated in Fig. 2.7 for a
general case. In fact, at first all the beams are re-positioned in the positive por-
tion of the scanning range by applying the CBS, and consequently they are shifted
completely toward the negative side by using the BM.

However, the BM operation has to be applied only when negative angles are
needed for scanning. In other words, the phase management unit (PMU) must be
reconfigurable for adapting the system to scan either positive or negative angles.
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Figure 2.6: Beam mirroring operation principle: the beam is shifted by 2θmax, thus
positioning the generic beam located at θ1 on the other side of the scan diagram,
according to θ1 − 2θmax = −θ2.

Therefore, the extended scan range method indicates that, by properly superim-
posing a reconfigurable phase shifting to the phase distribution of the BFN at every
element of the antenna array, the overall scan range is extended by a factor two.
This implies some complexity of the PMU if a generic steering angle is considered.
However, by analyzing the proposed progressive phase shifting used to extend the
scanning range, a convenient case can be recognized when θmax = 30° and the dis-
tance d between the antenna array elements is set as λ/2, where λ is the operation
wavelength. In this way, when θmax = 30°, in (2.2) the phase term simplifies to
αn = n · π

2 , and hence a 90° based progressive phase shift, superimposed to the BFN
initial phase distribution, is needed to redefine an initial scan range of ±30° to the
range 0° – 60°. On the other hand, in this case, (2.3) is also based on multiples of
90°. It can be analytically verified that the sum of the phase contributions of BM
and CBS corresponds to a -90° progressive phase shifting:

αn + βn = (1 − n) · π

2 (2.4)

Figure 2.8 illustrates the described concept, considering a basic block of four multi-
ples of 90° for the CBS (the same is repeated for all the successive ports). Therefore,
it can be noticed that there is no need to change the phase shifting at every line by
the application of the BM, because the half wavelength multiples can be exploited.
By this simple assumption, a negative version of the odd multiples of 90° can be
generated by the phase inversion at odd index of array input ports. Hence the
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Figure 2.7: Combination of “complete beam shifting” and “beam mirroring” for
scanning range extension of Rotman lenses.

PMU can be realized with a microwave circuit that combines both the CBS and
BM operations through a suitable 1-bit control.

Figure 2.8: Block scheme of the basic phase distribution given by the CBS and BM
in the case of an initial Rotman lens scanning between ±30° and a linear array with
spacing d=λ/2.

In Fig. 2.9, the simultaneous application of the two previously described steps
are depicted, where a general scan array system able to steer the beams from 30°
to -30° is considered. As initially stated, highlighted in red, it is assumed that the
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variable phase shifters are not providing the phase reversing (i.e. βn = 0°). In this
frame, CBS is applied, resulting in a radiation pattern covering angles from 0° to
60°. On the other hand, by taking advantage of the BM effect (with a superposition
of 180° phase shifting every second line of the array input), the beam coverage will
then be ranging from 0° to -60°, as highlighted in green. Thus, as expected from
the theoretical analysis of the proposed method, the combination of the CBS and
BM to the Rotman lens phase distribution will effectively provide a doubling of the
scanning range with respect to the original phased array. As further advantage, the
number of the available beams is also greatly increased, without the introduction
of new beam ports that would lead to a more complicated design of the Rotman
lens.

Figure 2.9: Illustration of the doubling of beam coverage with application of CBS
and BM to an original phased array based on Rotman lens with initial scan range
of ±30°.

2.3 Wide Range Scan Array Design
In order to validate the concept described in Sect. 2.2, in the following will

be described the design of the scanning array system using the Rotman lens as
beamforming network. The scope is to develop a wide scanning range 24 GHz
radar (the 24 GHz ISM operational bandwidth is 24 – 24.25 GHz), based on the
block diagram reported in Fig. 2.4. Moreover, it is required that the development
of the extended scan range system employs a standard PCB process and materials:
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therefore, standard dielectric Rogers RO4350B has been used, as it is a low cost
and high-performance RF material. In standard PCBs used for industrial and
commercial applications, the conductor is not realized as bare copper due to the
high cost, instead a common surface finishing which presents good solderability
of SMD and MMIC components and a fairly good conductance at low cost is the
Electroless Nickel Immersion Gold (ENIG). For properly modeling the antenna
system the conductivity of the ENIG was extrapolated by measurements, which is
found to be σ = 5.6 · 106 S/m in the range 22 — 26 GHz. Due to the complexity of
the system, the full wave software EMPIRE XPU [221] has been used for modeling
and optimizing all the parts of the design. It is important to remark that, since
the functionality of the system is based on the path length of the travelling wave
for producing the progressive phase shift, only with a full wave simulation the lens
performance including losses and phase distortion can be truly evaluated, since
these aspects cannot be included in the formulation based on a ray tracing concept.
In the following sections, the design of the antenna array and the first version of
the Rotman lens design are presented.

2.3.1 Antenna Array Design

Figure 2.10: Full wave simulated model of the antenna array.

The radiating elements are an essential part of a radar system, and they qualify
the range of coverage and the accuracy of detection. For these reasons, the antenna
array should exhibit high directivity, small Half Power Beam Width (HPBW) and
low sidelobe levels. It is also preferable to develop the antenna system in a planar
structure, for best system integration and easy manufacturing, especially for the
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automotive application scenario. Here, a linear array of patches with serial feed
is utilized, targeted for covering the 24 GHz ISM band, designed in combination
with the extended scan range Rotman lens BFN. More in detail, Fig. 2.10 reports
the modeled array, which is composed by an array of 14 patches for each of the
16 channels and placed on a 508 µm RO4350B substrate, necessary to achieve
the required matching condition for the 24 GHz ISM band. The characteristic
impedance of the antenna columns have been set to 75 Ω. Moreover, it can be
noticed from Fig. 2.10 that two parasitic columns, terminated to 75 Ω, are inserted
on the array sides, with the purpose of limiting the effect of the finite dimension
of the ground plane. The distance d between antenna columns, arranged along the
x axis, is chosen equal to λ/2, which allows the 90° based phase shift for enabling
the CBS and the BM to be applied. In addition, an amplitude tapering is applied
across the antenna columns (along the y axis) for reducing the sidelobe levels in
the H−plane. In Fig. 2.11 the co-polar component of the radiation pattern is
presented, in both the E−plane and H−plane cuts. Moreover, in order to better
evaluate the HPBW, the -3 dB level is indicated. In particular, in the E−plane the
HPBW is found to be 6.4°, while for the H−plane this kind of serial feeding arrays
typically present a not symmetric beam, and in this case the HPBW is equal to
8.6°.

Figure 2.11: Simulated normalized E−plane and H−plane co-polar component of
the radiation pattern in broadside direction at 24 GHz. The -3 dB level, corre-
sponding to the HPBW, is also indicated.

Since the goal of this research is to reach ±60° with the extending scan range
method (starting from an initial ±30° provided by the BFN), the scanning perfor-
mance on the full targeted range is shown in Fig. 2.12, obtained by feeding the
array with an ideal excitation (uniform amplitude with correct phase shifts). It is
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noticed that at the maximum scanning angle (i.e. set to ±60°), the scanning loss
is quantified to 5.3 dB, mainly due to the patch element pattern.

Figure 2.12: Simulated normalized antenna array radiation pattern at 24 GHz with
ideal excitation, scanning at ±60°.

2.3.2 Rotman Lens Design
In Sect. 2.1, the Rotman lens has been described and its main features high-

lighted. In particular, it was shown that the lens is practically a waveguide in which
the wave is propagating through, and by proper design of beam and array contours
the desired phase distribution is generated. It is important to carefully design the
Rotman lens, for having a uniform power distribution at the array ports, together
with a progressive phase shift applied at the array input. Moreover, it is essential
to take care of the reflections within the lens cavity (in particular at the sides) and
at the array input interface: in fact these reflections will propagate in arbitrary
directions inside the lens and they will cause distortions to incoming wave, thus
increasing the phase and amplitude errors. Another aspect that has to be consid-
ered is the phase center of the input/output ports. In fact, any mismatch from
ideality of the calculated propagation pathways introduces an error that will be
translated to a degradation of the performance of the scanning array. This effect is
more evident for extreme scan ranges, because of the proximity of the input ports
to the dummy port sides, and for this reason the array side illumination will be
less efficient compared to the central beam ports. By taking all the mentioned
considerations into account, a 24 GHz tri-focal Rotman lens designed to provide
steering angles between ±30° has been realized in a RO4350B substrate, according
to the formulation described in [202] and [204] for automatic construction of the
lens contours.
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Moreover, in order to have a pattern suitable for radar applications (i.e. a good
coverage of the azimuthal plane, good angular accuracy etc.), and considering also
trade-offs with design complexity (i.e. size of the array, complexity of the electronics
on beam port side), it was decided to design the Rotman lens with 18 beam ports
and 16 array ports. Finally, 8 dummy ports have been placed on both sides, for
ensuring a good absorption of the power that is not coupled into the array ports.
The choice of the number of array ports is directly related to the antenna system
that will be connected with the Rotman lens, while the number of beam ports
is related to the scanning beam spacing, which will be 3.2° for the design under
investigation.

Another very important part of the Rotman lens design are the transmission
lines placed on the output of the beam contour side. They are used for equalizing
the path length and to connect the Rotman lens with the antenna array. The latter
aspect is critical, since it lead most of the times to a set of meandered lines that
have to handle the curved shape of the Rotman lens and the straight interface of
the array, maintaining the same length for all the lines. As a result, long lines
are added to the design, bringing an increase of losses and consumption of PCB
area, and they often require a long optimization time for reaching the correct phase
plane. In Fig. 2.13a, where a standard design of a Rotman lens is presented, and
the complicated structure needed to connect this lens BFN and the linear antenna
array can be clearly recognized . A more convenient method is used here, that

(a) (b)

Figure 2.13: Rotman lens: (a) standard design with meandered transmission lines;
(b) designed Rotman lens in the 254 µm RO4350B substrate. Some input ports
are named for reference.

exploits a multilayer design for placing the Rotman lens and the antenna array on
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different layers. In this way the long meandered transmission lines can be avoided
by adjusting their length among the two layers. In other words, for connecting each
output of the Rotman lens to the corresponding antenna array column a variable
position of the layer-to-layer transition is used, and therefore the mutual difference
between each line is split among Top and Bottom layer. The outcome of this
solution is a very linear and regular routing, where the line lengths are minimized
with respect to the commonly adopted solution shown in Fig. 2.13a. A further
advantage of the folding technique is the possibility to use a different substrate
with respect to the one used for the antenna array, that is otherwise imposed in
the single layer solution (for ensuring an adequate bandwidth of the patch array).
Therefore, instead of using a 508 µm thick RO4350B substrate, a 254 µm thick
laminate is utilized. For an accurate design the different relative permittivities of
the two different thickness substrates are taken into account in the routing of the
transmission lines. Finally, the designed Rotman is presented in Fig. 2.13b.

In Fig. 2.14 the input reflection coefficient of the Rotman lens are shown.
Clearly, the choice of keeping a short taper (length of λ/2) lead to a reflection coef-
ficient which is -10 dB in average (some oscillations are given by the propagations
and reflections inside the lens cavity), with a maximum of approximately -9 dB.
It is noticed that for achieving a great improvement of the reflection coefficients a
much longer taper would have been needed, which is in contrast with the objective
es of this research. This aspect will be taken in consideration in the outlook of
the research project, where a novel feeding solution is proposed. At the contrary,
the port-to-port coupling is very low, below -14 dB, as can be recognised from Fig.
2.15, where the coupling coefficients are reported for the outer (Fig. 2.15a), central
(Fig. 2.15a) and mid section input ports (Fig. 2.15b) corresponding respectively to
Port1, Port9 and Port4. Being the lens a symmetrical structure, these three ports
give a quite complete overview on the overall coupling performance.

2.3.3 Layer to Layer Transition
Figure 2.16 shows the realization of the layer to layer transition. This structure

exploits a very convenient way for coupling a signal from a layer to another at
millimeter waves: the microstrip to slotline vertical transition. This technology is
well known and it has been extensively investigated [222]. In literature many re-
searchers have been using this principle for a wide variety of applications, including
phase shifters [223] and couplers [224].

As can be noticed from Fig. 2.16, the designed transition is composed by four
basic elements: the feeding line located on the Rotman lens side, the output line
on the Array side and the slot used to couple the energy between the two lines.
The two lines and the slot are positioned orthogonally, for ensuring that the elec-
tric field is properly coupled. Due to manufacturability requirements, the PCB is
constructed as a four layer PCB, with two ground planes that are positioned below
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Figure 2.14: Input reflection coefficient of the modeled Rotman lens for ports Port1,
Port4, Port9, Port12 and Port16. The 24 GHz ISM band is highlighted for refer-
ence.

the BFN and the array respectively. Therefore, the slot is replicated identically in
two ground plane layers, which are separated by 200 µm (RO4450B was used as
Prepreg material). The fourth element composing the transition is the via fence
that follows the contour of the slot, which ensures that the potential on the two
inner metal planes is the same and it prevents the generation of surface waves that
would dissipate the energy on the ground planes, thus rising the crosstalk between
adjacent lines. The density of the via fence is imposed by the standard manufactur-
ing process limits. It is noticed that by this arrangement the two slots surrounded
by vias can be treated as a unique structure. Moreover, Fig. 2.16 displays the
use of circular stubs for properly terminating the lines with a virtual short and,
similarly, an open realized with two circular apertures is employed for terminating
the slots. This type of circular stubs are widely used in literature for microstrip
lines and slots, due to their very broadband behaviour [225]. Finally, as previously
mentioned, the selection of different substrates leads to an optimized structure. Be-
cause of the choice to use 254 µm on the Rotman lens side and 508 µm on the Array
side, the microstrip lines on the two layers have different characteristic impedance
(50 Ω for the first case and 75 Ω in the latter case) but the same line width; in this
way a compact and symmetric design of the microstrip-slot interface is obtained.
In fact, a wider line on the array side would have required a longer slot (placed
perpendicularly to the line) and a larger bending for routing the connection to the
antenna column. However, the different characteristic impedance has to be taken
into account in the two microstrip-slot matching conditions, as in Fig. 2.17, where
the S−parameters relative to the designed transition are reported. Referring to
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(a) (b)

(c)

Figure 2.15: Simulated coupling coefficient of the modeled Rotman lens inputs
with: (a) Port1 (b) Port4 and (c) Port9 excited; 24 GHz ISM band is highlighted
for reference.

the |Sii| coefficients, the Input “1” is referred to the Array side, with characteristic
impedance of 75 Ω, while Input “2” is normalized to 50 Ω because it belongs to
the Rotman side. The introduced losses are approximately 1.2 dB in the band of
interest.

2.3.4 Phase Management Unit
The central part of this design is the Phase Management Unit, since it is the

component responsible for the widening of the scan angle through the combination
of CBS and BM. As already discussed in Sect. 2.2, the PMU has to be placed
between the Rotman lens and the array antenna elements. Since the Rotman lens
BFN enables a maximum scan angle θmax = 30° and the antenna array columns are
equispaced by λ/2, the 90° based phase shift for enabling both the CBS and the BM
can be applied, as depicted in Fig. 2.8. Moreover, this means that the BM is applied
just at every second antenna feeding line, involving a 0° phase addition when BM
is OFF, and a 180° phase inversion when BM is set ON. Clearly, a switching device
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Figure 2.16: Modeled layer-layer transition (ground planes and dielectric are not
shown for clarity). The energy is coupled from the Rotman lens side to the array side
via the slot. Lines are terminated with a circular stub, while the slot is terminated
with a circular open. The shielding surrounding the slot is also indicated.

Figure 2.17: Simulated S-parameters of the layer-to-layer transition.Input 1 is re-
lated to the Array side (75 Ω), while Input 2 is related to the Rotman side (50 Ω).
The 24 GHz ISM operative band is highlighted for reference.

has to be placed in the PMU, for the proper functionality of the BM. For this
reason, the PIN diode used in this research is the flip chip MA/COM MA4FCP200
[226], characterized by very low parasitic and low series resistance at the frequency
range of interest, despite their low cost. Furthermore, the implementation of a
reconfigurable phase shifter for fulfilling the widening of the scan range concept
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introduces a necessary selection of the portion of scan range that will be active,
while the other would be not operative. For this reason the choice of a fast switching
device like PIN diodes reduces the latency time for changing the state of the BM,
which is equivalent to switch between the positive and negative scan range angles.

For better integration of the PMU, the two operations CBS and BM can be
combined in a single structure, including also the required switchable phase shift-
ing operation. The rat-race coupler is a good candidate for fulfilling both these
functions, used as static Reflective Type Phase Shifter (RTPS) for the CBS appli-
cation, while the BM operation can be fulfilled by the integration of the PIN diodes
at the terminations of the delay branches (Fig.2.18). In this way, by switching the

(a) (b)

Figure 2.18: Principle of operation of the Phase Management Unit circuit based
on RTPS. The two different terminations corresponding to the ON/OFF states of
the PIN diodes are shown. By switching the polarity of the termination a phase
inversion is achieved.

state of the diode, it is obtained a simple and precise 180° phase difference. In
fact, this type of RTPS requires two terminations that offers high reflecting coeffi-
cient, and are 180° out of phase with respect to each other (i.e. typically open and
short). The output phase shift is determined by the sum of the electrical length of
the two stubs with proper sign, defined by the type of termination. Therefore, by
controlling the terminations, by means of reversing the polarity, a phase inversion
is achieved. The described operations based on rat-race coupler and PIN diodes
are depicted in Fig. 2.18.

2.3.5 PIN Diode Modelling
For a proper calculation of the phase contribution given by the PMU, a precise

model of the structure used for the accomplishment of CBS and BM is essential.
Moreover, the PIN diode used for switching between the two phase conditions of
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the BM (i.e. 0° and 180° states) has to be accurately characterized in order to have
a precise and reliable EM model. Therefore, the S−parameters of the component
have been included in the model of the phase shifter in both ON and OFF config-
uration at 24 GHz. This was possible only for modeling and optimizing the phase
shifter, since the use of the S−parameters in the complete system simulation would
have required excessive computational effort. Therefore, a reduced model was ex-
trapolated for the simulation of the complete beamforming network and antenna
array, employing ideal components to characterize the two bias states of the diode.
Moreover, since this component is placed directly on the EM structure, its phys-
ical dimensions cannot be neglected in the frequency range under investigation.
Indeed, the physical dimensions of the MA4FCP200 PIN diode is only 380 µm,
however, this would correspond approximately to 18° at 24 GHz, considering the
guided wavelength. Therefore, the MA/COM PIN diode is modeled as a full wave
3-D object, containing the lumped circuit elements which take into account for the
electrical behaviour of the diode in its two bias conditions. In Fig. 2.19, showing

Figure 2.19: 3-D model of the PIN diodes with opposite biasing. The green box
in the middle of the component contains the lumped electrical model of the ON
condition, while the red part contains the equivalent OFF capacitance

the model of the diode, it can be noticed that the physical structure is maintained
(i.e. soldering pads, internal metal structure and outer passivation/polymer layer)
and the concentrated circuit parameters have been modeled as a 50 µm long cell,
positioned in the middle, which is related to the reverse junction capacitance in
OFF state and to the forward resistance and the equivalent inductance in ON
state, as previously discussed. In this way, the maximum error in the determina-
tion of the component equivalent length would be equivalent to 50 µm, which is
also the minimum mesh size for the simulated models. This discretization is chosen
as a trade-off between accuracy and simulation time. Therefore, in order to obtain
the precise electrical model of the PIN diode at the target frequency of 24 GHz,
a simple 2-port simulation including the 3-D model shown in Fig. 2.19 was used
to optimize the circuital parameters for matching the S−parameters provided by
the semiconductor manufacturer, for both the ON and OFF states of the diode.
Specifically, the parameters used in the ON state of the diode were RON = 6.5
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Ω and LON = 0.15 nH, assuming a forward current of 10 mA, while for the OFF
configuration the equivalent capacitance of COF F = 25 fF was used, assuming 5V
reverse biasing voltage.

2.3.6 Complete Beam Shifting and Beam Mirroring:
Rat-race Coupler Architecture

In the design of the PMU, based on RTPS, a priority importance has been
given to the creation of an accurate but highly integrable phasing block fulfilling
the operations of CBS and BM.

As first step, being applied at every antenna array input, the phase shifters
reproducing the CBS operation are considered. It is noticed that a very convenient
way for performing the 90° multiple based phase variation by using the RTPS is to
consider a basic CBS unit, which consists of four steps performing correspondingly
the 90°, 180°, 270°, 360° progressive phase shift. This set of four phase shifters are
replicated four times for covering all the antenna array inputs. By the proposed
arrangement of the PMU, the 90° based phase shift is fulfilled (2π multiples are
subtracted from the theoretical progressive phase shifting for reducing losses and
enhancing compactness). Actually, it is noticed here that the use of the rat-race
coupler as component of the RTPS leads to further advantages: the 0° and 90°
topologies have the same structure as the 180° and 270° ones respectively, just the
stub positions are inverted with respect to the rat-race center (mirrored along the
“output” line direction, as in Fig. 2.21 and Fig. 2.20).

As second step, the BM is applied to the above considerations on the RTPS
arrangement. It was already clarified that the choice of the rat-race coupler is
valuable for incorporating the operation of the BM together with the CBS in a
single structure. Therefore, for achieving the BM effect, the switching device (i.e.
the MA4FCP200 PIN diodes) has to be connected to ground as termination of
the RTPS stubs, with opposite orientation, as previously shown in Fig. 2.18.
The ON/OFF parameters derived in Sect. 2.3.5 are then included in a detailed
3-D model of the component, for enhancing accuracy. The mutual change of the
ON/OFF conditions of the two branches provides the switching between the OPEN
and SHORT circuit accordingly, and as a result, the 180° shift is achieved. Never-
theless, if this simplified concept is directly applied, a significant phase error will
occur. The reason is found on the different electrical length of the PIN diode in the
ON and OFF bias conditions; in other words, when the diode is OFF the stub is
loaded by COF F , whereas, when it is ON, the stub is connected to ground through
the diode and its electrical length is significantly increased. Therefore, a balanced
approach is used for compensating the error resulting from the line length difference
during the ON/OFF states.

By using four diodes instead of two, it is possible to realize the required phase
shift in such a way that two diodes are simultaneously conducting in the opposite
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branches, thus equalizing the path length to ground. Furthermore, the ON/OFF
impedance (including also stray capacitance and inductance of the component),
influences the effective length of the stubs. Therefore, for having the correct phase
difference among all the phase shifters, the proper tuning of the two stubs is very
important. However, by the application of the balanced configuration, the OPEN
termination cannot be used, since the path to ground has to be ensured for properly
biasing the PIN diode. Therefore, it is implemented the λ/4 transformers in series
with the PIN diode for converting the connection to ground to an OPEN, and
then achieving the 180° phase inversion. As a result of these considerations, the
PMU is designed based on a 4-cells arrangement, leading to the RTPS architectures
displayed in Figs. 2.20 and 2.21, where the two ON/OFF operations of the BM
are illustrated. Figure 2.20 gives an insight on the phase distribution in the BM

Figure 2.20: Basic PMU unit cell in BM ON operation. Reconfigurable RTPS A
and RTPS c produce 90° and 270° phase shifting, while RTPS B and RTPS D
provide a fixed 180° and 360° phase shifting, respectively.

OFF state, that is attained by each phase shifter which is composing the basic
4-cells arrangement of the PMU. The basic PMU unit cell is composed by two
reconfigurable phase shifters, RTPS A and RTPS C, that are capable of switching
between the two phase shifts ±90° and ±270°, respectively. The 4-cells arrangement
is completed by two reflective type phase shifters, named RTPS B and RTPS D,
which realizes a fixed 180° and 360° phase shift, respectively. From Fig. 2.20 it
is clearly noticeable that RTPS C and RTPS D share the same design as RTPS
A and RTPS B respectively, with the type of terminations and orientation of PIN
diodes reversed. Referring to Fig. 2.20 and considering the switchable phase shifter
RTPS A, when D1 and D3 are ON and D2 and D4 are OFF, a 90° phase shift is
produced; for duality the 270° phase attained by RTPS C is obtained by imposing
D6 and D8 ON and, consequently, D5 and D7 in OFF state.

The fixed phase shifter RTPS B and RTPS D provides 180° and 360° phase
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shift, given by two stubs with electrical length of approximately 90° (the effec-
tive length has been optimized by simulations), terminated either by a SHORT or
through an OPEN, in a dual way. Considering a similar approach, the duality of
RTPS A and RTPS C consists on the inversion of the ON/OFF terminations (i.e.
SHORT/OPEN are interchanged and the polarity of the diodes are reversed).

Figure 2.21: Basic PMU unit cell in BM ON operation. Reconfigurable RTPS A
and RTPS c produce -90° and -270° phase shifting, while RTPS B and RTPS D
provide a fixed 180° and 360° phase shifting, respectively.

In the second operation state shown in Fig. 2.21, indicated as BM ON, when
D2 and D3 are set ON and the other two diodes are OFF the phase inversion is
activated for the RTPS A and a -90° is applied. Similarly, RTPS C attains a phase
shift of -270° by switching the diodes states of D5 and D7 to ON and by setting D6
and D8 toOFF. The application of the phase inversion to RTPS A and RTPS C,
while keeping unchanged RTPS B and RTPS D, realized the required displacement
of the beams from the positive to the negative portion of the scan range.

The RTPS have been designed on a 508 µm RO4350B substrate, considering
75 Ω as characteristic impedance of the rat-race based phase shifter (i.e. the four
branches of the coupler are designed with a 75/

√
2 Ω = 106 Ω) line impedance.

This arrangement supposes a placement on the same side of the antenna array
rather than in cascade of the Rotman lens: in this way the management of the
biasing currents is much easier, taking advantage of the antenna columns which
are an open in DC. The loading impedance (i.e. characteristic impedance of the
stubs) has been taken to be 75 Ω, which is defined by the stub width of 500 µm,
for properly accommodating the two PIN diodes.

In Fig. 2.22 and Fig. 2.23 the simulated S−parameters and differential phase
distribution over the band 22 – 26 GHz is shown for RTPS A and RTPS B and the
dual versions RTPS C and RTPS D (i.e. corresponding to progressive phase shifting
of 90°, 180°, 270°° and 360°). The simulated S−parameters show a maximum
reflection coefficient of -12.1 dB (matching to 75 Ω) in the 24 GHz ISM band,
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Figure 2.22: Simulated S-parameters of the four reflective type phase shifters pro-
viding 90° (black), 180° (red), -90° (blue) and -180°(green).

Figure 2.23: Differential phase distribution calculated at each pair of RTPS com-
posing the basic unit cell of the PMU.

while the insertion loss is approximately 1.1 dB for the fixed type RTPS and 2.3
dB for the reconfigurable type. As expected, the RTPS which includes the PIN
diodes suffer for more losses, due to the non-idealities of the active components.
Nevertheless, from the simulated results reported in Fig. 2.23, the maximum phase
error across the band of interest 24 — 24.25 GHz is found to be approximately 6°.
It is interesting to notice the different electrical length of the branches, which leads
to a very different slope of the phase. This effect is more evident in the case of the
reconfigurable RTPS, due to the presence of the PIN diodes. It is noticed that the
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RTPS is a simple and reliable way to realize a microwave phase shifter, however its
drawback is a limited operative bandwidth, which is related to the stub lengths.
Nevertheless, the use of such a structure results in a very compact definition of
the PMU, and its operational bandwidth is sufficient for covering the 24 GHz ISM
band.

2.3.7 Realized Extended Scan Range System
At this point, all the necessary elements to build the 24 GHz ISM band radar

integrating the extending scan range method are available. According to the for-
mulated theory, the PMU block has to be inserted between the Rotman lens and
the antenna array, which are placed on the two sides of the multilayer PCB. By
considering the presence of the single control line, necessary to switch between the
two operative states of the BM (i.e. when OFF no phase inversion is applied; con-
versely when BM is ON ), as already noticed it is convenient to place the PMU
block on the antenna array side, which is constituted by the array columns. In this
way, no in-line decoupling capacitors are needed, and the design is optimized with
reduced complexity. Therefore, the bias of the PIN diodes is realized through a λ/4
line terminated on a radial stub, which is connected at its end to a resistor that
defines the magnitude of the injected positive/negative current, needed to control
the BM operation. It is reminded that the layer-to-layer transition performs also
the impedance transformation between the 50 Ω and the 75 Ω on array side. In Fig.
2.24 the complete system is shown, and for clarification all the main components
are indicated.

In the following, the simulated performance of the modeled extended scan range
phased array based on Rotman lens as beamformer is reported. It can be noticed
from Fig. 2.25 that the input reflection coefficient is very similar to the one dis-
played in Fig. 2.14. Some fluctuations of the |Sii|, given by the internal reflections
and propagation mechanism inside the lens, lead to a peak Return Loss of 9.3 dB.
Moreover, Fig. 2.26 reports the input coupling coefficient |Sij|, where the index i is
related to either one of the three considered inputs (i.e. Port1, Port4 and Port9 ),
and the index j refers to all other input ports. Likewise to the input reflection coef-
ficient just discussed, also in this case the same considerations already reported in
2.15 are made, where a maximum value of -15 dB is detected in this configuration.
Therefore, from the comparison between the input S−parameters of the complete
system and the stand alone Rotman lens, it is concluded that the insertion of the
layer-to-layer transition and the PMU does not have a significant impact on the
performance of the lens, in terms of power reflected at the array ports. If this
would have not be the case, a higher variability of the input reflection coefficient
and coupling would be noticed, due to the backward waves that propagate inside
the lens cavity.

The resulting radiation pattern of the phased array including extended scan
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Figure 2.24: 3D model of the widen scanning range phased array: “Antenna array
side” is placed on the left and “Rotman lens side” on the right. Highlighted parts:
(a) linear antenna array, (b) PMU realized with fixed and reconfigurable phase
shifters, (c) Rotman lens.

Figure 2.25: Input reflection coefficient of the complete extended scan range phased
array with PMU realized with RTPS for ports Port1, Port4, Port9, Port12 and
Port16. The 24 GHz ISM band is highlighted for reference.

range method based on RTPS is shown in Fig. 2.27. In particular, Fig. 2.27
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(a) (b)

(c)

Figure 2.26: Simulated coupling coefficient of the complete extended scan range
phased array EM model with PMU realized with RTPS for inputs: (a) Port1 (b)
Port4 and (c) Port9 ; 24 GHz ISM band is highlighted for reference.

reports the co-polar component of the radiation pattern, and validates the proposed
method by the consideration that the initial scan range of ±30°(related to the phase
distribution of the stand alone Rotman lens) is actually doubled by considering both
the effects of the CBS and BM. The maximum realized gain is 17 dB, positioned
at broadside (slightly lower level of 16.9 dB is found at ±30°), while the lowest
is located at 60° with the value 10.5 dB. The maximum of the beams are located
at broadside and at approximately ±30°. In the latter case, the explanation lies
on the better illumination of the array ports of the Rotman lens from the central
ports compared to the one located at the sides that are related to the beam at
broadside (because of the CBS and BM phase shifting, as discussed in Sect. 2.2.3).
However, at broadside there is no reduction of the antenna gain due to scan loss.
Therefore, this result demonstrates the BM is working as expected, since the beams
are positioned symmetrically with respect to the azimuth, with a double beam at
0° due to the dual shifting given by the CBS and BM, as theoretically predicted in
the analysis made on Sect. 2.2.3.

From the described simulated results, it can be stated that the design of the
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Figure 2.27: Simulated antenna gain at 24 GHz with the application of the extended
scan range method. The effect of two states of the PMU are marked with blue when
BM is OFF and with red when BM is ON.

phased array based on Rotman lens as beamformer, in combination with the method
to widen the scan range, has shown good performance and a compact form factor.
In particular, the designed PMU has demonstrated a smart approach for generating
the CBS and BM effects by using only a single structure for accomplishing both
functions. However, the simulated results have shown an unequal behaviour of the
RTPS in the ±90° state, probably due to the impedance of the two stubs loaded
with PIN diodes, which are not exactly the same (i.e. absolute value), and which
are also influenced by the two branches (i.e. λ/4 and 3λ/4) of the rat-race that
perform the impedance transformation. Moreover, the phase difference between
the four RTPS A-D composing the basic unit cell (delivering ±90° and ±180°)
has proven to have a steep variation over frequency, which represents a drawback
even for a narrowband system like the one considered here. Therefore, in order to
overcome these limitations, an optimized concept for the PMU and the Rotman
lens feeding is proposed in the following.

2.4 Optimized Wide Range Scan Array Design
Considering the limitations detected by the analysis carried on Sect. 2.3.7, an

improved design for the extended scan range is provided, as an optimization of the
previous architecture. The aim of the new concept is to increase the performance
of the extended scan range Rotman lens by inserting a novel feeding method of the
lens, and by developing a new implementation of the BM. In the following design,
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the antenna array and the Rotman lens shape is maintained as already described
in the previous paragraphs.

2.4.1 Multiple Feeding of Rotman Lens
Like all microwave lenses, the Rotman lens needs to be properly illuminated

for ensuring good performance. Here, a novel method for improving the Rotman
lens feeding is exploited [227]. The proposed illumination method of the lens uses
a network of series connected Wilkinson dividers for simultaneous excitation of two
consecutive Rotman lens inputs. The introduced double feeding of the Rotman
lens, which employs two levels of Wilkinson dividers network, is illustrated in Fig.
2.28. For sake of clarity, in Fig. 2.28, the designators for the ports related to the
complete system are identified with suffix Port- (i.e. when double feeding network
is used), while the Rotman lens inputs are labeled with suffix R-.

Figure 2.28: Input arrangement for the double feeding network exciting two Rotman
lens ports simultaneously. The prefix Port- indicates the effective inputs of the
phased array, while R- designates the Rotman lens input ports.

In order to apply the multiple feeding configuration, a different shape of the
input tapers has been chosen, for allowing a regular arrangement of the Wilkinson
dividers network. For this reason, the width and shape has been kept constant,
and, referring to the median axis of the obtained triangular shape taper, they were
orientated perpendicularly with the tangent at the beam contour. This procedure
is important for easily define a precise phase center of the combined ports, that
will be located at the geometrical mean between single ports centers. For example,
referring to Fig. 2.28, when Port9 is fed, the Wilkinson dividers network excites
simultaneously inputs R9 and R10 : it is intuitive to see that the relative phase
center is located in the middle (corresponding to the focal axes, in this particu-
lar case). With the proposed feeding arrangement, there will be one beam less
compared to the standard case, and scan angles will be slightly shifted (by half of
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spacing between beam peaks, due to the new arrangement of phase centers). Re-
ferring to the previous design, by the application of the double feeding a beam at
broadside is generated, which was not possible with the stand alone Rotman lens
(due to the even number of beam ports).

The principle of operation of the multiple feeding network can be explained by
its analogy with the array theory: the simultaneous excitation of two elements (i.e.
beam ports tapers can be considered as horns that feed the Rotman lens) leads to a
more directive field distribution that illuminates the array contour on the opposite
side. Clearly, the more directive illumination decreases the losses due to the leakage
on the sides, where dummy ports are placed for absorbing the power spilled over.
In addition, the more concentrated illumination contributes to lower the sidelobes,
imposing an equivalent cosine tapering to the antenna array, without any external
added component.

The explained concept are clarified by Fig. 2.29, that shows the comparison
between the case when just one feeding is used to excite the lens (Fig. 2.29a), and
when the double feeding concept is applied (Fig. 2.29b). It is clear that a more
concentrated field distribution is present in the second case, and that almost all the
power is reaching the beam contour with almost no power flowing into the Dummy
loads.

(a) (b)

Figure 2.29: Simulated wave propagation in a Rotman lens in the case of (a):
standard feeding approach and (b) double feeding concept; the dashed lines enclose
the area where most of the energy is present.

Beside this qualitative analysis, the improved Rotman lens efficiency can be
directly estimated by comparing the power distribution with and without the em-
ployment of the double feeding concept. In order to evaluate the efficiency, the
total insertion loss is calculated by considering the sum of the power at all beam
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ports. The illumination loss is defined as the port-to-port integration of power cou-
pled with the dummy ports (spillover losses) and with the unused inputs (coupling
losses).

(a) (b)

(c)

Figure 2.30: Simulated Rotman efficiency in the cases with (dashed lines) and
without (solid lines) the Double Feeding (D.F.); (a) Port1 and R1, (b) Port4 and
R4 and (c) Port9 and R9 ; 24 GHz ISM band is highlighted for reference.

Since the efficiency of the lens is strongly dependent on the position of the
excited input, different ports have been assessed: ports R1, R4 and R9 (associated
with the Rotman lens without double feeding), and Port1, Port4 and Port9 (related
to the design including the double feeding). In this way, the worst case concerning
spillover losses (i.e. most external input, Fig. 2.30a), the best case of illumination
(i.e. central port,Fig. 2.30c), and an intermediate case (Fig. 2.30b) are analyzed.

The simulated parameters of the listed ports have been reported in Fig. 2.30. In
order to prove the increased efficiency given by the proposed feeding method with
respect to the standard approach, the total energy coupled to the dummy ports and
to the array ports is analyzed. For a clear view of the improvement achieved, also
the improvements on the input reflection coefficient and to the mutual coupling
between adjacent ports are evaluated. Therefore, the S−parameters relative to
inputs Port1, Port4 and Port9 (equivalently R1, R4 and R9 in the case without
double feeding) have been post-processed for obtaining the total amount of power
(integral) reaching the dummy ports (i.e. spillover loss is assessed), the unused
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input ports (i.e. coupling loss) and the total power coupled by the output/array
ports (i.e. insertion loss). By applying the double feeding, also in the worst case
(Port1 ) shown in Fig. 2.30a, the spillover losses are reduced due to the more
directive propagation inside the lens cavity, as graphically demonstrated in Fig.
2.29. The coupling losses are also strongly reduced (of about 10 dB in the 24
GHz ISM band) by inserting the network composed by Wilkinson dividers, due
to the further increase of decoupling between adjacent ports. It is noticed here
that the modification of the shape of input tapers have a negative influence on
the input reflection coefficient (compared to the Rotman lens design shown in Fig.
2.14). However, the reflection coefficients are improved by the introduction of the
double feeding network, from 7 dB as displayed in Fig. 2.30b to 13 dB in the
case of Fig. 2.30c, in the 24 GHz ISM band. A deeper analysis is needed for
the insertion loss in the two cases. Considering the Rotman lens without double
feeding, the insertion loss is found to be between -6 dB and -5.3 dB in the band
of interest, mostly due to illumination and conductive losses (conductivity of the
surface finishing given by manufacturing process has been considered). The direct
comparison with the case including the double feeding shows a lower level of the
power reaching the array contour ports, despite the increased efficiency described
above. This is explained by considering that the Wilkinson divider networks on the
inner ring (directly connected to the Rotman lens) are excited just at one branch,
while the other is just terminated to 50 Ω (considering the same return loss and
coupling conditions). This leads to a theoretical loss of 3 dB with respect to the case
without double feeding (considering same input matching and coupling conditions).
However, because of the increased efficiency of the lens with the proposed method,
the measured losses are just 2.6 dB (in the worst case of Port1 ) and 1.5 dB in the
best illumination case (Port9 ). Moreover, it is underlined that, as a result of the
more concentrated propagation inside the lens, a natural cosine tapering is realized
in the lens structure by the application of the double feeding concept. Hence, it
can be stated that the overall losses are at least comparable with the case of a
typical approach including standard amplitude tapering techniques, but with the
advantage of being more compact and directly integrated in the Rotman lens. By
the performed analysis, it can be concluded that the proposed feeding concept is
wideband in terms of efficiency and reflection coefficients.

2.4.2 Optimized Beam Mirroring Design of the PMU
In order to further optimize the implementation of the extended scan range

method suitable to be used in a 24 GHz ISM radar system, a novel definition of
the PMU is considered. In this new development, the unified PMU block has been
removed, and the two phase effects induced by the CBS and BM are separated. In
particular, it is noticed that the BM can be incorporated directly with the layer-to-
layer transition from the Rotman lens to the antenna array, thus condensing in just
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one element the PCB vertical transition, the impedance transformation (50 Ω to
75 Ω) and the phase inversion. It will be verified in the following that the designed
structure will perform all these tasks in a very compact, but wideband and low loss
structure.

(a) (b)

Figure 2.31: Wide Range Scanning array: “Antenna array side”, “Rotman lens
side”. The highlighted parts are: (a) linear antenna array, (b) CBS realized through
microstrip lines, (c) BM realized with reconfigurable phase shifters and microstrip-
slot transitions, (d) Rotman lens and (e) double feeding network. The names of
system and Rotman lens input ports are inserted for reference.

In Fig. 2.31, the complete 3-D model is reported, where in particular the two
layers named Array side (Fig. 2.31a) and Rotman lens side (Fig. 2.31b) of the
complete system are shown. Each of the main parts has been enclosed by using a
different line style and identifier. Referring to Fig. 2.31, the system is composed by:
a) linear antenna array, b) CBS realized through microstrip lines, c) Reconfigurable
phase shifters and transitions, d) Rotman lens and e) double feeding network.

CBS Realization with Transmission Lines

In the new concept, the PMU is incorporating the layer-to-layer transition for
the switchable phase inversion functionality imposed by the BM, while for the CBS
it is taken advantage of the flexibility to operate with the microstrip lines connecting
the array and the Rotman lens. In fact, it have been already noticed that due to the
multilayer design, there is no need for a well defined equal phase plane to be set as
a reference for the antenna array interface (commonly realized by meandered lines),
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instead, just the equality of line length has to be fulfilled. In other words, according
to the axis definition in Fig. 2.31, the freedom to locate the layer transition at any
position in the y coordinate (in contrast with the x direction, whose distance is set
by the array spacing) allow to freely manage each line independently. Therefore,
by combining the progressive phase shift imposed by the CBS and the connection
lines between Rotman lens and array, the CBS is realized with a set of microstrip
lines that introduces the required phase distribution while compensating the length
mismatch by adding them together.

The complete length of the lines has been split between the two sides of the
board for enhancing compactness, leading to an efficient and linear solution as
displayed in Fig. 2.31. This arrangement greatly simplifies the routing, reducing
the PCB area and the conductive losses. As a final remark, it is noticed that this
solution requires almost the same area as the PMU block solution realized with
RTPS.

BM Realized with Reconfigurable Layer-to-Layer Transition

In this optimized design, the microstrip to slot-line transition is used as basis
for generating the BM operating principle and for coupling signals from the two
sides of the board. As detailed in Sect. 2.2.3, referring in particular to Fig. 2.9,
the BM is implemented with a proper arrangement of reconfigurable and fixed and
reconfigurable phase shifters. In this design, the two functions are fulfilled by two
specific layer-to-layer transitions, that will be referred as 0° fixed phase shifter and
a specialized 0°/180° reconfigurable phase shifter.

0°/180° Reconfigurable Phase Shifter

In Fig. 2.32, the structure of the 0°/180° reconfigurable phase shifter is reported.
The phase shifter shares the same layer to layer transition described in Sect. 2.3.3,
but it includes four PIN diodes in the array side, devoted to produce both the two
phase shifting conditions. The microwave active part has been placed on the array
side, in such a way that no in-line decoupling capacitors are needed. The phase
shifting takes advantage of the slot-microstrip coupling, that can be considered
as a splitter, whose outputs are 180° degree out of phase. The phase selection
is achieved by properly biasing the four PIN diodes, used for enabling one of the
two branches (0° path or 180° path) positioned at sides of the slot, for coupling
the electric field with the desired polarity. In this design, the circular termination
used in the previous layer-to-layer transition is here replaced by radial stubs, that
have demonstrated good performance and better integration perspective, given the
limitation imposed by the condensed layout and the manufacturing directives (i.e.
via to via clearance and minimum copper spacing). More specifically, referring to
Fig. 2.32, diodes D1 and D2 are placed in series, while D3 and D4 are connected
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Figure 2.32: Complete model of the 0°/180° reconfigurable phase shifter, consti-
tuted by 4 PIN diodes; 0° configuration (shown in this example): D2 and D3 are
ON, D1 and D4 are OFF ; instead, for obtaining the 180° case, D1 and D4 are
ON, and D2 and D3 OFF.

to ground, on the two sides of the slot, as closest as possible, for terminating the
microstrip-to-slot transition.

The principle of operation of the reconfigurable phase shifter is the following:
the configuration for achieving 0° phase shifting is obtained by direct biasing D2
and D3 (the 0° path is active), while D1 and D4 are reverse biased. In the dual
case, in which the diodes D1 and D4 are active while D2 and D3 are OFF, the 180°
path is selected, and the phase inversion is achieved. In principle, only two diodes
can be used for achieving the same functionality, however this approach results in
inadequate performance due to limited isolation in the OFF state of the PIN diodes
at 24 GHz, that would lead to poor matching and high losses.

In Fig. 2.32, the structures developed for the correct biasing of the diodes (i.e.
DC input and DC GND) are also indicated. The bias lines are fundamental for
the correct operation of the PIN diodes, and they have been specifically tuned
for avoiding mismatch and losses on the 0°/180° reconfigurable phase shifter. In
particular, the positive/negative current is injected at DC input, where a λ/4 line
terminated on a radial stub is used as connection with a resistor, while the DC
GND point is used as ground reference by exploiting a λ/4 line connected directly
to ground. For the biasing of the pairs of series-shunt diodes (D1 and D4 or D2
and D3 ), a positive/negative voltage is used as control, specifically Vpos = 5V and
Vneg = −5V . In particular, with Vpos the diodes D2, D3 are ON and positive angles
of the scanning range are selected (i.e. BM state is OFF), while Vneg sets to ON
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the diodes D1 and D4 for scanning the negative range (i.e. BM set to ON ).
The described 0°/180° reconfigurable phase shifter is first evaluated by mean of

simulation, and the S−parameters are displayed in Fig. 2.33.

Figure 2.33: Scattering parameters of the 0°/180° reconfigurable phase shifter in
both BM states; 24 GHz ISM band highlighted for reference.

It can be noticed that, from the numerical results displayed in Fig. 2.33, the
insertion loss is slightly increased compared to the one calculated in Fig. 2.16: 1.9
dB for the reconfigurable phase shifter versus 1.2 dB for the simple layer-to-layer
transition in the 24 GHz ISM band, where the same port termination scheme was
adopted. The slightly higher losses are due to the parasitic elements of the PIN
diodes, in both ON and OFF states. However, it is clear that this solution is much
more efficient compared to the realization of unified PMU with RTPS. Moreover, it
is recognized that |S11| and |S22| are not identical: this is due to the microwave DC
decoupling which loads in a different way the active branches of the phase inverter,
thus breaking its symmetry. For the same reason, the reflection coefficients |Sii|
present a shift in frequency in the case of 0° (BM not active) with respect to the
case of 180° shift (BM activated).

0° Fixed Phase Shifter

The second element of the newly developed BM is the 0° fixed phase shifter,
presented in Fig. 2.34 (ground planes and dielectric are not shown). The principle
of operation is the same as the one described in Sect. 2.3.3, with the only clear
difference the use of radial stubs for terminating the microstrip lines connecting the
Rotman lens on one side and the antenna array on the opposite side.

Moreover, the structure in Fig. 2.34 has been further optimized together with
the 0°/180° reconfigurable phase shifter for achieving the best phase performance
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Figure 2.34: Designed model of the 0° fixed phase shifter (ground planes and di-
electric are not shown). The energy is coupled from the Rotman lens side to the
array side via the slot. Lines are terminated with a radial stub, while the slot is
terminated with an open.

in both operative states of the BM. It can be noticed that the configuration ob-
tained by setting the diode D2 and D3 ON and D1 and D4 OFF for the 0°/180°
reconfigurable phase shifter is equivalent to the 0° fixed phase shifter(in first case
the virtual short is fulfilled by D3 ).

Figure 2.35: Simulated S−parameters of the 0° fixed phase shifter; 24 GHz ISM
band is highlighted for reference.

Fig. 2.35 displays the simulated reflection coefficients of the 0° fixed phase
shifter in the frequency band 22 GHz to 26 GHz. It is reminded that the S−parameters
reported in this case are calculated considering a characteristic impedance of 50 Ω
for the input at the Rotman lens side and 75 Ω for the one placed on the array
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side. The analysis of the S−parameter of the fixed phase shifter reveals a good
performance in the frequency range of interest, where the introduced losses are less
than 1.3 dB. This result is similar to the one displayed in Fig. 2.16. It can be
noticed that one source for the losses are relative to the actual conductivity of the
ENIG finishing, which is much lower compared to solid copper, and therefore leads
to increased resistive losses in the structure.

The fundamental aspect of the two phase shifters here described is related to
the phase difference between the two structure in the case of BM ON and OFF,
which is corresponding to a differential phase of 180° and 0° respectively. From the
simulated results reported in Fig. 2.36, it is recognized that the phase error is very
low in the frequency of interest, especially if it is related to the phase variation
shown in Fig. 2.23. Therefore, it is verified that the proposed concept is much
more wideband than the previously designed one, based on RTPS, as theoretically
expected.

Figure 2.36: Simulated phase difference between the 0° fixed phase shifter and the
reconfigurable phase shifter in the 0° (blue line) and 180°(red line) states respec-
tively; 24 GHz ISM band is highlighted for reference.

2.4.3 Manufacturing and Experimental Validation
The extended scan range method applied to the Rotman lens as beamformer

has been validated by fabricating and testing the complete described system, which
is reported in Fig. 2.37, where all the main elements composing the systems are
indicated. Moreover, in Fig. 2.38 the build-up of the multilayer PCB is reported
for clarity.

According to Fig. 2.37, the overall dimensions of the PCB are L = 130 mm
and H = 140 mm, thanks to the folding technique allowed by the layer-to-layer
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(a) (b)

Figure 2.37: Manufactured antenna array system based on Rotman lens as BFN
featuring the extending scan range method. At left side (a) the antenna array and
the active part of the reconfigurable phase shifter is shown, while at right side (b)
the Rotman lens and the overall connections are presented. Names of input ports
of Rotman lens and for the complete system are indicated for clarity.

Figure 2.38: Drawing of the PCB structure, with the thicknesses of the three
substrates. Cross section of the microstrip-slotline transition is also depicted.

transition. Being manufacturing and cost issues an important aspect, a standard
fabrication process has been used. Therefore, according to the initial considera-
tions on material usage, the standard Electroless Nickel Immersion Gold (ENIG)
has been adopted as copper finishing for ensuring a cost effective and reliable sol-
dering process of the components, especially for the tiny dimensions (380 µm x 230
µm) of PIN diodes. However, it is noticed here that other options could have been
selected as surface finishing (e.g. solid copper, Organic Solderability Preservative),
but the cost factor would have been increased sensibly. Moreover, by considering
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the high number of inputs, SMP connectors have been selected as a low-cost alter-
native to the 2.92 mm connectors, being suitable for high density surface mount
interconnections and, then, contributing also to the reduction of the form factor of
the PCB. In fact, SMP connectors have the advantage of being compact, requiring
very little space for positioning adjacent connections, thanks to their snap-on cou-
pling. This feature allows to arrange the input lines in a radial pattern, thus keeping
an almost constant length, as can be observed in Fig. 2.37b. Nevertheless, care
must be taken when performing measurements with SMP, due to the mechanically
fickle connection, as detailed in the following.

(a) (b)

Figure 2.39: Measurement test setups: in (a) the Vector Network Analyzer is em-
ployed for measurement of S-parameters, while in (b) the antenna pattern measure-
ment setup in the anechoic chamber is shown. Main components of the two test
benches are indicated.

The overall performance of the extended scan range array based on Rotman
lens and the fixed/reconfigurable phase shifters have been characterized in terms
of S−parameters by using an Agilent E8363B Vector Network Analyzer (VNA).
Furthermore, the radiation pattern of the complete scanning array system has been
tested in the anechoic chamber. The calibration standard used was the Through-
Open-Short-Match (TOSM ) with the 2.92 mm calibration kit, according to the type
of cables required for connecting the DUT with the VNA. For both characterizations
a 2.92 mm to SMP adapter has been introduced for interfacing the device under
test with the VNA. Moreover, 50 Ω SMP terminations have been plugged on all
the unused ports in both S-parameters and radiation measurements. In Fig. 2.39a
the test setup used for the measurements of the scattering matrix is shown, while
in Fig. 2.39b the picture for the far field measurement setup is presented. More
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in detail, the radiation pattern has been measured in the anechoic chamber, in
far field regime. The PCB has been fixed to the rotating column (aligned to the
H plane) with a holding frame. Absorbing material has been placed for avoiding
unwanted radiation to be reflected by the test fixture. A horn antenna has been
used as transmit antenna. The SMP input connectors that were not connected to
the measurement system were terminated with 50 Ω SMP. During measurements,
the BM operative state is selected by acting on a sliding switch, connected at the
outputs of a dual linear dropout regulator able to provide Vpos and Vneg (i.e. ±5
V, thanks to a regulated charge pump configuration), located on Rotman lens side
(visible in Fig. 2.37 on bottom right corner), and delivering a total of 220 mA
for biasing the PIN diodes. This easy way of controlling the BM greatly simplifies
the measurement process: for instance, the measurement of the radiation pattern
associated with one input can be performed in both states by positioning the switch
for selecting the positive/negative voltage (i.e. directly related to positive/negative
scan angles).

2.4.4 Manufactured Phase Shifters Analysis
The designed phase shifters have been realized and tested by means of a separate

test structure, since they are the most challenging part of the overall system. In
particular, Fig. 2.40b shows the measured phase shifters, in comparison with the
3D models used in simulation, reported in Fig. 2.40a. Specifically, in Fig. 2.40,
the array side part of the fixed phase shifter is displayed, (i.e. the parts indicated
with 1a and 1b) while the parts of Fig. 2.40 designated by 2a and 2b indicate the
reconfigurable phase shifter. Finally, with 3a and 3b are named the modeled and
fabricated part of the phase shifters etched on Rotman lens side, which is common
for both designs.

In order to avoid errors due to bad soldering of the tiny PIN diodes, all the
components have been tested by using a thermocamera, for checking the tempera-
ture increase given by the current flowing (either positive or negative), as shown in
Fig. 2.41a. Clearly, a not correctly connected/broken diode will not be polarized,
and it will appear as “cold”, as demonstrated from Fig. 2.41b.

Unfortunately, for measuring such devices, the TRL method cannot be used,
since the input and output ports have different characteristic impedances (i.e. dis-
similar substrate thickness and consequently different tuning of the SMP-microstrip
transition, as shown in Fig. 2.38). Moreover, also the time gating technique can
not be used, because the resolution for differentiating the effects of the connector
and the phase shifters is insufficient, due to the small physical size of the structure.
For characterization purposes, a three stage quarter wavelength impedance trans-
former was added on the array side part of both phase shifters as can be recognized
in Fig. 2.40, for performing the 75 Ω to 50 Ω transition and establishing a proper
connection with the VNA.
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1a 2a 3a 1b 2b 3b

(a) (b)

Figure 2.40: Simulation models (a) and prototypes (b) of phase shifters, including
the SMP connector; (1a-1b) 0° fixed phase shifter, array side; (2a-2b) 0°/180°
reconfigurable phase shifter, array side; (3a-3b) 0° fixed and 0°/180° reconfigurable
phase shifter, Rotman lens side (identical for the two types of phase shifters).

(a) (b)

Figure 2.41: Infrared pictures of the biased PIN diodes in the reconfigurable phase
shifter used for functional testing. In (a) all diodes are working while in (b) one
diode is damaged.

In order to make a complete analysis of this important component, three con-
current evaluations are performed. At first, the two phase shifters are characterized
through numerical simulations, without the presence of the SMP connectors and
the three stages impedance transformer, thus employing the same model described
in Fig. 2.32 and Fig. 2.34. In addition, the measurements and the simulated model
are directly compared, by embedding the model of the connector and the three
stages impedance transformer in the simulation, in order to have the same configu-
ration, therefore employing the same structures already shown in Fig. 2.40. By this
procedure, a clearer and reliable comparison between the simulated and measured
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results are possible, and the model used in the simulation can be validated.

Figure 2.42: Simulated S-parameters of the 0° fixed phase shifter without the SMP
connector (solid lines) and comparison between simulation and measurements in-
cluding the connector (respectively dashed and dotted lines); 24 GHz ISM band
highlighted for reference.

Figure 2.42 displays the reflection coefficients of the 0° fixed phase shifter in
the frequency band 22 GHz to 26 GHz in the cases with SMP connectors included
(through simulation and measurements, as in figures 2.40a and 2.40b parts 1x-
3x) and without (only simulated results, same as Fig. 2.35), included for reference
purpose. Similarly to previous cases, the reported S−parameters consider the char-
acteristic impedance of 75 Ω for the array side and 50 Ω for the Rotman lens side.
The simulated results without SMP have already been described in Sect. 2.4.2.
However, in the second case, where SMP connectors and the three stage impedance
transformer are both included, a direct comparison between simulated and mea-
sured results can be performed. Clearly, the introduction of these components
causes a degradation of the overall performance, as noticed in both measured and
calculated values of the scattering parameters reported in Fig. 2.42. Nevertheless,
a good agreement between the two results is recognized, where the shift to lower
frequency of the |S11| and |S22| can be explained by the presence of the 2.92 mm to
SMP adapter used during the measurement process that was not included in the
VNA calibration.

In Fig. 2.43, the reconfigurable phase shifter is analyzed. For better compar-
ison, Fig. 2.43a reports again the case with and without SMP connector, which
is available just through simulation. More interesting at this stage are the results
shown in Fig. 2.43b, where some small discrepancies between the simulated and
measured amplitude of the reflection coefficients |S11| and |S22| are detected, in con-
trast with the characterization of the same results done for the fixed phase shifter.
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(a) (b)

Figure 2.43: Scattering parameters of the 0°/180° reconfigurable phase shifter in
both BM states; (a) simulated without the SMP connector; (b) measured and
simulated including the SMP connector; 24 GHz ISM band highlighted.

This can be explained with a not perfect equivalent electric modelling of the PIN
diodes, in particular the values of COF F and LON reported in Sect. 2.3.5. In fact,
these two equivalent electrical components are affecting mostly the reflection coef-
ficients, rather than the losses that are typically driven by the resistive part of the
model (denoted as RON), which instead show a good agreement between the two
displayed curves of |S12| thanks to the previously measured value of conductivity
of the ENIG copper finishing.

Figure 2.44: Differential phase between the reference (0° fixed phase shifter) and
the 0°/180° reconfigurable phase shifter in the case BM OFF (solid lines, left y axis)
and BM ON (dotted lines, right y axis); 24 GHz ISM highlighted for reference.

In analogy with the evaluation carried for the magnitude of the S−parameters,
the phase is analyzed. In particular, Fig. 2.44 displays the differential phase rel-
ative to the S12 parameter between the fixed phase shifter and the reconfigurable
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Table 2.1: Maximum Differential Phase Error

BM Status

Bandwidth Sim. w/o SMP Sim. w/ SMP Meas. w/ SMP
0° 180° 0° 180° 0° 180°

24 – 24.25 (GHz) 0.9° 1.7° 6.4° 6.3° 6.4° 4.2°
22 – 26 (GHz) 3.6° 1.8° 10° 7.4° 7.9° 5.9°

phase shifter in the BM inactive state (i.e. 0° phase is added to the line), and the
BM active state (i.e. 180° phase inversion superimposed to the phase distribution).
Referring to the simulated results of the model without the SMP connectors, al-
ready displayed in Fig. 2.36, it can be observed that in the 24 GHz ISM band
the phase error is very limited in both BM operative states, and the designed sys-
tem has potentially more than 6 GHz bandwidth following the ±5° error criterion
(from 21.55 GHz to 27.65 GHz). Instead, in the cases where the SMP connectors
are included, the measured phase difference is consistent with the corresponding
simulated results in both BM states, even if the measured ones are affected by
some fluctuation, probably derived from the fickle mechanical contact. According
to Table 2.1, which summarizes the phase errors in the examined cases, a measured
maximum deviation from the theoretical values of 6.4° in the 24 GHz operative
band is recognized. Moreover, the comparison with the case without SMP confirms
that the transition microstrip-connector introduces a discontinuity that causes a
mismatch.

Similarly to the analysis carried out for the magnitude of the scattering pa-
rameters, also in this case the discrepancies found in the simulated and measured
phase errors can be explained with inaccuracies in the equivalent electrical model
of the PIN diode. Finally, by considering the good agreement of the simulated and
measured results including SMP, it can be assumed that the performance of the
phase shifters is reasonably close to the one displayed in the simulations without
connectors.

2.4.5 Complete System Characterization and Measurements
In Fig. 2.45, input reflection coefficients of the complete system, shown in Fig.

2.37, are evaluated by means of simulations and measurements. At first, in Fig.
2.45a the measurement and simulations including SMP are compared. However,
in this structure, the effect of the SMP connector to microstrip transition can be
excluded from the measurements by applying the time gating technique. In fact,
in this case the reflections at the connector interface are clearly discriminated from
the others relative to the Wilkinson dividers due to the long input lines, and they
can be eliminated accordingly. Specifically, only S−parameters relative to the case
of BM not activated (i.e. for positive bias voltage of PIN diodes) are displayed in
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Fig. 2.45, because the other case is completely analogous. For a better analysis the
wider frequency band of 20 — 30 GHz is considered, and the 24 GHz ISM band is
indicated for reference.

(a) (b)

Figure 2.45: Simulated (continuous line) and measured (dashed line) reflection
coefficients of Ports 1, 4, 9, 12 and 17 relative to the complete system with BM
not activated; (a) SMP is included in both measurements and simulations; (b) time
gated measurements compared with simulations without SMP; the 24 GHz ISM
band is highlighted.

The results in Fig. 2.45 exhibit a variability of the reflection coefficient across
the input ports, mostly due to the asymmetry of the system (given by the CBS
and the BM arrangements). However, the predicted reflection coefficient is found
to be consistent with the performed measurements with time gating, even if the
simulated values in Port9, Port12 and Port17 denote a better matching level at
lower frequencies (with minimum at 22 GHz) with respect to measurements. By
considering as reference the central port in Figs. 2.45a and 2.45b (i.e. Port9
indicated with the diamond marker), in both cases where the SMP connectors
are included or removed by applying the time gating technique, a good agreement
between measured and corresponding numerical results is observed. In particular,
the curves relative to simulations and measurements with connectors clearly show
the degradation due to the SMP to microstrip transition, in comparison with the
equivalent cases without connector. This is due to the SMP to microstrip transition,
which has been optimized for the 24 GHz ISM band, and therefore is intrinsically
narrowband. The shift in frequency between the ungated measurement and the
simulated S−parameters can be explained by the SMP to 2.92 mm adapter used
during measurements, and not included in the simulation. Nevertheless, it can be
stated that even with SMP connectors, the extended scan range phased array is
well matched in the 24 GHz ISM band (minimum measured value is 9.85 dB).

In the following, the radiation pattern of the antenna array is assessed, for val-
idating the scan range extension method. Figure 2.46 shows the simulated and
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Figure 2.46: Simulated (continuous line) and measured (dashed line) gain of the
realized extended scan range array at 24 GHz; different colours are used to distin-
guish between the case of BM activated (negative scanning angles, blue lines) and
BM not activated (positive scanning angles, red lines).

measured gain pattern at 24 GHz in the xz plane (refer to Fig. 2.37 for axes defini-
tion). Considering the overall scanning range, it is noticed that the results obtained
by measurements are in good agreement with the simulated ones, confirming that
the described method is actually able to almost double the FOV of a scanning array
using a Rotman lens as beamformer. In fact, the peak of the last beam is detected
at 58.7°, which is close to the theoretical value of 60°. The difference of 1.3° can
be attributed to many factors, and they are mainly due to tolerances in the fabri-
cation of the prototype. For a clearer overview of the performance of the extended
scan range antenna system, the main parameters displayed in Fig. 2.46 are sum-
marized in Table 2.2, where the measured realized gain and HPBW are reported
for each beam (associated with a scanning angle). The two measured quantities
are also compared with the results obtained by simulation. The difference between
the simulated and measured gain pattern, quantified to be between 0.7 dB and 2.2
dB, is explained by considering the losses of the SMP connectors (estimated to be
about 0.7 dB at 24 GHz), inaccuracies in the modeling of components (e.g. PIN
diodes) and the conductivity of the ENIG finishing. It is interesting to notice that
the maximum values of the gain are not located at broadside; instead, they are
located at angles in proximity of ±30° (corresponding to the initial maximum FOV
of the Rotman lens). This can be explained by considering that the central input
ports realize a more efficient illumination of the array contour of the Rotman lens,
compared to ports placed on the sides, where a larger amount of power is coupled
to the dummy ports due to the geometry of the lens (see Sect. 2.4.1). However,
the peak of the gain is not associated with the beam positioned at ±30°: this is
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because of the scan loss at these angles (numerically estimated to be approximately
1 dB). In fact, this characteristic shape of the gain pattern having the highest val-
ues at approximately ±25° and reducing at lower and higher angles is the sum of
two different effects: the scan loss and the illumination loss. The illumination loss
concerns both the beams positioned at widest and lowest scan angles, and its effect
has been estimated to be 1.2 dB, by comparing the level of beam at broadside
(scan loss at low scan angles is negligible) with respect to the beam at ±30° that
represent the cases with best illumination of the lens (scan loss associated with this
angle is considered in the calculation). Moreover, at extreme angles of the scanning
range, illumination loss causes the same amount of gain reduction discussed for the
broadside case, but at increasing scan angles the effects of the scan loss became
dominant, as recognized in Fig. 2.12, where the reduction was estimated to be
5.3 dB at ±60°. Furthermore, from both measured and simulated antenna gains
reported in Table 2.2, an asymmetry of the levels of the beams is recognized for
opposite angles of the scan range. This difference can be explained by the overall
insertion loss among each column of antenna array, caused by the CBS structure
(i.e. longer lines used for generating the required phase distribution are intrinsically
asymmetric), and by the amplitude mismatch that appears at each column due to
the alternation of fixed and reconfigurable phase shifters (the last are more lossy,
because of the presence of PIN diodes). This fact also explains the slightly uneven
levels of some adjacent beams (e.g. beam at 11.3° compared to beam at 15°), as
can be recognized from the values reported in Table 2.2. Nevertheless, it can be
noticed that the performance of the designed prototype exhibits a reduction of the
realized gain of maximum 3 dB, in the scanning range ±45°. In addition, it can
be also observed that the spatial coverage of the beams is ensured by their tight
overlapping, as a result of the BM application. In fact, not only the scan range is
doubled, but also the number of available beams, which introduces the possibility
to use a Rotman lens with half of beam ports compared to standard designs.

Finally, Fig. 2.47 shows the normalized amplitude of the co- and cross- compo-
nents of the radiated field relative to Port11 (as indicated in Fig. 2.37(e) enclosure),
proving that the measured radiation patterns are correctly predicted by the numer-
ical modelling. This result verifies also that the analysis carried out in Sect. 2.4.4
on phase shifters performance is consistent, and it confirms the accurate phase
distribution obtained by simulation for the models without SMP connectors.

This aspect is particularly important for radar applications, and it is considered
a parameter that qualifies the designed phased array. In addition, it is observed
that the sidelobe level is below 10 dB in any condition (worst case), without any
additional amplitude tapering at antenna inputs, thanks to the proposed double
feeding structure of the Rotman lens (see Sect. 2.4.1). Furthermore, it is noticed
that the double feeding concept allows to further decrease the sidelobe level by
combining more inputs to be simultaneously excited: this is possible by adding
an additional level of Wilkinson dividers (e.g. three stages of Wilkinson dividers
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Table 2.2: Simulated And Measured Array Performance Comparison

BM ON
Scan

Angles (°)
Gain

Sim.(dB)
Gain

Meas.(dB)
HPBW
Sim. (°)

HPBW
Meas. (°)

-58.7 6.8 4.8 12.9 13.3
-52.8 8.9 7.5 10.9 10.7
-47.8 10.0 8.0 9.9 10.0
-42.9 11.1 9.9 9.1 8.9
-38.4 12.0 10.7 8.5 8.6
-33.7 12.7 11.1 8.0 7.6
-29.5 12.8 11.1 7.7 7.2
-25.5 13.1 11.9 7.4 7.2
-21.5 13.0 12.3 7.1 6.7
-17.6 12.8 11.9 7.0 7.0
-14 12.7 11.3 7.0 7.2

-10.5 12.5 10.5 6.8 6.8
-7.2 11.7 10.3 7.1 7.3
-4.1 11.8 10.5 7.1 6.8
-0.8 11.0 9.9 6.9 6.8

BM OFF
Scan

Angles (°)
Gain

Sim.(dB)
Gain

Meas.(dB)
HPBW
Sim. (°)

HPBW
Meas. (°)

1.3 11.5 9.7 7.0 7.1
4.8 12.0 10.4 7.0 7.0
8.0 12.2 10.3 7.1 7.2

11.3 12.8 11.5 6.9 6.8
15.0 12.9 11.0 6.9 7.0
18.6 13.1 11.6 7.2 7.3
22.2 13.2 12.0 7.3 7.1
26.3 13.2 11.4 7.4 7.3
30.4 12.6 10.8 7.7 7.8
34.3 12.2 10.7 8.0 7.9
39.2 11.5 10.2 8.5 8.4
43.8 10.5 9.0 9.2 9.5
48.6 9.4 7.9 10.0 10.0
54.0 8.2 6.3 11.0 11.4
59.6 5.9 3.7 13.1 13.3

instead of two as developed in this work). Table 2.3 provides a comparison among
wide scan angles designs of phased arrays based on Rotman lens as beamformer
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Figure 2.47: Comparison of the normalized co-polar and cross-polar components
of the radiation pattern for Port11 at 24 GHz obtained through simulation and
measurement in case of BM OFF.

available in literature, where [219] and [220] are considered in particular, as previous
examples of widening scan range researches. Finally, the cross-polar component of
the radiation pattern is found to be lower than -15 dB with respect to the measured
co-polar field pattern, as shown for Port11 in Fig. 2.47.

Table 2.3: Comparison Among Rotman Lens Based Scanning Arrays

References
Center

Frequency
(GHz)

Technology Scan Range Scan
Extension

SLL
(dB)

[219] 24 PET ±38° 8° 10

[220] 9 LC phase
shifters ±37.5° 7.5° 12*

[212] 24 SIW ±48° - 10*
[213] 60 LTCC ±30° - 12

[215] 10 Synthesized
dielectric ±33° - 10

This work 24 PIN diodes ±60° 30° 10
(*) Estimated graphically.
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2.4.6 Conclusion and Perspectives
An innovative method for extending the scanning range of a phased array based

on the concepts of Complete Beam Shifting and Beam Mirroring is here demon-
strated first with a theoretical analysis, and subsequently the proposed technique
has been demonstrated and validated in combination with a Rotman lens, by em-
ploying both numerical tools and measurements. As a result, by considering an
initial 24 GHz trifocal Rotman lens able to achieve a FOV of ±30°, a compact
and cost-effective design of a 24 GHz ISM scanning array radar was implemented,
demonstrating a doubled maximum steering angle of about ±60°. Moreover, for
achieving the BM, a proper reconfigurable phase shifter has been developed and
realized, showing good performance and simple control requirements. The overall
performance of the phased array based on Rotman lens as beamformer has been
enhanced by a novel multiple feeding concept, that improves the illumination of the
antenna side contour of the lens, thus decreasing the losses due to spillover and gen-
erating a cosine tapering. Finally, the purpose of building a low-cost prototype has
driven the design to use solutions (e.g. use of SMP connectors and ENIG copper
finishing) that have caused a decrease in the system efficiency. Hence, to overcome
the limitations of the current design, an improvement on the manufacturing (i.e.
connectors and surface finishing) will be considered in further designs.

As future perspective, this concept can be used for radar and communication
systems operating in E- and W- bands. However, the increase of frequency will re-
quire a novel definition of the reconfigurable phase shifter, due to the fact that the
use of PIN diodes becomes critical at these bands. Therefore, new switching meth-
ods have to be investigated for the application in such frequency bands. Promising
results in the mm-wave range are given by new types of materials, like phase change
materials, which can be used to operate as a conductor or an insulator (therefore
working as a switch) by the application of an electrical or optical power signal.
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Chapter 3

Frequency Reconfigurable
Rat-Race Coupler

With the increase of multi-functional devices and integration of several wireless
standards in a single system, nowadays several researches are focused on multi-
band and miniaturized RF components (e.g. couplers, filters, phase shifters). The
great demand of system integration is driven by the evidence that the size of RF
passive components has experienced a limited reduction with respect to semicon-
ductor wafer packaged components (e.g. chips). In fact, it well known from theory
[228] that the physical dimensions of many aforementioned RF components, widely
used in many antenna and RF circuits designs, is proportional to the wavelength, or
more precisely, to the electrical length. In recent years, in most wireless applications
the tendency is to move towards higher frequency bands (e.g. 5G communication
systems for increasing the data-rate in mobile applications or the 77 GHz radar
systems that are replacing the 24 GHz ISM band in automotive industry), thus
leading to a reduction of the sizes of the passive components. Nevertheless, many
essential and widespread applications are based on standards using frequencies be-
low 2 GHz, that cannot benefit from the shift to higher frequency bands. Therefore,
great attention is given to the realization of high performance and compact passive
RF devices from the research community.

In this context, hybrid and rat-race couplers are essentials components, used in
almost any application including RF circuits and antennas. They are conventionally
composed by several sections of quarter wavelength transmission lines, and they are
among the most demanding components in terms of PCB area. In particular, due
to its planar structure, the rat-race coupler is a fundamental element in RF and
microwave circuits, such as balanced mixers, power amplifiers and antenna feeding
networks, offering the unique possibility to be used as in-phase or out-of-phase
combiner. However, this coupler also exhibits well-known drawbacks, such as its
large area and narrow bandwidth [229]. For these reasons, several studies have been
focused on the size reduction, employing techniques such as slow wave structures,
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metamaterials and folding technology (see e.g. [230–233]). Some research also
focused on the long 270° branch, for reducing its impact on the overall dimensions
[234–236]. Moreover, another important topic is represented by the design of multi-
band and dual-mode rat-race couplers [237–239]. Typically, the dual band design
shows a narrow fractional bandwidth and a limited size reduction. Nevertheless,
despite the continuous request of reconfigurable components for supporting multiple
frequency bands and different communication standards, limited effort was spent
to introduce frequency reconfigurability on the rat-race coupler [240, 241].

The scope of this chapter is to propose a miniaturized and frequency agile rat-
race coupler, that can be implemented in a single layer PCB and employing standard
and inexpensive components and manufacturing processes. The reconfigurable op-
eration is set at the two center frequencies of 900 MHz and 1.7 GHz, for including
important industrial (e.g. RFID), satellite (e.g. GPS, Iridium) and mobile com-
munication standards (e.g. GSM 900 and 1800 in both uplink and downlink) in
the portion of the frequency spectrum below 2 GHz. Moreover, one of the targets
driving this work is the introduction of a flexible design that can be suitable for
low frequencies, potentially lower than the one proposed here (i.e. 900 MHz). For
this reason, it has been considered the use of Artificial Transmission Lines (ATL)
technique as slow wave structure, which are based on discrete components. In this
way, any relation with physical and electrical length is removed, and a very com-
pact and flexible design can be realized. As described in the chapter, the proposed
method [242], represents a powerful solution to realize a transmission line with an
almost arbitrary electrical length, based on a cascade of several metamaterial unit
cells.

3.1 Artificial Transmission Lines
Slow wave structures are the key technique for achieving size reduction and/or

multi-band operation [242, 243]. In general, the slow wave factor is designated as the
ratio between the free space wavelength and the guided wave, therefore an enhance-
ment of the slow wave factor is the key to miniaturize distributed RF components
(e.g. antennas, filters, couplers). Taking into consideration RF passive compo-
nents based on planar transmission lines, the size reduction is usually achieved by
employing high dielectric constant materials [244] or by exploiting metamaterials
[245–247] and/or periodic structures [246, 248]. In this research activity, for reduc-
ing the dimensions of the rat-race coupler, the four branches of the rat-race coupler
are replaced by Artificial Transmission Lines.

In particular, the Artificial Transmission Line (ATL) is a periodic structure
able to synthesize a transmission line, by reproducing the electrical length and
the characteristic impedance which intrinsically characterize the transmission line.
The unique feature of ATLs is the capability of realizing lines with almost arbitrary
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electrical length, independently from the physical dimensions, based on the cascade
of many unit cells. Therefore, the total phase incurred (or equivalently the electrical
length) is controlled by the contribution of a single unit cell, multiplied by the total
number of unit cells. In other words, a given transmission line with a specified
electrical length can be synthesized by an ATL by setting a total number of unit
cells and by defining the phase contribution for each cell, in such a way that the
cascade of all cells is equivalent to the electrical length of the original transmission
line. In Fig. 3.1 are depicted the two different types of ATLs elementary unit cells
that will be used in the proposed design: the Right Handed Artificial Transmission
Line (RH-ATL) and the Left Handed Artificial Transmission Line (LH-ATL). In
particular, it is noticed from Fig. 3.1b that the RH-ATL basic unit cell is the
conventional distribute equivalent circuit representation of a transmission line that
can be found e.g. [228], with the difference that instead of distribute capacitance
and inductance the lumped components will be used, and therefore a periodic
analysis on this structure will be needed, in contrast with the commonly used
transmission lines formulas. On the other hand, Fig. 3.1a displays the LH-ATL
unit cell, which is the dual version of the RH-ATL unit cell.

(a) (b)

Figure 3.1: Basic unit cells of the ATL periodic structure for (a) RH-ATLs and (b)
LH-ATLs.

The LH-ATLs are metamaterial lines [242, 243], thus exhibiting a negative re-
fractive index effect. Being both intrinsically dispersive transmission lines, they are
characterized by different phase and propagation behaviour. Since it is a crucial
point for the present work, the main phase and propagation parameters are first
listed for purely Right Handed and Left Handed materials.

βRH = ω
√

LC (3.1)

ϕRH = −βRH lRH = −ω
√

LClRH = −θRH (3.2)

νϕ,RH = ω

βRH

= 1√
LC

(3.3)

νg,RH = dω

dβRH

= 1√
LC

dg,RH = 1
νg,RH

= dβRH

dω
=

√
LC (3.4)
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βLH = −1
ω

√
LC

(3.5)

ϕLH = −βLH lLH = 1
ω

√
LC

lLH = −θLH (3.6)

νϕ,LH = ω

βLH

= −ω2
√

LC (3.7)

νg,LH = dω

dβLH

= ω2
√

LC dg,LH = 1
νg,LH

= dβLH

dω
= 1

ω2
√

LC
(3.8)

In particular, being ω = 2πf the angular frequency, and considering L and C
a generic distribute inductance and capacitance, (3.1) expresses the propagation
constant for the RH lines, while (3.5) defines the LH case. The phase attained by a
section of transmission line can be calculated multiplying the propagation constant
with the respective physical length (lRH and lLH in (3.2) and (3.6)). Another very
important parameter of the transmission lines is their electrical length, which has
the same magnitude as the phase, but it has opposite sign. Therefore, the total
phase incurred by a RH line will be negative (see (3.2)), while it will be positive for
LH structures, as in (3.6). From the comparison between (3.2) and (3.6), it is also
observed that in the RH case the phase increases linearly with frequency, while for
the LH case the phase is inversely proportional to frequency. Moreover, being a
negative refractive index material, the LH line also exhibit negative phase velocity,
in contrast with its counterpart, that has a positive phase velocity, as can be noticed
from (3.7) and (3.3) respectively. For this reason the RH lines are also referred as
forward-traveling wave lines and the LH are also called backward-traveling wave
lines.

Regarding the behaviour in frequency, it is clear that RH lines have a constant
phase velocity, while the LH lines have a strong variation in frequency, which is
squared (∼ ω2). The same consideration for the behaviour over frequency of group
velocity (inverse as group delay) can be made by analysing (3.4) and (3.8) for the
RH and LH cases respectively. The aforementioned analysis on the main phase
parameters of RH and LH lines is fundamental to understand the corresponding
ATL versions, which share the same principal characteristics, but their dispersion
relation has to be calculated using the periodic Bloch-Floquet analysis since they
are realized by a cascade of unit cells made with lumped components. Moreover,
as depicted in Fig. 3.1a, the LH-ATL is realized with series capacitors and shunt
inductors (as purely LH line) embedded in a transmission line, which is inherently
a RH element. Therefore, in the LH-ATL both the backward and forward wave
behaviour are combined in the same structure.

The dispersion relation is a fundamental tool for understanding how the phase
behaviour of a periodic structure is varying over frequency. Again, two different
cases have to be distinguished, depending on the type of ATL that is considered.
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3.1 – Artificial Transmission Lines

Figure 3.2: Generic T−type unit cell of a periodic artificial transmission line

For the calculation of the dispersion relation, an infinite periodic structure based
on a generic T-type unit cell displayed in Fig. 3.2 is considered. The generic
impedance Z and admittance Y are dependent on the type of unit cell (i.e. RH
or LH), and they are realized by lumped components. The transmission lines
connecting the lumped impedances have same characteristic impedance Z0 and
electrical length θl/2, and the length of the cell (i.e. periodicity) is equal to l. The
transfer function of such a circuit is found from the ABCD matrix of the generic
unit cell, treated as a two port network, which is calculated as the product of the
ABCD matrices of all single elements composing the unit cell. The ABCD matrix
relates the voltage and current at the input terminals of the n − th unit cell to
the same quantities at its output, which in turn are related to the adjacent unit
cell (n + 1) − th. Moreover, Floquet theorem states that a wave propagating along
the periodic structure is modified after one cell (i.e. period) by the propagation
factor e−jβcl, where βc is the Bloch propagation constant relative to the unit cell.
Therefore it is found in (3.9) that the propagation constant can be related to the
ABCD matrix through a linear system of equations in terms of Vn+1 and In+1:[︄

Vn

In

]︄
=

[︄
A B
C D

]︄ [︄
Vn+1
In+1

]︄
= e−jβcl

[︄
Vn+1
In+1

]︄
(3.9)

By calculating the determinant of the ABCD matrix and considering just the non-
trivial solutions, it is found the dispersion relation of the T−type unit cell is ex-
pressed as:

cos(βcl) =
(︃

1 + Z Y

4

)︃
cos(θl) + j

2

(︃
Z

Z0
+ Y Z0

)︃
sin(θl) + Z Y

4 (3.10)

In (3.10), the symmetry of the unit cell is exploited leading to the equality A = D.
As suggested in [242], the characteristic impedance of the ATL is set equal to the
Bloch impedance ZBL. This is done in order to avoid stopbands as found in the
ideal case, for the LH case. With this background, the dispersion relation for the
RH T−type unit cell is found by substituting the inductor L and capacitor C to
the generic impedances Z and Y respectively, according to Fig. 3.1b. Conversely,
for an LH-ATL the definition is dual, and therefore the impedance Z corresponds
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to the capacitor C and the admittance Y to the inductor L, as in Fig. 3.1a. The
aforementioned description is summarized in the following Table 3.1, for clarity:

Table 3.1: Circuital Definition of the ATL T−type Unit Cell

RH-ATL LH-ATL

Z = jωL Z =
1

jωC

Y = jωC Y =
1

jωL

3.2 Miniaturized Rat-Race Design Concept
As anticipated in Sect. 3.1, the dual periodic artificial transmission lines RH-

ATLs and LH-ATLs are exploited for considerably reducing the overall dimensions
of the rat-race coupler.

(a) (b)

Figure 3.3: Schematic representation of the (a) standard and (b) proposed rat-race
design.

Figure 3.3b illustrates the concept leading the design of the miniaturized rat-
race coupler, comparing it with the standard design, shown in 3.3a. For better
understanding, the electrical length of the four branches, for both cases, has been
reported. Moreover, Fig. 3.3b indicates also the type of ATL unit cells (i.e. either
RH or LH) composing the branches of the proposed structure. According to Fig.
3.3b, it is here proposed to synthesize the +90° branches of the rat-race coupler by
means of LH-ATLs, and, by exploiting the duality between the phase contributions
of RH-ATLs and LH-ATLs (which are opposite in sign, as seen by comparing (3.2)
and (3.6)), the -90° RH-ATL is used instead of the long 270° branch. Thus, by
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exploiting the opposite phase advancing of RH-ATL and LH-ATL, the intrinsic
180° phase difference is obtained, and therefore a quarter wave line is sufficient to
compose the rat-race coupler. By this assumption, it is possible to avoid the use of
a high number of unit cells that would increase losses and reduce the bandwidth.
It is noticed that the 270° branch is crucial for achieving the 50 Ω condition in all
ports and for realizing the sum/differential feature of this particular coupler.

Many publications already focused on reducing the physical dimensions of the
270° branch, mostly employing phase inversion [236]. In particular, in [234], a
similar approach was used, but it results on a moderate size reduction of the rat-
race. The proposed concept, instead, will achieve a remarkable miniaturization of
the rat-race coupler. Moreover, another important aspect is the range of frequencies
at which this concept can be used. It is noticed that the use of lumped components
makes it potentially easier to be applied at low frequencies rather than higher ones,
where distributed components and structures can be easily implemented. However,
this is in line with the scope of the present research.

3.3 Frequency Reconfigurability
In the previous paragraph, the method employed to reduce the size of the rat-

race coupler has been discussed, however, the main goal of this research is related
to the application of the frequency reconfigurability. Therefore, in the proposed
design, the combination of LH-ATLs and RH-ATLs is used as basis for applying the
frequency agility. The key principle consists of inserting or removing LH/RH unit
cells for attaining the desired electrical length at the specific design frequency. In
fact, compared to standard microstrip delay line solutions, the periodic composition
of ATLs offers an easy way to define and control the attained phase, realizing a very
flexible and simple structure where cells can be used to add/remove a well defined
phase quantity, releasing the design to any concern about physical size. Moreover,
the cell can have same physical dimension, but attaining different phase values,
either positive or negative. Then, again the opposite sign of the phase contributions
related to LH-ATLs and RH-ATLs can easily introduce consistent manipulation
of the overall electrical length of the transmission line, as demonstrated for the
270° line replacement. As a result, the proposed method allows to theoretically
synthesize a multi-band rat-race with arbitrary frequency ratio, in contrast with
dual-band solutions which have a ratio between the two operative center frequencies
of ∼ 2. It is noticed that a particular case occurs when one center frequency is the
double of the other: in this special case the phase per unit cell is the same in both
cases, just the total number of unit cell is doubled. However, in the proposed design,
a two band operation is realized by selecting two unrelated center frequencies.
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3.3.1 Switches as Reconfigurability Element
The described method allows to theoretically synthesize a multiband rat-race

whose two or more center frequencies can be independently selected. The reconfig-
urability of the rat-race coupler is realized by using reflective type CMOS switches.
These components represent a very convenient solution for many applications, in-
cluding industrial and measurement equipment ones, due to their digital controls
and their very low current consumption, while operating at high maximum power
rates. The latter aspect is a clear advantage compared to other silicon based so-
lutions, as varactors and PIN diodes. As a remark, the switches impose a scheme
on the possible arrangement/reconfiguration that can be achieved, so particular
care has to be taken on their usage. However, the massive request of integrated
RF systems from the market (especially regarding antenna switching for 5G carrier
aggregation, for MIMO applications and for aperture/matching tuning) has con-
tributed to the developments of novel solutions which are moving from the common
SPXT type to a DPXT or even X×SPST , thus being more similar to integrated
switching matrices. For the implementation of the reconfigurable rat-race coupler
two different types of switches are needed: with reference to Fig. 3.3b on the three
+90° branches (based on LH-ATLs) a Double-Pole Double-Throw (DPDT ) trans-
fer switch is needed, while for the -90° branch (based on RH-ATLs) a synchronous
2×SPDT switch is required. Unfortunately, these kinds of switches that are avail-
able on the market are intended for 50 Ω applications only. Therefore, it is expected
an impedance discontinuity in the rat-race branches since their impedance is well
known to be

√
2 · Z0, which is approximately equal to 70.7 Ω with Z0 = 50 Ω the

characteristic impedance of the system. Moreover, as the frequency increases, the
effect of the impedance discontinuity become more dominant, and, for this reason,
in this realization the maximum working frequency is limited at around 2 GHz,
where the impedance discontinuity is still acceptable.

3.4 Design of the Reconfigurable ATL Based
Branches

The designs of the +90° branch and -90° branch of the rat-race coupler are
here described. According to the scheme reported in Fig. 3.3b, the +90° branch is
realized as a cascade of LH-ATL unit cell, while in the dual case of the -90° branch
the RH-ATL unit cells are used. Moreover, switches are embedded in the periodic
network for increasing/decreasing the electrical length, in order to select between
the two operative bands, with center frequencies f1 and f2, with f2 > f1. The
aforementioned configurations are analyzed in detail in the following.
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3.4.1 Reconfigurable +90° Branch based on LH-ATL
The miniaturization through ATLs imposes to establish a number of cells to be

used, for calculating the required phase per unit cell from the dispersion relation
reported in (3.10). Therefore, for enhancing miniaturization, the minimum number
of unit cells used is set to n = 2. It is noticed that the analysis previously made
for the periodic lines still holds in this case, even if just two unit cells are used. In
fact, due to the definition of the ABCD matrix found following the Bloch analysis
described in Sect. 3.1, from which the dispersion relation is then calculated, the
ATL is completely specified in terms of loading components (i.e. capacitors C and
inductor L), length and characteristic impedance (equal to Bloch impedance) of
the microstrip line and the total number of unit cells. In Fig. 3.4 it is illustrated
the principle of operation of the frequency reconfigurable +90° branch based on
LH-ATLs when the f1 center frequency band is selected. The internal connections
realized by the switch in this configuration are also depicted, highlighting that for
operating in the f1 frequency band a direct connection is used to bypass the unused
cells, and reach the branch termination.

Figure 3.4: Configurations of the +90° frequency reconfigurable branch in the cases
of f1 center frequency band. The unit cells which are set inactive by the switch are
shadowed.

The choice of setting as basis for the reconfigurability the configuration at lower
frequency f1 has its reason on the high-pass nature of the LH-ATL: in fact, it is
assumed that the cut-off frequency for the LH-ATL designed at f2 is above the
frequency f1, and therefore high losses can occur. The inner capacitor C2 has a
value of Cp1 which is half of the capacitance positioned at the extremes of the
realized LH-ATL structure; this is congruent with the analysis performed in Sect.
3.1 for the determination of the dispersion relation, and it can be easily proven by
introducing the correct definition of the Z and Y in the generic unit cell depicted in
Fig. 3.2, following the indications listed in Table 3.1. Therefore, the phase equation
needed for calculating the required phase per unit cell is found by adding all the
phase contributions on the highlighted branch in Fig. 3.4, including the switch,
and by imposing the 90° condition at frequency f1, as accomplished in (3.12).
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In order to count for all the terms for the center frequency f1, the phase delay
(with negative sign) attained by the switch is defined to be equivalent to a 50 Ω
line with phase constant βs(f1) and physical length ls. Similarly, the phase induced
by the microstrip lines hosting the components are expressed through the phase
constant βl(f1) and by the physical length ll (this terms corresponds to θl in (3.10)).
The phase per unit cell φ+

1 (f1) for the operative frequency f1 is reported in (3.11),
where the effect on the phase given by the line (negative) and by the LH cells,
composed by inductors Lp1 and capacitors Cp1, (positive) can be distinguished.
Clearly, φ+

1 (f1) corresponds to the term βcl in (3.10), where βc is the propagation
constant (i.e. Bloch propagation constant) of the LH-ATL unit cell.

φ+
1 (f1) = 1

ω1
√︂

Lp1Cp1
− βl (f1) ll (3.11)

n φ+
1 (f1) − βs (f1) ls = π

2 (3.12)

The phase per unit cell is found after straightforward manipulations, reported in
the Appendix A, and it is declared in (3.12), where the values of components
Cp1 and Lp1 are derived by replacing the aforementioned quantities Z = 1/jωCp1,
Y = 1/jωLp1 and βcl = φ+

1 (f1) in (3.10). Again, in the calculation it is used the
condition Lp1 = Cp1 · Z2

BL with ZBL Bloch impedance, equal to the characteristic
impedance of the line.

The frequency agility is achieved by adding further LH-ATL unit cells, operated
by changing the state of the DPDT transfer switch, as shown in Fig. 3.5, where
the switch is functioning in crossing mode.

Figure 3.5: Configurations of the +90° frequency reconfigurable branch in the cases
of f2 center frequency band.

The introduced cells are required to achieve the 90° phase condition at the
higher frequency f2. It is noticed that this aspect is in contrast with standard RH
lines approach, where electrical length increases linearly with frequency, and its
explanation derives from the theory of the LH lines. In fact, the phase contribution
of the RH lines is proportional to the angular frequency ω, whereas for LH lines,
it is inversely proportional (i.e. ∼ 1/ω). This leads to the conclusion that, as
the frequency increases, a smaller

√︂
LxCx factor or equivalently more unit cells
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are needed for restoring the 90° condition. Furthermore, in the case under study
m1 =2 unit cells are added to the n =2 cells already constructed. Therefore,
similarly to the procedure elucidated in the case of the 90° branch at f1, all the
phase contributions are summed, leading to the equation shown in (3.13):

m1 φ+
2 (f2) − 2 βs (f2) ls + n φ+

1 (f2) = π

2 (3.13)

where
φ+

2 (f2) = 1
ω2

√︂
Lp2Cp2

− βl(f2) ll (3.14)

is the phase per unit cell of the added section, composed by the microstrip line
and the purely LH term, composed by the lumped components Lp2 and Cp2. It
is noticed that in this case the delay caused by the transfer switch, operating in
crossing mode, is multiplied by two, due to the crossing configuration of the DPDT
transfer switch, as illustrated in Fig. 3.5. The phase delay introduced by the
switch has to be compensated, since it has a negative phase advancement. This
also means that as the frequency increases, more phase contribution from the LH-
ATLs is required. Clearly, in the case of an electrically long switch, the mentioned
aspect can negatively affect the overall performance.

The procedure for calculating Lp2 and Cp2 is similar to the previous case at
f1. The required phase per unit cell φ+

2 (f2) needed to fulfill the phase condition
is found from (3.13) and, by using the dispersion relation in (3.10) and the Bloch
impedance condition, the newly introduced unit cell is fully specified.

3.4.2 Reconfigurable -90° Branch based on RH-ATL
A different procedure is applied for the design of the -90° branch that replaces

the long 270° section of the rat-race coupler. Being this the dual version of the +90°
branch, due to the usage of the RH-ATLs instead of LH-ATLs, more cells are needed
to achieve -90° phase condition at f1. In order to avoid the cut-off, the f2 operation
is considered first as basis line. However, before proceeding with the application of
the phase condition for achieving the -90° phase of the RH-ATL, an analysis of the
group delay (or equivalently the group velocity) is required. It has already been
stated in Sect. 3.1 that the group velocities, reported in (3.4) for the RH case and
in (3.8) for the LH lines, exhibit a very different characteristic over frequency. As
can be noticed from the formulation displayed in the previous sections, for the RH
line the group delay dg,RH is constant, while its dual version dg,LH is squared with
respect to the inverse of frequency (i.e. ∼ 1/ω2). This highly dispersive behaviour
of the LH lines, and similarly for the LH-ATLs, is responsible for the narrowband
behaviour of the rat-race coupler (i.e. the phase variation as a function of frequency
between the +90° and -90° branch is very steep). In order to mitigate this effect,
and ensuring a wide band characteristic, the group delay of the -90° RH-ATL branch
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has to be as close as possible to the one given by the +90° LH-ATL branch designed
in Sect. 3.4.1, leading to the condition dg,RH−AT L (f2) = dg,LH−AT L (f2). As already
noticed, for RH-ATL the derivative of the total phase condition is constant with
respect to ω2 = 2πf2 (i.e. dg,RH−AT L (f2) = const), therefore the only way to
reach the same variation of dg,LH−AT L over frequency is to introduce an LH-ATL
contribution, named as Phase Balancing Term (PBT). The PBT can modify the
group delay of the RH-ATL for being conformal with the LH-ATL branch at the
frequency of interest. Therefore, φC

2 (f2) is the phase contribution of the newly
introduced PBT, specified in (3.15).

φC
2 (f2) = 1

ω2
√︂

Lp3Cp3
− βl(f2) ll (3.15)

According to Fig. 3.6, the PBT is composed of m2 =1 cell and it is connected to
n = 2 RH-ATL unit cells (same as the +90°, for symmetry) through the synchronous
2×SPDT switch. Due to the particular use of the switch, which can be considered
as a “cell selector”, the delay caused by this component is multiplied by two.

Figure 3.6: Configurations of the -90° frequency reconfigurable branch in the cases
of f2 center frequency band,including also the Phase Balancing Term. The unit
cells which are set inactive by the switch are shadowed.

The phase per unit cell for the RH-ATL at frequency f2 is indicated with φ−
2 (f2)

and it is defined in (3.16):

φ−
2 (f2) = −βl (f2) ll −

√︂
Ln1Cn1 (3.16)

The total phase condition for the -90° branch is reported in the following equation:

n φ−
2 (f2) − 2 βs (f2) ls + m2 φC

2 (f2) = −π

2 (3.17)

The PBT term is evaluated by imposing the equality on the derivatives with respect
to ω2 of the total phase conditions (3.13) and (3.17), which is equivalent to impose
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the group delay equality at f2 of the +90° and -90° branches. After some manipu-
lations, reported in Appendix A, the phase per unit cell required for imposing the
phase balancing is given by (3.18):

φC
2 (f2) = 1

m2
[2 βs (f2) ls + (m1 + n−m2) βl(f2) ll] (3.18)

After having specified the phase contribution per unit cell of the PBT φC
2 (f2), the

values of Cp3 and Lp3 are calculated via (3.10) as for the cases of LH-ATL branches
described in Sect. 3.4.1. By introducing the phase value of φC

2 (f2) in the -90°
phase condition at f2 reported in (3.17), the required phase per unit cell φ−

2 (f2) is
calculated and, finally, Ln1 and Cn1 are computed using again (3.10). During the
last operation, the proper impedance and admittance are inserted as specified in
Table 3.1 (i.e. Z = jωLn1, Y = jωCn1).

Figure 3.7: Configurations of the -90° frequency reconfigurable branch in the cases
of f1 center frequency band. The Phase Balancing Term is enclosed by a dashed
line box. The unit cells which are set inactive by the switch are shadowed.

The second state of the switch inserted in the -90° RH-ATL branch is devoted
to achieve the required phase condition (i.e. -90°) at lower frequency f1. As al-
ready mentioned, this operation involves the addition of more RH-ATL unit cells,
since these terms are linearly dependent with frequency (i.e. ∼ ω). Therefore, as
clarified in Fig. 3.7, the switch is used here to introduce further RH unit cells for
compensating the gap given by the lower frequency operation of the fixed RH-ATL
unit cell previously designed (i.e. φ−

2 (f1)). Likewise to the previous analysis, the
total phase condition for the -90° branch at f1 is specified in (3.19),

− n φ−
2 (f1) − 2 βs (f1) ls + m3 φ−

1 (f1) + m4 φC
1 (f1) = −π

2 (3.19)

φ−
1 (f1) = −βl (f1) ll − ω1

√︂
Ln2Cn2 (3.20)
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where φ−
1 (f1) is the phase of a single cell. In this case, only one unit cell is added

for reaching the desired condition, thus imposing m3 =1.
By considering a very general approach, the PBT has been inserted in (3.19),

even if it is expected that at the lower frequency band the group delay difference
is less critical. In this case the PBT is specified by (3.21), and it is enclosed in a
dashed line box in Fig. 3.7. As can be noticed from both (3.19) and Fig. 3.7, the
number of unit cells for the PBT at f1 is chosen to be m4 =1.

φC
1 (f1) = 1

ω1
√︂

Lp4Cp4
− βl(f1) ll (3.21)

The calculation involving the group delays equality at center frequency f1 are re-
ported in Appendix A, leading to the expression of the phase φC

1 (f1) required by
the PBT cell (3.22).

φC
1 (f1) = 1

m4
[βs (f2) ls + (n−m4) βl(f1)ll] (3.22)

At this stage, the inductors Ln2, Lp4 and capacitors Cn2, Cp4 loading the RH-ATL
and PBT cells respectively, are calculated by applying (3.10) with the proper phases
per unit cell and impedances as reported in Table 3.1.

3.5 Manufactured and Measured Reconfigurable
Rat-race Coupler

A frequency reconfigurable rat-race coupler has been manufactured by employ-
ing the method described in Sect. 3.4 for the design of the two types of branches.

The two operative frequency bands have been chosen to be f1 = 900 MHz and
f2 = 1.7 GHz, therefore including many important industrial standards (e.g. RFID,
LoRA), satellite (e.g. GPS, Iridium) and mobile communication standards (e.g.
LTE 900 and 1800 in both uplink and downlink). It is noticed that almost all of
these applications requires a high degree of integration and a cost-effective solution.
It is also remarked that the switching system is advantageous even for two different
applications, like RFID and LoRA: for the first case, the high power transmission
is allowed by most CMOS switches available on the market, while for the Internet
of Thing application, the power consumption is a critical aspect, and again CMOS
switches exhibit a low power consumption (typically current consumption on the
order of ∼1µA). Another important aspect for the targeted applications is related
to the fabrication process: the proposed method, based on planar transmission
lines, can be realized in a standard PCB with single layer process, potentially using
any dielectric material.

The general guideline imposed by theory, that recommends βlll ≪1, is truly an
advantage here, and furthermore by keeping the electrical length of the microstrip
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line small also the effect of substrate become less important. With the goal of
obtaining a very compact design, the sections of microstrip line loading the SMD
components have length ll = 2.5 mm, which also satisfy the βlll ≪1 condition. As
crucial part of the design, two switches from Qorvo have been selected for operating
the frequency reconfigurability. The QPC6222 Double-Pole Double-Throw transfer
switch [249] is embedded in the +90° branch, while the RFSW6232 synchronous
2×SP3T switch [250] is used in the -90° branch of the coupler. The choice of using
the latter switch is due to the favourable position of the input pins, with respect to
the 2×SPDT version of the same component family (i.e. RFSW6222 ), which allow
to greatly optimize the final layout of the reconfigurable rat-race coupler, even if
one switching position remains unused. Both switches can withstand quite high
power (up to 35 dBm) in a small 2×2 mm plastic package.

An important asset of the proposed design includes the use of just one control
signal (i.e. 1-bit for controlling the two bands operation). According to the analysis
performed in Sect. 3.4, the phase incurred by the switches has been characterized
through measurements, and for both components has been found to be equivalent
to a 50 Ω line with length ls = 5.6 mm. In the circuital simulation model of the rat-
race, the losses of the switch have been considered as equivalent to an attenuator
(magnitude 0.27 dB for the QPC6222 and 0.33 dB for the RFSW6232 ). It is noticed
that the chosen switches have a very good return loss (better than 25 dB) and an
isolation of more than 23 dB in the two frequency bands of operation, therefore
the choice of modelling these components as a transmission line does not introduce
critical errors in the model, while preserving a simple definition.

Figure 3.8: Manufactured and assembled reconfigurable rat-race coupler; an en-
largement of the RH-ATL and LH-ATL with switches is provided on the right side.

Moreover, the application of the equation (3.22) with f1 = 900 MHz confirms
that the PBT in this frequency band (enclosed by dashed line in Fig. 3.7) can be
neglected, thus allowing a more compact design. As a result, in the -90° branch
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the switch selects either the PBT unit cell for the 1.7 GHz center frequency band
or the RH-ATL cell for achieving the 90° phase condition at 900 MHz. Therefore,
the proposed solution has been manufactured on inexpensive 0.5 mm thick FR4
substrate, characterized by εr = 4.4 and tan δ = 0.02. The manufactured and
measured compact frequency-agile rat-race coupler for the frequencies f1 = 900
MHz and f2 = 1.7 GHz is shown in Fig. 3.8 where also an enlargement of the final
structure is provided.

3.5.1 Reconfigurable Branch Based on ATL
As first step, the performance of the two branches are evaluated in both the

f1 = 900 MHz and f2 = 1.7 GHz configurations, reported in Fig. 3.9.

(a)

(b)

Figure 3.9: Both the frequency agile +90° and -90° branches in both configura-
tions are reported, including the identifier of each component. The topology of
connections is also reported for the two switches.

The procedure for the determination of the inductors and capacitors loading the
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microstrip lines described in Sect. 3.4 has been employed, and the theoretical values
found have been rounded and adjusted in order to meet commercial components
availability. This aspect is more critical for inductors, which have a coarser range
of available values. Moreover, the muRata component library has been used in the
circuit simulation, performed using Advanced Design System (ADS). Furthermore,
high quality wire wound inductors series LQW15 (LQP15 are also used, but only
for values of inductance below 2.2 nH) and multilayer high-Q capacitors GJM15
have been included in the simulations.

In order to test and validate the proposed method concerning the phase char-
acteristics in both frequency states, a separate test board including the two recon-
figurable branches of the rat-race coupler (i.e. the +90 and -90° branches depicted
in Fig. 3.9) was manufactured and measured. Thank to this board, the phase and
impedance matching conditions of the two branches in the two operative states
were evaluated and further optimized by fine tuning the values of components.
This process was necessary for covering the inaccuracies of the model of the dis-
crete components, which have the well known drawbacks of value tolerances and
non-idealities that introduces errors in the final development of the rat-race coupler.
As final remark, according to availability, tight tolerance components were used,
in order to reduce the uncertainty of the designed structures and being stable over
manufacturing. Referring to the notation reported in Fig. 3.9, Table 3.2 displays
the final values assembled in the manufactured reconfigurable rat-race coupler.

Table 3.2: Values of Components Loading the RH-ATLs and LH-ATLs

Frequency 90° Branch -90° Branch

900 MHz
C1 = C3 = 4.7 pF

L5 = L7 =
2.7 nH
C7 = C8 = 1 pF
L6 = 5.6 nH

L8 = L9 = 1 nH
C9 = 0.3 pF

C2 = 2.5 pF
L1 = L2 = 13 nH

1.7 GHz
C4 = C6 = 2.5 pF C10 = C11 =

2.3 pF
L10 = 5.1 nH

C5 = 1.2 pF
L3 = L4 = 6.8 nH

In the following, the results of the simulated phase and amplitude difference,
obtained in ADS including the available component libraries, are compared with
the respective measurements of the reconfigurable lines including the switch. In
particular, the phase and amplitude differences are defined as the magnitude and
phase ratio of the S−parameters related to the +90° and -90° branch respectively.
The phase difference is an important result since it gives an insight on how the
solution employing the LH-ATLs and RH-ATLs represents a good replacement for
the 270° branch, which is responsible for the “difference” operation of the rat-race
coupler. Moreover, it gives a good estimation of the bandwidth, by evaluating
in which frequencies the phase difference is close to the theoretical value of 180°.
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On the other hand the amplitude difference is also an important parameter to be
checked, because it shows the different losses associated with the two branches in
the two states. In the results displayed in Fig. 3.10 for the lower frequency state of
900 MHz, a very good agreement of the simulated and measured results is noticed
for the magnitude difference between the two branches.

Figure 3.10: Measured and simulated amplitude and phase imbalance (solid and
dashed lines respectively) related to the +90° and -90° branches operating at center
frequency of 900 MHz.

From this result it can be noticed that the LH-ATL is slightly more lossy than
the RH-ATL, since in the latter case the loss of the switch is counted twice (see Sect.
3.4.2). The phase error among simulated and measured phase is quite constant and
approximately equal to 8°. It can also be recognized that in the measured phase
difference the perfect 180° condition is obtained at the single frequency of 900 MHz
(center band).

Figure 3.11 displays the case of the higher frequency band, centered at 1.7 GHz,
where the amplitude error is more evident and mostly driven by the losses of the
components and the switch crossing path in the LH-ATL (linearly increasing with
frequency). However, the phase difference shows a large ±5° band, ranging from
1.4 GHz to approximately 2.17 GHz. This result is due to the application of the
PBT unit cell, which demonstrates the efficacy of the proposed method.
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Figure 3.11: Measured and simulated amplitude and phase imbalance (solid and
dashed lines respectively) related to the +90° and -90° branches operating at center
frequency of 1.7 GHz.

3.5.2 Frequency Reconfigurable Rat-Race Coupler
The S−parameters of the complete reconfigurable rat-race coupler, in the two

frequency bands, are evaluated in out-of-phase operation (Port1 excited, referring
to the nomenclature of Fig. 3.8). Moreover, the phase and amplitude difference are
also calculated, for a better characterization of the proposed solution. From Fig.
3.12, a good agreement between measured and simulated S−parameters is observed
for the 900 MHz band, with a maximum deviation of 0.38 dB in the entire band.
The measured reflection coefficient is slightly higher than the simulated one, while
the opposite consideration is made for the port-to-port isolation.

The phase and amplitude difference for the complete system is shown in Fig.
3.13, where the simulated results are confirmed by the measurements. However,
compared to the results displayed in Fig. 3.10, in this case the total phase error is
quite low, with a maximum deviation of 3.5°, while the error in magnitude has a
maximum of 0.5 dB at 1.2 GHz. Nevertheless, the operative bandwidth, estimated
following both the ±0.5 dB and the ±5° criterions indicate a quite wide band
behaviour of the realized rat-race, even without the use of the phase balancing
term.

Similarly, the same analysis is made for the case of the rat-race reconfigured to
operate at the higher frequency band (center frequency 1.7 GHz). Therefore, as
reported in Fig. 3.14, the discrepancies between simulated and measured quantities
are more prominent, and a slight shift of the measured S−parameters toward lower
frequencies is found. The out-of-band operation, located at frequencies below 1.4
GHz, indicates that the main source of error between simulation and measurement
is due to the model of the components, which are probably less accurate for lower
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Figure 3.12: Measured and simulated (solid and dashed lines respectively)
phase/amplitude imbalance with Port1 excited for the lower frequency band cen-
tered at 900 MHz.

Figure 3.13: Measured and simulated (solid and dashed lines respectively)
phase/amplitude imbalance with Port1 excited for the lower frequency band cen-
tered at 900 MHz.

values of inductance and capacitance (used in the higher band configuration).
Furthermore, in Fig. 3.15, a wideband behavior of the phase imbalance ∠S12 −

∠S14 are reported for the 1.7 GHz band, with an absolute error between measure-
ment and simulation of 6.2°. However, it is noticed that the bandwidth at 1.7 GHz
is narrower than the 900 MHz case reported in Fig. 3.13: this is mostly due to
the effect of the switches, which are directly related to the phase contribution of
the PBT, as revealed by the formulas (3.22) and (3.18). Moreover, the flattening
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Figure 3.14: Measured and simulated (solid and dashed lines respectively)
phase/amplitude imbalance with Port1 excited for the higher frequency band cen-
tered at 1.7 GHz.

Figure 3.15: Measured and simulated (solid and dashed lines respectively)
phase/amplitude imbalance with Port1 excited for the higher frequency band cen-
tered at 1.7 GHz.

effect of the phase due to the PBT is evident in this case, according to the charac-
terization of the rat-race reconfigurable branches operating at 1.7 GHz performed
in Sect. 3.5.1. By considering the differential amplitude between |S12| and |S14|,
shown in Fig. 3.15, a quite high deviation between measurement and simulation
is noticed, especially considering the lowest part of the 1.7 GHz operative band.
This is mainly due to the shifting in frequency already mentioned by considering
the S−parameters, which causes a steep increase of the error between the mea-
sured and simulated results. It can be concluded that the described discrepancies
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between measured and simulated results have origin in the inaccuracy of the model
of the components available in the muRata ADS library, including also tolerances
of the components, and the imprecision introduced by the mounting of all the com-
ponents. Moreover, it has to be considered also the effect of the switch, which is
described in a simple and effective model. It is also observed that the choice of
the 50 Ω switches does not compromise the overall performance, in all the working
frequencies.

As a remark, in this first work, the objective was to realize a frequency agile rat-
race operating in two contiguous frequency bands, without a particular attention
on the cross-isolation. However, this aspect is important for some applications, for
limiting the filtering in the receiver input path. Therefore, in next designs this
aspect will be investigated. In this perspective, it is noticed that the nature of
the proposed structure theoretically supports out-of-band suppression, since ATLs
are intrinsically frequency selective structures (LH-ATL have high-pass behavior,
while RH-ATL have low-pass characteristic). However, it is foreseen that more unit
cells would be needed in order to account for this feature, thus increasing the final
dimensions. A more deep analysis concerning the phase behaviour of the rat-race
can be made by considering that the ATLs are an intrinsically frequency selective
network, and therefore the group delay represents a key parameter for characterizing
such a structure. This is the reason of using this specific parameter for equalizing
the phase variation of the +90° and -90° branches of the rat-race coupler in the
two frequency bands under investigation, as proposed in Sect. 3.4.2. Moreover, the
achieved frequency bandwidths centered at 900 MHz and 1.7 GHz can be evaluated
through the group delay. First of all, referring to figures 3.13 and 3.15, two effects
limiting the bandwidth in both frequency states can be distinguished: one is related
to the contribution of the LH-ATL (high-pass frequency selective network) and the
other to the RH-ATL (low-pass frequency selective network).

The LH-ATL that realizes the +90° branches of the designed structure is the
main reason of limitation in the lower side of the considered operative band. The
explanation is given by considering that the LH-ATL are highly dispersive as fre-
quency approaches the cut-off, located at low frequencies, where the group delay
variation is maximum. Otherwise, the +90° branch exhibits a slow variation of
group delay as frequency increases. Instead, the highest part of the operative fre-
quency bands is dominated by the phase characteristic of the -90° branch, realized
with RH-ATLs. This is the result of the increasing dispersion as frequency ap-
proaches the cut-off imposed by the low pass network, hence setting the operative
highest frequency limit. Therefore, for stabilizing the two opposite contributions,
the phase balancing term is needed, especially for the higher band case, with center
frequency of 1.7 GHz.

The performed analysis explains the behavior of the measured phase imbal-
ance, where a quite flat phase characteristic is observed in the proximity of center
frequencies, while, in the extreme portions of the operative bands, the derivative
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of the phase over frequency (i.e. group delay) has a steep variation. As already
mentioned, the presence of the switches has an impact on the overall coupler per-
formance, including an effect on the group delay. This is due to the increase of
the attained phase with respect to the theoretical value of +90°, that shifts over
higher frequencies the lower operative frequencies of the +90° branches (realized
with LH-ATLs), where the highest group delay is present (as can be noticed from
the formulas (3.12) and (3.13)). Therefore, the effect is to shift above the lowest
frequency in the considered bands. Moreover, since the phase delay related to the
switch has an almost linear characteristic over frequency, its effect is more pro-
nounced in the 1.7 GHz operative frequency band, where it is also multiplied by
two (the transfer switch operates in crossing mode). This condition is numerically
expressed by (3.17) and (3.19).

Table 3.3: Comparison of Rat-Race Couplers Performance

Ref. Center
Frequency

(MHz)

Band-
Width*

Insertion
Loss
(dB)

Return
Loss
(dB)

Isolation
(dB)

Relative
Area**

(%)
[230] 900 34% 3.5 10 9 3.9
[251] 1440 10.5% N/A 15 20 8
[232] 900 57.5% 3.5 16 35 5.28
[241] 840 - 2480 50 MHz 4.7 - 4.9 15 20 15.92
This
Work

900 64% 3.9 10 26 3.03
1700 24% 4.3 15 30 10.42

(*) ±0.5 dB amplitude variation and 10 dB return loss criterion. In [241] the band-
width is reported in MHz because the central frequency varies continuously.
(**) Compared to standard designs at the same frequency.

Finally, Table 3.3 summarizes the measured performance of the proposed rat-
race coupler, including a comparison with other designs concerning miniaturization
and frequency agility, developed in microstrip technology and in a similar frequency
range. It is noticed that the proposed realization at 900 MHz is the most compact
at this frequency, to the author’s best knowledge.

3.6 Conclusion and Perspectives
In this chapter, a novel frequency agile rat-race coupler based on standard

and inexpensive PCB technology has been designed and experimentally validated.
The design exhibits an outstanding miniaturization by exploiting the LH-ATL and
RH-ATL techniques, while introducing a frequency agile network in the rat-race
branches for operating in the 900 MHz or 1.7 GHz bands, with an available band-
width of 64% and 24% respectively. The frequency reconfigurability is obtained by
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acting on a single control. Furthermore, a method for maintaining a broadband
behaviour of the device is here described, by introducing a well defined LH-ATL
phase advance on the -90° branch. The method is validated through measurement
on the manufactured reconfigurable rat-race coupler.

As further perspective, a multiband rat-race coupler with three bands can be
designed, by employing the theory developed here. Moreover, an improvement
in cross-isolation among the two bands can be investigated for a more reliable
application in real-life receivers.
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Chapter 4

Frequency and Polarization
Reconfigurable Antenna for UHF
RFID Reader Application

Radio Frequency Identification (RFID) is one of the most widespread and im-
portant wireless standard currently used in many applications, such as transporta-
tion management system, access control, item identification and tracking [252].
Moreover, in the next future it is expected a further increase of the usage of this
technology for supporting Internet of Things [253] and Industry 4.0 [254].

In order to cover all the functions in the different application scenarios, RFID
comprises of many sub-types, differing in the frequency bands of use, ranging from
hundred of kHz (i.e. Low Frequency, 125/134 kHz) to 5.8 GHz (Super High Fre-
quencies RFID). Among all, the Ultra High Frequency (UHF) RFID is the most
interesting technology, since it has the advantage of ensuring high reliability, rel-
ative long range of communication and fast identification of the tags. The UHF
RFID is a typical example of back scattering communication system, and it is com-
posed by the reader, the reader antenna and the tag, which is most cases passive.
Typically, the reader antenna should exhibit high gain, wide bandwidth, and a
polarization suitable to match the tag orientation and to ensure a proper commu-
nication. In most cases, the reader has to deal with a random orientation of the
tags, therefore circular polarization (CP) is used for avoiding critical polarization
mismatch. In fact, the widespread use of the UHF RFID technology imposes the
passive tags to be small and cheap, while the reader is the key element that de-
termines the performance of the complete system. Moreover, although UHF RFID
is widespread all over the world, the operating bandwidth for different regions and
countries are not the same: in Europe it is used the 865 – 868 MHz band, in North
America the 902 – 928 MHz band, in Japan the 852 – 855 MHz and 950 – 956 MHz
bands, while in China the two bands 840.5 – 844.5 MHz and 920.5 – 924.5 MHz
are authorized. Figure 4.1 shows an insight of the different frequency UHF RFID
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bands corresponding to specific countries/regions. It is also interesting to see the
different power levels for the displayed regions.

Figure 4.1: UHF RFID frequency bands and maximum power set by the standards
of the main regions/countries.

For RFID system manufacturers, this aspect is undesirable because it implies
a distinct hardware for each country, increasing costs and complexity. This is
particularly critical for the reader antenna design, and therefore in recent years the
research has been focused on the development of wideband antennas covering the
whole UHF RFID band in order to overcome this problem. Many antenna engineers
have studied new wideband antenna concepts, designed to provide full coverage of
the UHF RFID band in the band 840 – 960 MHz in terms of matching and circular
polarization (i.e. axial ratio), by mainly using stacked patches or 3-D antenna
structures [255–257] which are somewhat bulky and not easily manufacturable.
Therefore, great attention has been invested in compact and wideband solutions,
covering all or many regional frequency bands, avoiding the use of several antenna
layers [258–260]. Although these antennas seem to provide a solution to the general
problem, the achievement of a broadband CP band is difficult, and furthermore the
overlap between the matching and CP bands has to be established. However, the
use of circular polarization does not represent the optimum solution for the typical
RFID application due to the fact that the tag is linear polarized, and therefore the
circular polarization leads to a constant loss of 3 dB. This consideration suggests
that the only way to overcome this loss is to use a reconfigurable system that
adapts to the different orientation of the tags without losing polarization efficiency.
Nevertheless, the application of reconfigurability to UHF RFID reader antenna was
used for controlling the pattern [261, 262] and/or polarization [183, 263]. However,
in the latter case, the antenna is able to switch between Left and Right handed
circular polarization, or between one linear and circular polarizations, therefore not
solving the polarization loss problem.

In this chapter, the reconfigurability principle is used to overcome the limitation
imposed by the use of circular polarization and, by introducing the frequency agility,
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two UHF RFID regional standards are covered by using the same antenna struc-
ture. In particular, in order to accomplish the polarization and frequency agility, a
reconfigurable feeding network is used. In this research activity, several topologies
allowing to independently select both the frequency band and the polarization are
investigated, in order to improve some design parameters. Therefore, new concept
for employing the multiple reconfiguration by using a flexible design are explored,
and the resulted architectures can be adopted with various antenna architectures.
Moreover, it is noticed that feeding networks as reconfigurability element represent
a very interesting technique, already employed in some designs for achieving polar-
ization reconfigurability by providing the correct phase and amplitude at antenna
feeding points, [140, 142, 264, 265]. However, the reconfigurable feeding networks
described so far are related only to the selection of the two circular polarization
(i.e. right and left handed) and two linear polarizations (i.e. horizontal and ver-
tical). Moreover, the realization of such a feeding network is mostly based on the
use of many couplers (e.g. quadrature and rat-race couplers), and for this reason
the feeding network is complicated and requires lot of PCB area. Here, it is pro-
vided a compact solution based on only a single coupler for achieving the required
polarization states. Moreover, being the antenna size an important aspect to be
addressed, in this work the advantages given by the reconfigurability are exploited
for reducing the size of the antenna, without great loss in overall performance.

In this chapter, as first step, the method for reducing the size of the antenna
will be clarified, describing and comparing two different approaches for obtaining
the small for form factor. Therefore, taking as basis the best antenna with reduced
form factor, the frequency reconfigurability is applied. The polarization reconfig-
urability, that gives an essential improvement to the RFID reader application, is
first theoretically explained. Then, five methods are proposed for applying the
simultaneous frequency and polarization agility to the antenna. Beside the inte-
gration of the frequency and polarization selection mechanisms, the two operation
can be independently operated for all the reported solutions. Furthermore, each
method is characterized, comparing also the performance and design complexity of
the designed solutions, highlighting benefits and limitations.

4.1 Frequency and Polarization Agility Applied
to UHF RFID Antenna

In this research activity, the reconfigurability is applied to an RFID reader
antennas for improving the read-write performance and to overcome limitations
related to standards imposed by different countries. Considering the latter aspect,
here the use frequency agility is proposed as solution to cover the EU (865.6 –
867.6 MHz) and US (902 – 928 MHz) frequency bands in a single design. This
would bring many advantages from an industrial perspective, by unifying the design
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of the reader antenna, therefore reducing development and manufacturing costs.
Furthermore, it is proposed a method to greatly improve the overall performance of
the UHF RFID antenna system by exploiting the polarization reconfigurability. In
fact, it is well-known that almost all UHF RFID passive tags are extremely simple
and low cost antennas, and they are typically linear polarized. In the general
application environment, the tag is randomly oriented, and for this reason the
solution adopted from ensuring the proper communication between tag and reader
is to exploit Circular Polarization (CP). However, this polarization-free condition
cause a great limitation on the total efficiency of the system: in fact the circularly
polarized RFID antenna exhibits a loss of 3 dB when receiving linearly polarized
waves. Being the UHF RFID based on backscattering, the polarization mismatch
is even more critical, because it is firstly involved in the reader-tag link, where the
power and the data are transmitted to the tag, and then also in the modulated
signal backscatter from the tag to the reader antenna, thus counting twice in the
full communication process.

In order to describe the loss of power due to polarization mismatch, the Polar-
ization Loss Factor (PLF) is defined in (4.1):

PLF = |ˆ︂ρr · ˆ︁ρt|2 = |cos (φp)|2 (4.1)

where ˆ︂ρr is the polarization unit vector of the reader antenna, and ˆ︁ρt is the unit
vector of the incoming wave impinging the antenna. The quantity φp represents
the angle between the two unit vectors. This aspect drives the necessity of having
high gain circularly polarized antennas, which are often complex and difficult to
design (e.g. [255, 259]), where main limitation is related to the CP bandwidth. On
the other hand polarization reconfigurability can offer great benefits to the system,
by extremely reducing the PLF by exploiting a switchable linear polarization sys-
tem. This approach drastically increase the total efficiency of the antenna system,
theoretically giving the same performance of a CP antenna with 3 dB more gain.
Therefore, based on the premises just described, and by also considering manufac-
turing and system integration aspects, the development of a reconfigurable UHF
RFID antenna will be reported in the following paragraphs.

4.2 Reduced Size Antenna
Due to the great diffusion of the RFID technology in many different applica-

tions, antenna size and manufacturing cost are of prominent importance, and they
actually drive many UHF antenna reader designs. Clearly, the main drawback of an
electrically small antenna is the maximum achievable gain, which is in most cases
not sufficient to guarantee the communication with all tags, due to the reduced
spatial coverage. On the other hand, the use of complicated antenna topologies or
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the use of high permittivity materials leads to cost issues. Nevertheless, by consid-
ering the virtual 3 dB increase given by the polarization reconfigurability approach,
a reduced size antenna can be developed, taking advantage of the improved polar-
ization matching to supply at the maximum gain reduction, related to the limited
antenna effective area.

In the frame of the development and testing the proposed concept of the recon-
figurable UHF RFID antenna, while keeping a simple and cost-effective design, a
suspended patch antenna is considered as radiating element. This is a promising
option, being simple to manufacture in standard PCB technology, which lead to
low cost and easy integration with the electronics and the RFID reader assembly.
Moreover, the polarization control can be realized by operating on the input feeding
points instead of acting on the suspended patch, thus keeping a simple architec-
ture. A further advantage of this antenna structure is given by the uncomplicated
feeding network required to feed the patch antenna, compared with other popular
antenna solutions (i.e. dipoles). In this work, a method to increment the electrical
dimensions of the antenna by placing loading elements at its boundaries is also
exploited.

The radiating element is realized as a square patch with side dimension of 60
mm, etched in standard 0.5 mm thick FR4 dielectric material, characterized by
ϵr = 4.4 and tan δ = 0.02. The patch antenna is suspended over an electrically
small ground plane, with dimension 95 × 95 mm, which is equal to 0.274 λ× 0.274
λ in terms of wavelength calculated in free space at 865 MHz (i.e. at minimum
operative frequency). Due to the electrically small form factor of the overall sys-
tem, a dual pin feeding solution is used, by placing the feeding points along the
mid axes in orthogonal configuration, corresponding to the Vertical and Horizontal
polarizations.

In order to achieve the considerable size reduction with respect to the λ/2
side length (according to basic antenna theory [5]), reaching the 0.175 λ× 0.175
λ area proposed here, four metal posts are used for both elevating the radiating
element at proper distance from the ground plane and for connecting the antenna
to four loading capacitors. In this way, the electrical length of the patch antenna
is increased and the resonance frequency can be adjusted by increasing/decreasing
the four capacitance values. This conceptual architecture implies that the four
posts are made of metal, thus employing the same material and dimensions of the
feeding pins are used for easing the manufacturing. Therefore, all pins are realized
with 1 mm thick copper wire, and they are connected to the antenna by four holes
located in the four edges of the patch. In Fig. 4.2, the dimensions of the square
patch antenna and the ground plane are shown, together with the two feeding pins
and the four metal posts. In the presented design, the height of the patch antenna
has been set to 17 mm, as illustrated in Fig. 4.2.

Two different options arises concerning the implementation of the loading ca-
pacitors. In the first option, four commercially available SMD capacitors can be
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Figure 4.2: 3-D model of the proposed reduced size patch antenna. Dimensions
and reference axes are also reported.

used, providing high Q-factor and flexibility (both on substrate materials and on
antenna height/dimensions). However, as drawback, this solution carries the gen-
eral problems concerning lumped components, as for instance the discrete values
that can be used, the tolerances and parasitics. The second option uses instead
distributed capacitors, that can be directly realized on PCB without any extra
costs, and they can be fine tuned for ensuring the best value of capacitance to be
attained. Nevertheless, this solution exhibits as drawbacks the lack of flexibility
(it is fixed with the antenna design) and it is strongly dependent on the dielectric
material, concerning Q-factor and tolerance. In order to provide the best solution,
the two design options will be assessed.

4.2.1 RFID Antenna with SMD Loading Capacitors
In Fig. 4.3, the Empire XPU [221] model of the reduced size suspended patch

antenna is illustrated, where the loading capacitors connected to the ground plane
are also highlighted.

By employing this solution, 0.5 pF capacitors are used in combination with a
height of 17 mm for the suspended patch. In the circuital model of the lumped
capacitor it is also inserted a resistance of 0.125 Ω, compatible with the ESR of
a High-Q capacitor available on the market, calculated in the frequency range of
operation. Due to this arrangement, the resonance of the antenna is set to a
frequency between the EU and US frequency bands, at approximately 900 MHz.
In the antenna model are included four vias with a hole diameter of 1.1 mm and
soldering pads with diameter of 1.7 mm on top and bottom layer of the main PCB,
provided for the placement of the four metal posts. The clearance of the soldering
pads with the antenna ground plane has been tuned, since it affects the resonance
frequency, and then a distance of 1.15 mm has been taken from soldering pad and
ground metallization. Therefore, the loading 0402 SMD capacitors are inserted in
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Figure 4.3: 3-D model of the proposed suspended patch antenna with double pin
feeding. In the box is shown one of the end capacitor, connected to ground.

this space. With this approach, inexpensive FR4 can be used as dielectric material,
which is specified by the parameters ϵr = 4.4 and tan δ = 0.02.

The S−parameters and the radiation pattern at 902 MHz of the complete an-
tenna are shown in 4.4 and 4.5 respectively. Referring to Fig. 4.4, it is noticed that
the antenna resonance, identical for both inputs Pin H and Pin V, is located at
approximately 901 MHz, while the -10 dB bandwidth is equal to 15.1 MHz, despite
the reduced size of the patch antenna. The isolation between Pin H and Pin V is
quite high, and better than -20 dB.

Figure 4.4: Simulated S−parameters of the modeled suspended patch with SMD
loading capacitors.

Similar considerations on antenna size can be observed for the antenna gain
reported in Fig. 4.5, where the maximum of the co-polar component is 3.9 dBi, while
the maximum for the cross-polar is -16.7 dBi. The field components reported in Fig.
4.5 for the E−plane and H−plane are in accordance to the considered electric field
polarization given by the the excitation of Pin H (corresponding to the Horizontal
polarization) and the Pin V (corresponding to the Vertical polarization). Finally,
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Antenna Radiation Pattern at 902 MHz

Horizontal Polarization
E−plane H−plane

Vertical Polarization
E−plane H−plane

Figure 4.5: Simulated radiation pattern at 902 MHz of the modeled suspended
patch with SMD loading capacitors for the Horizontal and Vertical polarizations.
In agreement with the considered polarization, the E−plane and H−plane compo-
nents of the electric fields are reported.

the antenna is completely symmetric with respect to the x and y axes, referring
to the coordinate system in Fig. 4.3, where Pin V and Pin V are also inserted.
Moreover, as important parameters for the UHF RFID application, and in general
also for electrically small antennas, the radiation efficiency is reported in Fig. 4.6.

From Fig. 4.6, the total radiated efficiency results to be higher than 70% across
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Figure 4.6: Simulated total efficiency (solid line) for the UHF patch antenna with
SMD loading capacitors. For reference purpose, it is also reported the ideal radiated
efficiency (dashed line) without matching and material losses.

the matching band. Moreover, the ideal radiated efficiency (i.e. radiated efficiency
with no matching and resistive losses) is reported, showing that the patch antenna
can potentially radiate with a very good efficiency also in all the UHF RFID bands.
In other words, Fig. 4.6 demonstrates that a patch antenna has a radiation band-
width much higher than the matching bandwidth, and this aspect will be taken as
basis for the application of frequency reconfigurability.

4.2.2 RFID Antenna with Distributed Loading Capacitors
The second method analyzed for increasing the electrical length of the UHF

RFID suspended patch is realized by using distributed loading capacitors. A similar
configuration as the one in Fig. 4.5 is employed. In this design, the SMD capacitors
have been replaced by circular pads, positioned on the same layer as the feeding
lines and directly connected to the metal posts. The resulting configuration is
depicted in Fig. 4.7.

It is noticed that the choice of the material to be used is very important in case
of distributed component. In fact, by selecting a low cost material, like standard
FR4, it is expected a high variability or inaccuracy of the reference dielectric con-
stant, leading to unacceptable variation of the expected center frequency. Moreover,
the high loss tangent would cause a low Q-factor, which would directly affect the
antenna gain and efficiency. Following the goal of proving the described concept,
and for having a reliable and reasonably high Q-factor of the distributed capacitor,
it is chosen to utilize a 0.5 mm thick Rogers RO4350B dielectric, characterized by
ϵr = 3.66 and tan δ = 0.004. In principle, a high quality FR4 can be also used,
after having characterized the material (many datasheets specify the dielectric con-
stant just up to 1 MHz). On the other hand, RO4350B is a relatively low cost RF
dielectric material, with very good and stable performance.
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Figure 4.7: 3-D model of the antenna with double pin feeding suspended patch.
Enclosed in the box is shown the detail of the modeled loading distribute capacitors,
positioned on the opposite side of the ground plane, and realized with planar PCB
technology. For a clearer view, the substrate is removed and the ground plane is
transparent.

The circular pads that realize the distributed capacitor are shown in Fig. 4.7.
As can be seen from Fig. 4.7, the pads are placed on the bottom side, and they
have been tuned to adjust the resonance of the patch to approximately 900 MHz,
similarly to the process described for the case of the SMD capacitors. The dis-
tributed capacitors are then realized with pads with a diameter of 3.8 mm. During
the tuning phase, the diameter of the pad is varied with steps of 0.1 mm, which is
the minimum recommended resolution for the standard PCB manufacturing sup-
pliers. On top side of the main PCB, the soldering pad of the metal post is kept at
the same size as previously done (diameter of 1.7 mm), while the ground clearance
is now reduced to 0.25 mm. Similarly to the previous case using SMD components,
the height of 17 mm has been considered for the suspended patch. In this case, the
resonance of the patch loaded with the distributed capacitors is measured at about
903 MHz, with a bandwidth of 13.5 MHz, as can be noticed from Fig. 4.8, where
the S−parameters of the complete antenna are shown. The antenna symmetry with
respect to the two orthogonal planes in which the Pin H and Pin V are located
can also be noticed from Fig. 4.8, where also a decoupling better than 18.7 dB is
found. The realized antenna gain is also displayed in Fig. 4.9, showing a maximum
peak level of 4.2 dBi in the co-polar component cuts, which is slightly higher than
the lumped SMD case. Moreover, also in this case, the cross-polar is below -15 dB,
with a more consistent magnitude observed in the H−plane cut.

Indeed, as in the case with SMD loading capacitors, the frequency reconfigura-
bility is justified by the radiation efficiency shown Fig. 4.10 (indicated with the red
dashed line), where a radiation bandwidth much wider than the matching band-
width can be observed. Moreover, from Fig. 4.10 it can be noticed that, despite the
very small electrical length and without the use of high ϵr materials, the antenna
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Figure 4.8: Simulated S−parameters of the modeled suspended patch with dis-
tribute loading capacitors.

demonstrates a total efficiency of more than 80% in the -10 dB matching band.
For the reconfigurable system, the suspended patch loaded with distributed ca-

pacitors will be used, due to the slightly better antenna performance and due to the
advantage of having no extra SMD components mounted on the ground plane of the
patch, which reduces cost and complexity. Moreover, the tolerance of standard 0.5
pF high-Q capacitors is quite high in relation to their small value (0.1 pF typically),
and the difference in loading each side of the patch antenna could lead to undefined
conditions due to the broken symmetry of the squared patch, and therefore of the
Hpol and Vpol linear polarizations. On the other hand, the distributed capacitors
rely on the accuracy of the fabrication process, which is the same for all of them.
Therefore, the symmetry concept is preserved between the two orthogonal linear
polarizations Hpol and Vpol, as recognized from Fig. 4.9. An additional advan-
tage of the solution employing distributed capacitors with respect to the solution
with SMD components, is noticed by comparing the total and radiated efficiencies,
where a better performance was found. In fact, with the chosen solution, the effi-
ciency peak is about 88%, in contrast with the 79% detected in the other solution.
Moreover, a slightly higher antenna gain is achieved by using the distribute compo-
nents. Finally, it is noticed a wider matching band of the reduced size antenna with
SMD loading capacitors, (considering the -10 dB criterion), however, this aspect is
not considered of primary importance since the frequency reconfigurable matching
network will be applied to the original antenna for properly tuning the frequency
band.
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Antenna Radiation Pattern at 902 MHz

Horizontal Polarization
E−plane H−plane

Vertical Polarization
E−plane H−plane

Figure 4.9: Simulated radiation pattern at 902 MHz of the modeled suspended
patch with distribute loading capacitors for the Horizontal and Vertical polariza-
tions. In agreement with the considered polarization, the E−plane and H−plane
components of the electric fields are reported.

4.3 Frequency Reconfigurability
By considering the results described in Sect. 4.2.2, the frequency reconfigura-

bility concept is here employed for covering the two UHF bands, relative to the
European area (i.e. EU band, frequency range 865 – 868 MHz) and the North
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Figure 4.10: Simulated total efficiency (solid line) for the UHF patch antenna with
distribute loading capacitors. For reference purpose, it is also reported the radiated
efficiency (dashed line) without matching and material losses.

American (i.e. US band, frequency range 902 – 928 MHz) with a single antenna
topology. In this research activity, a reconfigurable feeding network is used to mod-
ify the input impedance of the antennas. This function is fulfilled by placing a
reconfigurable matching network at the two feeding pins, named Pin H and Pin V.
The purpose driving the choice of the reconfigurable feeding network is the possi-
bility to develop a flexible structure, that can be applied also to other antennas,
ensuring an easy integration of the switching elements, without the introduction of
further components on the antenna that can limit the efficiency and increase the
assembly complexity. Since the antenna is well matched at a frequency in between
the two extremes of the EU and US frequency bands, it will be beneficial to use two
matching networks with similar topologies. Moreover, with the purpose of apply-
ing frequency reconfigurability, the switching elements have to be integrated in the
matching structure. These matching structures have to employ the least number
of switches and they have to be realized in a compact structure, that can easily be
integrated with the polarization agile feeding network. Therefore, by carefully an-
alyzing the suitable network topologies required to fulfill the matching condition in
all frequency bands, it is possible to use only one switching element to cover all the
states. The latter aspect is very important, since it reduces the overall complexity
in terms of number of components and digital controls to be used, and furthermore
it optimizes the costs and compactness of the reconfigurable structure.

The topology used in this work is the L−type matching network that provides
the matching condition to virtually any generic impedance, named here as ZA. The
reconfigurability principle can be applied also to more complex matching networks,
like π-type, T−type or even ladder networks, which are capable to provide broader
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bandwidth, at the expense of a much higher complexity, along with an increase of
losses due to the amount of components used. For clarification, a general concept
of a fully reconfigurable L−type matching network is illustrated in Fig. 4.11, where
two complementary topologies using two switches are depicted.

Figure 4.11: Two examples of switchable L−type matching network topologies. For
simplicity SPDT is represented, however a generic n−way switches can be applied.

Nevertheless, it is possible to define the optimized matching network (i.e. using
only one switch) by the analysis of the Smith Chart. The concept is clarified in
Fig. 4.12 where the two impedances ZA(fEU) and ZA(fUS), belonging to the same
antenna but measured at the two frequencies fEU and fUS (related to the center
frequencies of the EU and US UHF RFID band), are first located on Smith Chart.
Then, by considering all the possible impedance transitions (i.e. along the constant
|Γ| circles, realized with ideal reactive elements) of both ZA(fEU) and ZA(fUS), it
can be identified the L−type networks that can fulfill the matching condition.

As described from the general theory of matching networks (see e.g. [266]),
typically for one frequency there are two possible configurations for the L−type
matching network. According to the goal of this work, the considered solutions are
the one that shares the same network topology and that can have one matching
element (i.e. impedance transition) in common. The procedure to identify the
requested condition is illustrated in Fig. 4.12, where the two possible matching
combinations that shares both topology and an element in common (indicated in
green) are shown in Figs 4.12a, 4.12b. More in detail, after having identified the
matching network topology, it is checked which component is able to provide the
transition for crossing the 50 Ω constant circle (as in Fig. 4.12a) or, instead, to com-
pensate the reactive part and fulfill the ideal match to 50 Ω (see Fig. 4.12b). The
first case in Fig. 4.12a, related to the impedance of the EU center frequency band
ZA(fEU), shows a matching network in which a shunt inductor (indicated in blue)
is used for reaching the constant 50 Ω circle, while the series capacitor (indicated
in green) compensates the reactive part and reaches the 50 Ω point. Conversely,
starting from the impedance related to the US center frequency band (i.e. ZA(fUS))
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(a) (b)

Figure 4.12: Principle of operation of the optimized L−type matching network
employing just one switching element. Two possible cases: with respect to the
common component (coloured in green) the switch can be set to (a) the first or (b)
the second element of the matching network.

reported in Fig. 4.12a, the transition to the 50 Ω circle is provided by a shunt ca-
pacitor, coloured in red. From this point, the series capacitor (indicated in green)
perfectly matches the impedance ZA(fUS) to 50 Ω. By applying the reconfigura-
bilty approach to these configurations, the series capacitor is kept fixed, since the
required values is approximately the same for the two cases, while a switch will be
placed to select either the shunt inductor or capacitor. Clearly, by selecting one
of the two shunt component, the corresponding frequency band will be matched.
However, Fig. 4.12b presents a slightly different approach. In this case, the first
reactive element placed after the antenna is a shunt capacitor, indicated in green,
which is executing the transition to the constant 50 Ω circle. Then, two different
reactive elements are used for completing the matching of ZA(fEU) and ZA(fUS),
which are one series inductor (in blue) and a series capacitor (in red), respectively.
This matching network topology can be made reconfigurable by maintaining the
shunt capacitor fixed, and then switch between the series inductor and capacitor to
match the two corresponding bands: this is possible because the capacitance needed
to fulfill the first impedance transition is approximately the same in the two cases.
It is observed that the presented scenario can reasonably be applied to many other
antenna matching cases, if the antenna presents a resonance located between the
two extreme frequencies that have to be matched. In fact, due to this condition,
it is assured that the impedance mapped in the Smith chart has a segment which
is crossing the 50 Ω point (or it will be sufficiently close), and for this reason the
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two impedances to be matched are also disposed in the vicinity of the normalized
unitary impedance and/or conductance circles. Therefore, in the highlighted proce-
dure, it is first evaluated the type of impedance transition, which is corresponding
to a well defined circuital element (inductor or capacitor placed either in shunt or
series configuration) and then, its value is assessed. For practical situations, small
deviations on the alignment to the 50 Ω constant circle are tolerated, since they
still provide a matching condition which is adequate for the considered application.
Clearly, this is true for just one frequency, because the L−type matching network
is notoriously narrowband [266]. Nevertheless, the compact and optimized design
related to the L−type matching network can be maintained by noticing that the
EU band is very narrow (i.e. 3 MHz bandwidth) and that the 26 MHz US band can
be split in sub-bands, and then use the several outputs of the switch to properly
match each of them: this operation can be done without losing system functionality
because a US UHF RFID reader adopts the Frequency Hopping Spread Spectrum
modulation scheme (FHSS). Actually, by using the FHSS protocol, the reader con-
trols the channel to be used for communication, and therefore the band can be
changed accordingly.

Using the consideration mentioned above, a reconfigurable matching networks
for covering EU band (865 – 869 MHz) and the two US sub-bands, (902 – 915 MHz
and 915 – 928 MHz) have been designed. As extensively discussed in Sect. 3.3.1,
for the RFID application, PIN diodes and varactors are not suitable as switching
devices because of the high power delivered by the reader front-end, (i.e. the EU
standard the effective radiated power is set to 2 W, while in the US standard the
limit is 4 W); at the contrary, reflective type CMOS switches can handle this power
and they are easier to be integrated and controlled with digital signals. In par-
ticular, BGSA13GN10 from Infineon [267] has been selected, which is specifically
designed for antenna tuning purposes. The BGSA13GN10 is a SP3T switch [267]
characterized by a very low RON and COF F .

The small signal model of the BGSA13GN10 is shown in Fig. 4.13, where the
values for RON and COF F are represented for different switching states. They are
respectively equal to 0.8 Ω and 300 fF when output RF1 is enabled, while for
the RF2 case RON = 1.4 Ω and COF F = 160 fF. Finally, for RF3, the two values
are RON = 1.6 Ω and COF F = 120 fF. The latter aspect is important from a
system point of view, because it allows a good approximation of the ideal OPEN,
in the frequency band of interest. Moreover, the datasheet also specify Cpad =
42 fF, relative to the capacitance of the soldering pads, along with the switch
equivalent series inductance LSER = 0.1 nH. However, even if the small signal
model of the switch (Fig. 4.13) is theoretically sufficient for defining the behaviour
of the switch, the switch has been characterized through measurements. In order
to ensure a reliable EM model of the complete system, the S−parameters of the
BGSA13GN10 has been included in the simulations.

In this research project, a three states switch (SP3T ) has been used for the
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Figure 4.13: Small signal model of the BGSA13GN10 switch in the case of RF1
path active.

fulfillment of the targeted reconfigurability. However, it is noticed that. by consid-
ering the switches available on the market, the increased number of outputs of the
switch does not lead to a more expensive design, but only to a slightly more com-
plex management of the control signals. Moreover, for the purpose of this research,
only switches based on GPIO (i.e. General Purpose Input/Output) interface are
considered for simplicity, in contrast with more complex protocols as MIPI RF
Front-End Control Interface (MIPI RFFE).

Therefore, by considering the input impedance of the reduced size RFID patch
employing the distribute loading capacitors, obtained by the EM simulation, by fol-
lowing the procedure previously described the frequency agile matching network was
designed using the circuit simulator Advanced Design System (ADS), keeping the
goal of using only one switch. Then, the three impedances that have to be matched,
related to the EU band and the two US sub-bands, (whose center frequencies are
set to fEU = 867 MHz, fUS1 = 910 MHz and fUS2 = 920 MHz), are corresponding
to zA(fEU) = 1.77 + j3.77, zA(fUS1) = 0.54 + j0.24 and zA(fUS2) = 0.33 + j0.59.
However, this process is not straightforward as depicted in Fig. 4.12, due to the
presence of the switch, which introduces impedance transitions that deviates from
the constant resistance/admittance circles due to the RON and the finite isolation
with the other outputs. Therefore, the determination of the exact values of com-
ponents loading the matching network have to be found by optimization, rather
than with analytical methods. As a starting point, the theoretical matching with-
out the switch and by using ideal component was used, in order to determine the
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best topology overcoming to the complexity of the problem. During this stage, in
a similar way as depicted in Fig. 4.12, two possible configurations arises, that are
characterized for the position of the switchable element. If just the frequency recon-
figurability is applied, the best choice would be the solution that place the switch in
shunt configuration (as typically done in most antenna tuning applications); how-
ever, in this research activity also a polarization reconfigurability is targeted, so
the configuration employing the switch as second element is considered.

After having established the matching network topology, the values of the com-
ponents have been adjusted with the complete structure including S−parameters
of the switch, in order to consider all the contributions of parasitics, that cannot be
included in the simplified model. The fully optimized matching network is found
by substituting the ideal inductor and capacitors with the S−parameters of the
actual component used, provided in the muRata library of the selected inductors
LQW15 and capacitors GRM15, and by including in the model the connection lines
between the switch and the components. In particular, for taking realistic lengths
and widths of the transmission lines connecting the switch to the components, it
has been taken as reference the layout shown in Fig. 4.14. It is noticed that the
latter procedure is very important, and brings to important deviations to the theo-
retical values calculated in the previous step, due to the inclusion of parasitics of the
real components and the effect of the transmission lines arranged in the matching
network, which provide further small deviations to the presumed transition.

The resulting reconfigurable L−type matching network is reported in Fig. 4.14,
where it can be noticed that the shunt capacitor Cc = 1.2 pF is common to all the
three switchable components; in particular L1 = 26 nH is used to match the lower
EU band, while the series inductor L2 = 3.3 nH and capacitor C1 = 4.7 pF, are
used to match the first and second US sub-band respectively. In the figure is also
shown the layout used to define the component and switch connections, which are
then included in the simulation.

Figure 4.14: Complete definition of the reconfigurable L−type matching network
employed in the design of the feeding network. On the left side is reported the
layout including the switch, in the center the resulted schematic is shown while on
the right the component values are listed.
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Finally, the calculated switchable matching network of Fig. 4.14 has been in-
serted in the full EM simulation tool, for the evaluation of all the antenna param-
eters. The resulting reflection coefficient for the three matching bands, referred to
Pin H excitation is reported in Fig. 4.15 (for Pin V the result is clearly the same).

Figure 4.15: Simulated reflection coefficient for the three switching states of the
reconfigurable matching network, corresponding to the EU band and the two US
sub-bands, indicated for reference.

From Fig. 4.15, it can be verified that all the three bands are matched according
to a -10 dB criterion and, in particular, in the US band the two sub-bands are
correctly overlapping. Moreover, some interesting information are deduced from
the plot of the reflection coefficient: it is clearly visible that the upper US sub-band
is better matched compared to the lower. The explanation is found in relation to
the analysis previously made regarding the matching network topology, described
by Fig. 4.12b, by considering that the common shunt capacitor is actually moving
away the already matched frequencies from the 50 Ω point. However, the switch and
component non idealities are playing an important role in the resulting reflection
coefficient.

The simulated antenna gain with the reconfigurable matching network included,
calculated by exciting Pin H and keeping Pin V terminated on 50 Ω, is reported in
Fig. 4.16 for the 867 MHz frequency case (EU band selected), and in Fig. 4.17 are
displayed the gain cuts related to the US band center frequency 915 MHz (upper
US sub-band matching state selected). The maximum gain measured in Fig. 4.16
at 867 MHz is equal to 2.1 dBi, while the cross-polar peak is measured to be -17.8
dBi. By considering the upper US band, the maximum of co-polar component is
found to be 3.2 dBi and the cross-polar component is below -15 dB (worst case in
the H−plane). In the case shown here, the patch is excited on the Pin H, knowing
that in the dual case, with Pin V excited, the result would be the same due to
antenna symmetry.

In order to have a complete overview of the designed antenna performance with
the introduce circuitry, the total antenna efficiency has been evaluated in the three
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Antenna Radiation Pattern at 867 MHz

Horizontal Polarization
E−plane H−plane

Figure 4.16: Simulated radiation at 867 MHz of the UHF RFID patch with recon-
figurable matching applied and Pin H excited. In agreement with the considered
polarization, the E−plane and H−plane components of the electric fields are re-
ported.

matching states, as shown in Fig. 4.18. The reported radiated efficiency is quite
high, and greater than 60% in the entire frequency band of operation. More in
detail, in the US band the efficiency is almost entirely above 70%, while in the EU
band the combination of antenna and reconfigurable matching network presents a
reduction of almost 10% with respect to the upper band. This is probably due to
a more lossy matching state in relation to the EU frequency band. Moreover, a re-
duction of the realized gain and efficiency is expected in the lower frequency band,
since the antenna is electrically smaller. It is reminded that this result is related
to the true power delivered to the tags, without the 3 dB loss due to polarization
mismatch which is obtained by a standard CP antennas approach. In Fig. 4.18
the 50% limit, related to the real efficiency in the case of ideal CP antenna (i.e.
with perfect match and no losses), is also reported for reference. This limit, that
will be further proposed in all the total efficiencies plots, is the upper boundary of
the radiated efficiency achievable by using a standard CP reader antenna approach,
however, in practical designs, the total efficiency is below this limit. In fact, for
realizing circular polarization a branch line coupler is commonly used, which intro-
duces losses, design complexity and extra costs. This is aspect is even more critical
in the UHF RFID scenario, where special components, using high permittivity or
ceramic materials, are required for keeping the dimension of this component suffi-
ciently small for being integrated in the antenna feeding. Moreover, in literature
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Antenna Radiation Pattern at 915 MHz

Horizontal Polarization
E−plane H−plane

Figure 4.17: Simulated radiation pattern at 915 MHz (related to the upper US
frequency band state) of the UHF RFID patch with reconfigurable matching applied
and Pin H excited. In agreement with the considered polarization, the E−plane
and H−plane components of the electric fields are reported.

are reported antenna solutions which realizes the circular polarization without ex-
ternal components, however, they are typically bigger in size, and its design is not
straightforward. In fact, the realization of CP is not easy to be implemented, re-
quiring also some effort to make the axial ratio and the matching bandwidth to
overlap correctly. Clearly, in all the mentioned cases, the total efficiency is below
100%, which correspond to the 50% limit displayed here, upon the assumptions
previously described.

4.4 Polarization Reconfigurability
As already mentioned in section 4.1, the application of polarization reconfig-

urability to UHF RFID reader antenna opens new perspectives on antenna designs
and system development. The main reason is that the flexible polarization is able
to adapt to the particular orientation of the tag, thus ensuring a proper connectiv-
ity. Moreover, it is noticed that this aspect it is even more important for ensuring
an efficient data transmission between the tag and the UHF RFID reader, since
it is based on a backscattering. Therefore, the more efficiently management of
the communication mechanism between tag and reader is exploited to achieve the
remarkable size reduction proposed here, then compensating for the relative lower
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Figure 4.18: Simulated antenna total efficiency in the three switching states of the
reconfigurable matching network, corresponding to the EU band and the two US
sub-bands, indicated for reference. The 50% limit, related to an ideal antenna with
CP approach, is also shown.

gain which is typical of electrically small antennas. In this way, the system function-
ality is preserved and a simple and inexpensive antenna topology and materials can
be used in the design. Furthermore, the realization of polarization agility towards
the feeding network allows to basically “decouple” the design of the reconfigurable
network to the antenna, giving also the flexibility to use such a concept with other
antenna types.

The scope of this research includes the application of frequency and polarization
reconfigurability in a single structure. In the previous section a reconfigurable
L−type matching network with the switch located as last element (placed in series
configuration) has been chosen. This supports the possibility to connect directly
the feeding network for polarization reconfigurability. In this way, a more compact
and optimized design is obtained. Actually, the application of reconfigurability
brings the advantage of more flexible antenna characteristics, but at the expense
of a more complex system. Therefore, it is important to allocate properly the
resources needed for the improved system (e.g. control signals, number of switch,
etc.) and by assessing the performance increase given by the new concept against
the losses due to the integration of the components (e.g. losses introduced by the
switch versus increase of efficiency).

An important indication of the system performance is given by (4.1). In partic-
ular, by investigating the relation between the PLF and φp (i.e. angle between the
two polarization vectors), it is found that the adoption of a four state polarization
scheme greatly reduces the maximum PLF. This is obtained by considering the
two orthogonal polarizations horizontal (Hpol) and vertical (Vpol), related to Pin H
and Pin V, with the addition of the two diagonal polarizations 45pol and −45pol.
In this way, a great reduction of the PLF with respect to CP can be obtained,
giving a theoretical maximum value of PLFmax = 0.69 dB as formulated in (4.2).
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This result is found by applying (4.1) and by considering that, with the four 45°
equispaced linear polarizations, the maximum of polarization mismatch is found
at 22.5°, corresponding to the case of a tag oriented exactly in the middle of two
polarization vectors, for instance Hpol and 45pol, as depicted in Fig. 4.19.

PLFMax = |ˆ︂ρr · ˆ︁ρt|2 = |cos (22.5◦)|2 |dB = 0.69dB (4.2)

Figure 4.19: The four polarization axes related to the polarizations Hpol, Vpol, 45pol

and -45pol are displayed. The worst case scenario for tag orientation is also depicted.

The reconfigurability concept proposed here is based on the manipulation of
the feeding network for properly exciting the two antenna inputs Pin H and Pin
V, corresponding to the two linear polarizations, for obtaining the desired pattern
response. In this way, not only the Hpol and Vpol can be selected independently,
but also the two diagonal polarizations 45pol and −45pol are added, by means of
synchronously combining the two orthogonal feedings and by applying the correct
phase difference, as illustrated also in Fig. 4.19. Hence, 45pol is obtained by exciting
Pin H and Pin V with exactly the same phase, while for obtaining the −45pol a
phase difference of 180° between the two inputs is needed.

4.4.1 Effect of the Feeding on Antenna Input Impedance
After having presented the basic concepts leading the frequency and polarization

reconfigurability, a deeper characterization of the antenna is required when both
approaches are applied. In this paragraph, the variation of the antenna input
impedance in relation to the type of excitation that is applied to Pin H and Pin
V of the suspended patch antenna will be analyzed in deep. In relation to the four
switchable polarizations, three different types of excitation can be distinguished:
the single pin feeding and the in-phase or out-of-phase simultaneous excitation.
The first type is related to the two linear polarization Hpol and Vpol, that are
obtained by exciting either Pin H or Pin V. According to the procedure described
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in Sect. 4.4, the simultaneous excitation of the two antenna input pins is the key for
realizing the two linear diagonal polarizations: when the two signals are in phase,
the 45pol is attained, conversely, when a 180° phase difference is imposed on the two
inputs, the -45pol is established. For the latter two feeding configurations, involving
both antenna feeding pins, the concept of active impedance has to be applied.
In fact, in the analysis carried out for the design of the reconfigurable matching
network (see Sect. 4.3), it was considered for simplicity that just one input of the
patch antenna was actually excited and the other input was terminated with 50 Ω;
however, due to the coupling between the two feeding points, the input impedance
of the antenna presents noticeably differences when the simultaneous excitation is
applied, with considerable variation in relation to the phase difference at the feeding
ports. The impact of the excitation on the input impedance is shown in Fig. 4.20,
where the three types of excitations are reported. Moreover, in order to model the
simultaneous excitation case (i.e. active impedance), it is used an ideal coupler for
the in-phase case, while an ideal 180° phase shifter is added for the evaluation of
the out-of-phase case. In Fig. 4.20, the center frequencies of the two UHF RFID
bands fEU and fUS under investigation are inserted for reference. From the figure
it is clearly observed that the effect is more significant in the US band, exhibiting
the worst case scenario for the in-phase excitation.

Figure 4.20: Smith chart mapping of antenna input impedance in relation to the
single feeding, in comparison with the two active impedances related to the simul-
taneous in-phase and out-of-phase feeding. EU and US bands center frequencies
are reported for all cases.

As a matter of fact, the impedances mapped on the Smith Chart in Fig. 4.20
are calculated including ideal mathematical models instead of real components (e.g.
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the 180° condition is verified only at one frequency in reality). Nevertheless, they
are useful to understand the behaviour of the antenna system, which is important
for the definition of the reconfigurable matching network, as will be demonstrated
in the following.

4.5 Frequency and Polarization Reconfigurable
Systems

In this section, five different methods for realizing the reconfigurable feeding
network, based on different complexity and performance levels are presented. Re-
flective type CMOS switches are used also in this case for enabling the polarization
agility, following the considerations described in Sect.3.3.1.

4.5.1 Reconfigurable Feeding Network Based on
Switched Delay Lines

In this first design, the matching network for the polarization reconfigurability
is realized switching between different branch that provide different phases at the
input of the frequency reconfigurability network. These delay lines are realized
using microstrip lines with well-defined electrical length. In total for this configu-
ration, four switches (SP3T Infineon BGSA13GN10 ) are used for the polarization
reconfigurability. Two switches for each polarization branch (Hpol and Vpol) are
needed for ensuring a good isolation between the active and the idle paths. Two
more switches of the same type are used for enabling the frequency reconfigurability.
The schematic drawing of this first design is shown in Fig. 4.21.

The feeding network is then composed by a T−junction at input side (whose
branches are kept as shorter as possible), that connects two switches used to se-
lect among the Hpol and Vpol feeding lines constructed with correct length and
impedance. Moreover, the capability of the switch to operate in “all-OFF” state
is used to terminate the unused branches and input pins, by setting in a high
impedance state all the connections (i.e. equal to the corresponding COF F ).

Referring to Fig. 4.21, the four linear polarizations are obtained in the following
way:

• Vpol is selected when SW1 and SW3 enable Line A, while SW2 and SW4 are
set in the“all-OFF” state for disabling the connection with feeding lines in
the Hpol branch;

• Hpol is set active by selecting line B through SW2 and SW4, whereas the
others are set to “all-OFF” ;
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Figure 4.21: Modeled reconfigurable feeding network, including the five feeding lines
that are combined to give polarization agility. Components and main elements are
named for clarity.

• 45pol linear polarization is obtained by feeding both the Pin H and Pin V
of the patch with the same phase, imposing the 50 Ω condition at the input
terminal through an impedance transformer. This is achieved through line
C and line D, that are quarter wave transformers at 900 MHz (characteristic
impedance 50 ·

√
2 Ω);

• -45pol linear polarization is realized in a similar way as the case 45pol by
selecting line C and line E. The 180° phase difference is given by line E that
is composed by a 90°transformer and a 180° delay line (total length of 270°
at middle frequency band of 900 MHz).

Concerning the two switches devoted to change the operative frequency band,
named SW5 and SW6, they are set as “all-OFF” when the corresponding branch
is not enabled (thus reducing the loading effect on the antenna). Conversely, in
all other cases, they are activated independently for applying frequency agility by
performing the correct matching.

Similarly to the procedure used for the determination of the reconfigurable
matching network, (described in Sect. 4.3), the complete feeding network is first
simulated and optimized with ADS. The feeding network includes the S−parameter
(i.e. Touchstone files) of the switches in all the configurations required for generat-
ing the four polarizations in the three frequency band states. After this optimiza-
tion, the designed reconfigurable matching network is inserted in the complete 3-D
model of the reduced size patch antenna loaded by distributed capacitors and sim-
ulated with Empire XPU [221] for the evaluation of the antenna parameters. With
respect to the matching network defined in Fig. 4.14, a tuning was necessary for
adjusting the three selectable resonances for accounting for the newly introduced
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feeding structure, and in particular to the loading effect of the unused lines caused
by the finite isolation of the switch. The resulting reconfigurable matching network
is reported in Table 4.1.

Table 4.1: Values of Matching Network for the Switched Line Feeding

Matching Network Values

Cc = 1.1 pF
L1 = 26 nH
L2 = 1 nH
C1 = 3.6 pF

(a) (b)
all

(c) (d)

Figure 4.22: Simulated reflection coefficient for the reconfigurable feeding network
antenna system based on delay lines. The frequency states corresponding to the
EU band and the two US sub-bands are reported and indicated for reference. The
evaluation includes the four polarization:(a) Horizontal, (b) +45° diagonal, (c)
Vertical and (d) -45° diagonal.

Fig. 4.22 presents the simulated reflection coefficients for the EU and US bands
in the four considered polarization states, (i.e. Hpol, Vpol, 45pol and -45pol). From
the results reported in Fig. 4.22, it is recognized that the three bands are matched
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and compliant with the -10 dB criterion, with the exception of the 45pol case where
the EU band is reaching the maximum reflection coefficient at 865 MHz, equal to
-8.7 dB. For this case, the -10 dB matching condition is met at 867.5 MHz. A
slight deviation is also detected in the US band coverage, since the overlapping is
not perfect, and a maximum reflection coefficient of -9.7 dB is measured at 914.3
MHz.

For proving the analysis on the different input impedance in relation to the type
of feeding (i.e. single or synchronous with 0°/180° phase difference), it is worth to
display the reflection coefficients previously reported in Fig. 4.22 in a single plot,
thus obtaining Fig. 4.23. From the analysis of Fig. 4.23 it is noticed that the
shift in frequency in the three bands has the same trend in relation to the different
polarization states, that is directly related to the results displayed in Fig. 4.20. In
particular, the matching for Hpol and Vpol is almost identical (small difference is
given from the different feeding path topology), while for -45pol a slight frequency
shift is detected, along with an overall improved matching condition in all bands,
given by a more effective matching provided by the common shunt capacitor with
the new impedance mapping (referring to the description of the matching network
in Sect. 4.3). In contrast, for the 45pol a degradation of the overall matching is
recognized, which imply that the common shunt capacitor is not providing the
necessary impedance transition for the alignment to the constant 50 Ω circle, as
in the other cases (see Fig. 4.12b). This is in line with the theoretical results
displayed in Fig. 4.20 and the characterization made so far for the Hpol/Vpol and
the -45pol, since the resulted impedance has an inverse trend with respect to the
-45pol case (best scenario). Moreover, from this analysis is it demonstrated that
the final composition of the matching network has to be finalized by considering
the complete model, including the switches and the SMD components, as well as
the patch antenna and feeding network, for counting for all the effects. Clearly, the
analysis made for the switchable delay lines case can be applied also to the other
designs, that will be discussed in the following.

The full wave simulation model provides also the antenna realized gain, reported
for the two center frequencies of 867 MHz for the EU band in Figs. 4.24 and 4.25,
while 915 MHz is used for the US band (associated with the upper US band fre-
quency state), corresponding to Figs. 4.26, 4.27. For all the considered frequencies,
the measured E− and H− planes of the radiation patterns are consistent with the
related polarization state. In particular, for the EU band, shown in Fig. 4.24 and
Fig. 4.25, the realized gain is stable in the four polarization cases, with a maximum
co-polar gain of 2 dBi. Moreover, in all the gain plots, the cross-polar component is
below -15 dB (maximum measured at -17.1 dBi). Analysing the co-polar component
of the radiated electric field in at 915 MHz, reported in Fig. 4.26 and Fig. 4.27, it
is found that the maximum gain is realized in the -45° diagonal polarization state,
with a value of 3.2 dBi, while the minimum is corresponding to the 45° polarization
case, with a value of 2.6 dBi. The maximum gain in the other two configurations is
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Figure 4.23: Variation of the simulated reflection coefficient in the different po-
larization states provided by the reconfigurable delay lines feeding network. Line
markers are related to the considered matching band.

slightly higher, and equal to 2.7 dBi. Moreover, a very good polarization purity is
found for the -45pol case, with a cross-polar component level below -28.8 dBi. The
same low level of cross-polar component is noticed for the 45pol case, but only in
the E−plane cut. However, in all cases the cross-polar component is below -15 dBi.

As a general comment, it is observed that the maximum gain of the suspended
patch antenna is limited by the electrically small dimension of the ground plane and
antenna itself, in addition to the losses introduced by the cascade of three switches,
whose insertion loss is found to be approximately 0.3 dB at 900 MHz. Moreover,
the latter aspect has also an impact on the total efficiency, reported in Fig. 4.28 for
the four polarizations Hpol, Vpol, 45pol and -45pol. From Fig. 4.28 it can be noticed
that in all cases the resulted efficiency is above the theoretical 50% limit (related
to and idealize CP approach), in particular improving the efficiency of almost the
complete US band by 10%.

The solution reported here, although simple to realize, shows some limitations in
terms of the number of switches required (i.e 6 switches are needed for the complete
reconfigurability), and concerning the amount of occupied PCB area, as shown in
Fig. 4.29, where the proposed solution is translated into a PCB layout. In particu-
lar, the high number of switches involved causes a decrease of total efficiency and a
limitation of peak gain. In the following, more optimized solutions are adopted for
the realization of the frequency and polarization reconfigurable antenna in a more
compact and component-effective way.
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Antenna Radiation Pattern at 867 MHz

Horizontal Polarization
E−plane H−plane

Vertical Polarization
E−plane H−plane

Figure 4.24: Simulated radiation patterns at 867 MHz, relative to the EU band
frequency state, of the antenna with reconfigurable delay lines feeding network,
in the Horizontal and Vertical polarization states. In agreement with the consid-
ered polarization, the E−plane and H−plane components of the electric fields are
reported.
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Antenna Radiation Pattern at 867 MHz

+45° Diagonal Polarization
E−plane H−plane

-45° Diagonal Polarization
E−plane H−plane

Figure 4.25: Simulated radiation patterns at 867 MHz, relative to the EU band
frequency state of the antenna with reconfigurable delay lines feeding network,
in the two diagonal +45° and -45° polarization states. In agreement with the
considered polarization, the E−plane and H−plane components of the electric
fields are reported.
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Antenna Radiation Pattern at 915 MHz

Horizontal Polarization
E−plane H−plane

Vertical Polarization
E−plane H−plane

Figure 4.26: Simulated radiation pattern at 915 MHz (related to the upper US
band) of the antenna with reconfigurable delay lines feeding network, in the Hori-
zontal and Vertical polarization states. In agreement with the considered polariza-
tion, the E−plane and H−plane components of the electric fields are reported.
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Antenna Radiation Pattern at 902 MHz

+45° Diagonal Polarization
E−plane H−plane

-45° Diagonal Polarization
E−plane H−plane

Figure 4.27: Simulated radiation pattern at 915 MHz (related to the upper US
band) of the antenna with reconfigurable delay lines feeding network, in the two
diagonal +45° and -45° polarization states. In agreement with the considered po-
larization, the E−plane and H−plane components of the electric fields are reported.
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(a) (b)

(c) (d)

Figure 4.28: Simulated antenna total efficiency for the reconfigurable feeding net-
work antenna system based on delay lines. The frequency states corresponding to
the EU band and the two US sub-bands are reported and indicated for reference.
The evaluation includes the four polarizations:(a) Horizontal, (b) +45° diagonal,
(c) Vertical and (d) -45° diagonal. The 50% limit, related to an ideal CP antenna,
is also shown.

Figure 4.29: Preliminary PCB layout of the proposed reconfigurable feeding net-
work allowing frequency and polarization agility to the reduced size patch antenna.
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4.5.2 Compact Reconfigurable Feeding Network
Based on Artificial Transmission Lines

A more compact solution compared to the microstrip based concept described
in the previous paragraph (i.e. 4.5.1) is to replace the standard transmission lines
with Artificial Transmission Lines [243], already described in 3.2. Then, with ATLs,
a fixed length transmission line can be synthesized by a periodic structure whose
phase is controlled by the number of T−shaped unit cells and the phase contribution
for each of them. Therefore, the total electrical length of such a structure is almost
independent from its physical size. This is especially beneficial for replacing the long
270° line used in the previous design. Moreover, by adopting this solution, not only
the transmission lines can be realized in a more compact way, but also it is possible
to construct 0° lines, simply balancing the negative phase attained by the RH lines
(both microstrip and ATLs) and the positive phase advance introduced by the LH-
ATLs. Therefore, this feature can be exploited for optimizing the design: by using
0° lines for connecting the orthogonal feeding pins of the patch in the polarization
states Hpol, Vpol, and 45pol, the 270° lines is no more necessary in the -45pol case,
since it can be replaced by a 180° line. The working principle of this solution is
similar to the one discussed in 4.5.1, however the definition of the reconfigurable
feeding network can be further improved by considering that the small COF F of the
switches is a good approximation of an OPEN at 900 MHz, and by employing just
0° and 180° lines, the OPEN is ideally transferred to the opposite terminal of the
ATL. This means that only one switch is needed for selecting the correct line in
order to produce the requested polarization state, without the needs of a second
one for decoupling it to the other lines. Clearly, this solution can be applied due
to the narrowband UHF RFID standard for both EU and US bands.

As illustrated in Fig. 4.30, the feeding network comprises a T−junction at
input side that connects two SP3T switches used to select among the Hpol and Vpol

feeding lines, designed with the combination of the dual RH and LH ATLs concept.
Referring to Fig. 4.30, all the Lines A-E are based on unit cells with a transmission
line length of 2.5 mm. The method for realizing the four polarization states is
detailed in the following. The Vpol is selected by enabling Line A through SW1,
while SW2 and SW4 are set in “all-OFF”. Line A is a 0° phase 50 Ω line constructed
of two LH-ATL unit cells with an attained phase calculated to compensate a 17
mm long microstrip transmission line. Similarly, Hpol is active by selecting Line B
through SW2, while SW1 and SW3 are set to “all-OFF”. It is noticed here that
Line B uses the same design as Line A. The 45pol linear polarization is obtained
by simultaneously connecting Pin H and Pin V with equal phase, through Line
C and Line D, characterized by an electrical length of 0° (at center frequency of
900 MHz). Line C and Line D are composed by a superposition of two 50 Ω
RH-ATL unit cells for attaining the phase of -90°, and two LH-ATLs with Bloch
impedance of 70.7 Ω (i.e. 50 ·

√
2 Ω) with +90° phase contribution. This solution

127



Frequency and Polarization Reconfigurable Antenna for UHF RFID Reader Application

Figure 4.30: Block scheme of the reconfigurable feeding network based on ATLs.
Switches, matching components and the employed ATL structures are depicted and
named for clarity.

is necessary in order to have the correct 50 Ω matching condition at the system
input. Finally, -45pol is achieved in a similar way as the 45pol diagonal case, by
selecting Line C and Line E. In this case, Line E is a 180° ATL composed by two
sections of LH-ATL, each of them composed of two unit cells and realizing a +90°
phase shift, but differing for the Bloch impedance of the ATL periodic structure.
The first section, closer to the antenna feed, has an impedance of 50 Ω, while the
latter has a characteristic impedance of 70.7 Ω, for performing the 50 Ω to 100 Ω
transformation. By using the theory of LH and RH lines, extensively described in
[243] and [242], the five types of ATL sections necessary to complete the feeding
network are derived. According to Fig. 4.30, Lines C,D and Line E are composed
by two separate sections. In particular, Lines C and Lines D share the same design,
and they are build as a cascade of two RH (50 Ω) and two LH (∼ 70.7Ω) unit cells,
for enhancing compactness. Similarly, Line E consists of four LH unit cells, having
both an attained phase of 90° but with different characteristic impedance (50 Ω
and (∼ 70.7 Ω)), as previously stated. The expressions for the determination of the
loading capacitors C and inductors L of the four sections composing Lines C,D and
Line E are straightforward, since each section is composed by n = 2 unit cells and it
has to realize a phase of 90°, with the correct sign. Therefore, the reactive elements
composing either the RH or LH artificial transmission lines are calculated from the
dispersion relation of the generic T−type unit cells reported in (3.10) in Sect. 3.1.
Moreover, together with the dispersion relation (3.10), it is fundamental to use the
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Bloch impedance ZBL, which is set equal to the characteristic impedance of the line.
In this way, the two values of capacitors C and inductors L are obtained by using
the condition L = C·Z2

BL. Then, the phase delay of the microstrip lines that will be
employed in the phase calculations of the ATLs is defined as ϕx

l = βx
l ll = ω

√
LxCxll,

where ω = 2πf is the angular frequency, βx
l is the phase constant of the specific

line (with characteristic impedance Zx depending on the line type) and ll = 2.5
mm its length, which is equal for all the considered ATLs. Finally, Cx and Lx

are the distributed capacitance and inductance of the specific microstrip line used
in the definition of the T−type unit cell. More in detail, the two phase delays
ϕ70

l and ϕ50
l respectively related to the 50 ·

√
2 Ω and 50 Ω transmission lines, are

used in the following analytical formulation. Therefore, in 4.3 the two equations
that completely specify the respective ATL sections are reported, where the two
corresponding impedance (named I and II) composing Line C and Line D are
reported for clarity:

Line C, D

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

ZI
LH ≈ 70.7 Ω =⇒ n

⎛⎝ 1
ω

√︂
Lp1Cp1

− ϕ70
l

⎞⎠ = π

2

ZII
RH = 50 Ω =⇒ n

(︃
−ω

√︂
Ln1Cn1 − ϕ50

l

)︃
= −π

2

(4.3)

Similarly, Line E is specified as a cascade of two LH-ATLs, both with total phase
contribution of 90° but different characteristic impedance, as clarified in (4.4).

Line E

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ZI
LH ≈ 70.7 Ω =⇒ n

⎛⎝ 1
ω

√︂
Lp2Cp2

− ϕ70
l

⎞⎠ = π

2

ZII
LH = 50 Ω =⇒ n

⎛⎝ 1
ω

√︂
Lp3Cp3

− ϕ50
l

⎞⎠ = π

2

(4.4)

The two 0° lines Line A and Line B are realized with n = 2 unit cells which are
used to compensate the negative phase contribution of a 17 mm long transmission
line with characteristic impedance of 50 Ω. This transmission line is divided into
two section, located at the sides of the LH-ATLs, which is here indicated as ϕ0

l . At
the mid frequency of 900 MHz, the phase contribution of the 17 mm line is equal
to approximately 30°. Therefore, the Line A and Line B are determined by (4.5):

Line A, B =⇒ n

⎛⎝ 1
ω

√︂
Lp4Cp4

− ϕ50
l

⎞⎠ = ϕ0
l (4.5)

The reconfigurable concept described so far has been evaluated through simula-
tions, by combining the work in ADS for the definition of the ATL lines, and lately
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by using the EM solver for the complete antenna characterization. More specifi-
cally, in the circuital model of the reconfigurable feeding network it is included the
measured S−parameters of the BGSA13GN10 switches and of the employed mu-
Rata inductor and capacitor families, by using the LQW15 and GRM15 libraries
available online. In this way, a reliable model of the LH and RH artificial trans-
mission lines is achieved and all the frequency/polarization switching states can
be assessed. From the circuit simulations, the maximum insertion loss of the ATL
feeding line is expected to be 0.7 dB (including the contribution of SW1,SW2 ),
while the maximum phase error with respect to the theoretical 0° and 180° values
in the whole EU and US bands is 4.7° and 3° respectively.

The final component definition of the reconfigurable feeding network is displayed
in Table 4.2, where also the tuned components of the reconfigurable matching
network were reported. It is noticed that the value of CL4 is resulting from the series
of two capacitors, which belongs to two adjacent LH-ATls. It is here noticed that,
by previously setting the length of the T−type unit cell of the ATLs, the overall
design results in a very compact realization of the frequency and polarization agile
feeding network.

Moreover, due to the particular topology of the feeding network, which uses
just two switches for selecting among the feeding lines Lines A-E, a strong loading
effect of the inactive lines is experienced in the two nodes (located at SW3 and
SW4 common input pin). Therefore, the initial components used for the frequency
switchable matching (see Fig. 4.14) need to be adjusted, in order to compensate for
the effect of the polarization reconfigurable feeding network in all the four states,
since the main source of deviation from the matching condition is given by the
open lines, which acts like stubs, showing also a condition dependent on the specific
feeding configuration. Actually, as previously explained, the rationale of using just
one switch to select the wanted feeding line is based on the possibility to realize
the feeding just by employing 0° and 180° lines, which can ideally transmit the
input impedance to the end, without any change. However, in reality, the designed
ATLs exhibit some losses, which “move” the impedance toward the center of the
Smith chart. Moreover, it is noticed that the 0°/180° condition is verified just at
one frequency, then also a clockwise transition of the impedance will occur. These
considerations can be graphically observed in Fig. 4.31, where the impedance of
the Lines B,D,E in the OFF state of the switch at the SW4 node are mapped in
the Smith chart. In order to do this, each line has been evaluated separately, (i.e.
the other lines are disconnected and terminated to 50 Ω load). From Fig. 4.31 it
can be noticed that the best case is related to Line B, while a consistent deviation
from the high impedance point is shown for Line E and in particular forLine D,
where the clockwise transition mapped in the Smith chart is clearly visible.

The integration of the circuital model of the feeding with the antenna in the EM
simulator allows to evaluate the complete performance of the antenna. In Fig. 4.32
the simulated reflection coefficients in the EU and US bands for the four polarization
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Table 4.2: Values of Components of the Switched ATLs Feeding Network

Lines A, B Values
Z0 = 50 Ω, l = 2.5 mm
l0 = 17 mm
CL1 = 22 pF , CL2 = 10 pF
LL1 = 33 nH

Lines C, D Values
Z0 = 50 Ω, Z1 = 70.7 Ω
l = 2.5 mm, CL2 = 8.2 pF
CL3 = 3.9 pF , LL2 = 10 nH
LR1 = 3 nH, LR2 = 6 nH
CR1 = 2.4 pF

Line E Values
Z0 = 50 Ω, Z1 = 70.7 Ω
l = 2.5 mm, CL2 = 8.2 pF
CL3 = 3.9 pF , LL2 = 10 nH
CL4 = 3.3 pF , CL5 = 5.6 pF
CL6 = 2.8 pF , LL3 = 15 nH

Matching Network Values

Cc = 1.2 pF
L1 = 26 nH
L2 = 3.9 nH
C1 = 3.3 pF

states are shown. Even if the values of the switchable L−type matching network
have been adjusted, not all the operating frequencies are matched. Compared to
the previous solution, reported in Fig. 4.22, with this design the EU band is fully
covered, but the two sub-bands are not matching the EU band completely in all
the polarization states. By analyzing the results in Fig. 4.32 with the one reported
in Fig. 4.22 (and also Fig. 4.15), it is clearly visible that the first US sub-band has
a wider and deeper resonance with respect to the initial cases, but, in contrast, the
upper sub-band is matched just in the Vpol and 45pol states. This can be explained
by the stub effect of the OPEN feeding lines, which are introducing a capacitive
effect at the junction node, as sown in Fig. 4.31.

Figures 4.33 and 4.34 present the simulated radiation pattern in the four polar-
ization states for the EU band (at frequency 867 MHz). In the displayed cuts, it is
recognised that, as expected, the minimum of the gain occurs for the Hpol case, with
a value of 1 dBi. The other polarizations show a quite stable gain, ranging from
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Figure 4.31: Mapping on the Smith chart of Line B, Line D and Line E loaded
with the switch COF F .

1.3 to 1.5 dBi. Moreover, the two diagonal polarizations exhibit a lower cross-polar
component, below -25 dBi with the exception of the H−plane cut of the 45pol case,
which has a maximum of -17.6 dB. For the US band, the 915 MHz center frequency
is considered, and it is related to the highest sub-band. Following the analysis and
comments already stated for the realized matching reported in Fig. 4.32d, it is
expected a low gain for the Hpol and -45pol polarization states. This is actually the
case shown in Fig. 4.35 and in Fig. 4.36, where a minimum realized gain of 0.5
dBi is measured for the Hpol. Because of better matching, the highest gain is found
for Vpol, with 1.7 dBi. The same condition, measured in relation to the lower US
sub-band frequency state, gives a realized gain of approximately 2.4 dBi in both
cases. The analysis of the cross-polar component of the electric field shows very
good results in the -45pol case, with a value below -38.3 dBi. Surprisingly, the two
linear polarizations Hpol and Vpol show a worse polarization purity with respect to
the initial realization using microstrip delay lines (the maximum was found to be
-14.3 dBi, measured in the H−plane cut for the Vpol).

The antenna total efficiency, reported in Fig. 4.37, confirms that the mismatch
losses observed in the upper band compromise the functionality of the reconfigurable
feeding network. Moreover, an efficiency value slightly lower than the goal limit,
set at 50% (for having improvements with respect to the ideal standard CP design),
is measured in the EU frequency band. Nevertheless, the potential of the compact
switched artificial transmission line is proven by considering the lower US sub-band,
where an efficiency of 60% is achieved.
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(a) (b)

(c) (d)

Figure 4.32: Simulated reflection coefficient for the ATL based reconfigurable feed-
ing network antenna system. The frequency states corresponding to the EU band
and the two US sub-bands are reported and indicated for reference. The evaluation
includes the four polarization:(a) Horizontal, (b) +45° diagonal, (c) Vertical and
(d) -45° diagonal.

This solution, employing the ATL method for synthesizing the feeding lines
brings advantages with respect to the previous case, in terms of compactness and
number of switches involved, as demonstrated in Fig. 4.38, where a much more
compact design is presented. However, the performance of the proposed structure
is not satisfactory, since the frequency coverage is not completely fulfilled and,
therefore, the realized gain and total efficiency are reduced in the upper US sub-
band.
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Antenna Radiation Pattern at 867 MHz

Horizontal Polarization
E−plane H−plane

Vertical Polarization
E−plane H−plane

Figure 4.33: Simulated radiation pattern at 867 MHz (related to the EU band) of
the modeled suspended patch with the ATL based reconfigurable feeding network
antenna system in the Horizontal and Vertical polarization states. In agreement
with the considered polarization, the E−plane and H−plane components of the
electric fields are reported.
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Antenna Radiation Pattern at 867 MHz

+45° Diagonal Polarization
E−plane H−plane

-45° Diagonal Polarization
E−plane H−plane

Figure 4.34: Simulated radiation pattern at 867 MHz (related to the EU band) of
the modeled suspended patch with the ATL based reconfigurable feeding network
antenna system in the two diagonal +45° and -45° polarization states. In agreement
with the considered polarization, the E−plane and H−plane components of the
electric fields are reported.
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Antenna Radiation Pattern at 915 MHz

Horizontal Polarization
E−plane H−plane

Vertical Polarization
E−plane H−plane

Figure 4.35: Simulated radiation pattern at 915 MHz (related to the upper US
band) of the modeled suspended patch with the ATL based reconfigurable feed-
ing network antenna system in the Horizontal and Vertical polarization states. In
agreement with the considered polarization, the E−plane and H−plane compo-
nents of the electric fields are reported.
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Antenna Radiation Pattern at 915 MHz

+45° Diagonal Polarization
E−plane H−plane

-45° Diagonal Polarization
E−plane H−plane

Figure 4.36: Simulated radiation pattern at 915 MHz (related to the upper US
band) of the modeled suspended patch with the ATL based reconfigurable feeding
network antenna system in the two diagonal +45° and -45° polarization states. In
agreement with the considered polarization, the E−plane and H−plane compo-
nents of the electric fields are reported.
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(a) (b)

(c) (d)

Figure 4.37: Simulated antenna total efficiency for the ATL based reconfigurable
feeding antenna system. Frequency switching states are indicated for reference.
The evaluation includes the four polarization:(a) Horizontal, (b) +45° diagonal,
(c) Vertical and (d) -45° diagonal. The 50% limit, related to an ideal antenna with
CP approach, is also shown.

Figure 4.38: Preliminary PCB layout of the proposed reconfigurable feeding net-
work based on ATL allowing frequency and polarization agility to the reduced size
patch antenna.
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4.5.3 Reconfigurable ATL Based Feeding Network
Inspired by Stub Theory

A more elegant design employing the LH and RH artificial transmission lines
takes advantage of the addition/subtraction of unit cells for varying the electrical
length of the feeding lines, exploiting the same concept described in Sect. 3.4. In
the proposed design, a completely different approach is used for fulfilling both fre-
quency and polarization agility, by means of using the well-known procedure for
matching a load with a parallel stub. In this way, it is designed a hybrid match-
ing network composed by a series transmission line and lumped components for
obtaining the matching condition, instead of the L−type matching network pre-
viously employed. The rationale of using the stub design instead of the L−type
matching network is the prospect of having the full flexibility of the type of con-
figuration of the reconfigurable matching network; specifically, the series or shunt
topology, as well as the lumped element types (i.e. inductor or capacitors) can be
fixed a priori, without being limited or bounded by the antenna impedance that
has to be matched. As a matter of fact, it is recognized that this method can be ap-
plied to virtually any type of impedance that needs to be matched. Therefore, with
this design a more general method to terminate the unused branches is applied, by
adding a connection to GND to the switches devoted to frequency reconfigurability
(then using a SHORT termination, instead of OPEN ). As a result, a more generic
switch can be selected, without being obliged to stick on the special “all-OFF”
feature of the BGSA13GN10. Then, for the purpose of inserting the connection to
ground, the BGSA14GN10 [268] is employed to realize the reconfigurable match-
ing, as it is the SP4T version of the already used Infineon switch. Moreover, in
the proposed solution the two reconfigurable operations required to switch between
the frequency bands and the polarization states can be separated, and they are
considered independently during the development. Actually, in the novel concept
it is used a series stub to impose an impedance transformation such that the an-
tenna impedance ZA = RA ± jXA (or equivalently the admittance YA = GA ± jBA)
crosses the unitary resistance/conductance circle (i.e. following the trajectory of the
constant |Γ| circles), and, then, the switch is used to select the proper component
that compensates the reactive part (e.g. reactance ±XA or susceptance ±BA) at
the given frequency, using the same procedure extensively described in many books
[228, 266]. Furthermore, also the stub length can be adjusted by using a switch,
in order to increase or decrease its electrical length by adding/removing ATL sec-
tions, and then adapting to the different antenna impedances (related to different
frequencies) for establishing the condition of crossing the unitary impedance/admit-
tance circle. In this way, many bands can be matched by using this novel concept.
Moreover, it is noticed that by using LH artificial transmission lines, the impedance
transition can move from load to generator in counterclockwise direction, in con-
trast with the classical approach, where the transition is directed clockwise. This
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solution gives a great degree of freedom for shortening the electrical length of the
series line section. In the new design, only two switches are necessary for realizing
the polarization reconfigurability, which are used to vary the electrical length and
characteristic impedance of the feeding lines, according to the configuration that is
required. In this way, the 50 Ω condition at input is ensured, as well as the feeding
with the correct phase at Pin H and Pin V. By using such a switching system, the
same number of switches for selecting among the four polarization are needed, as in
the previous case, but in this case it is avoided the mismatch caused by the loading
effects at the common nodes (see Fig. 4.31). The complete scheme of the proposed
reconfigurable ATL based feeding network inspired by stub theory is depicted in
Fig. 4.39.

Figure 4.39: Block diagram of the complete reconfigurable ATL based feeding net-
work inspired by stub theory.

In this design, for operating the polarization reconfigurable functionality, a
switch from Qorvo (already used in the reconfigurable rat-race design Sect. 3.5) is
employed, which is the synchronous 2×SP3T RFSW6232 [250]. As already men-
tioned, this component is used to change the feeding line length and impedance at
input point, by adding a ±90° ATL with characteristic impedance of 50 ·

√︂
(2)Ω, or

instead, to realize a through by shorting the two terminals of the switch for directly
connecting the common input with the feed of Pin H and Pin V. From Fig. 4.39, it
is noticed that in the Vertical feeding branch a different type of switch could have
been used (e.g. DPDT type), however, in this design a full symmetric design is
provided, in contrast to the previous solutions. In fact, a different type of switch
would have led to amplitude error and to a different phase characteristic (i.e. group
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delay) of Line A and Line B. As already mentioned, the switch BGSA14GN10 is
employed in both branches for switching among the matching components, as well
as to realize the termination to the lines that have to be excluded from the feed-
ing. Moreover, the line sections which are essential to accomplish the matching in
the EU and US bands (i.e. Lines C, D, I, L) are controlled by two Double-Pole
Double-Throw transfer switches QPC6222 [249], used to vary the insertion point
of the switches SW3, SW4 that fulfill the matching, in accordance with the stub
theory. Nevertheless, the detailed description of the new frequency reconfigurable
method employed here will be performed later in the section.

Figure 4.40: Topology of the reconfigurable feeding network for the Hpol operation.
The lines which are not actively involved are shaded, and the switch operation is
illustrated. SW3, SW5, and SW6 are set according to the desired frequency state.

At first, the feeding topology in the Horizontal polarization case is analyzed.
Figure 4.40 illustrates the topology of the feeding network that allows the antenna
to radiate in Hpol, including also the internal connection of the switches. It is
noticed that SW1 and SW2 realize a through by an external connection, thus the
feeding is composed by two 50 Ω lines named Line A and Line B. As displayed in
Fig. 4.40, the latter ATL is terminated to ground by SW3. Moreover, since Line
A and Line B are designed in such a way that the electrical length from the input
point and the switches SW3, SW4 is λ/4, in this case the Vertical feeding branch
is equivalent to an OPEN at 900 MHz at the T−junction splitting point. In order
to realize such a condition, the electrical length of the RH-ATL which composes
Line A and Line B have to take into account the phase contribution of the switch
in crossing mode (of the same sign). A similar configuration is employed to achieve
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the Vertical polarization, as can be noticed from Fig. 4.41, where this time SW3
realizes the SHORT, and the Horizontal feeding branch is virtually set to OPEN at
common input by the combination of the SW3 state and the proper phase attained
by Line A.

Figure 4.41: Topology of the reconfigurable feeding network for the Vpol operation.
The lines which are not actively involved are shaded, and the switch operation is
illustrated. SW4, SW5, and SW6 are set according to the desired frequency state.

The phase equations that specify the two RH-ATLs Line A and Line B are
defined in the following. The phase delay given by the switch is indicated by ϕsw,
while the contributions of the microstrip lines composing both the LH- and RH-
ATL unit cells are named ϕx

l , where the superscript is related to the characteristic
impedance of the artificial transmission line (equal to the Bloch impedance, which
is 50 Ω in this case, and therefore ϕ50

l is used). Moreover, for keeping a small form
factor of the reconfigurable feeding network, n = 2 unit cells are used for all ATLs.
Then, the capacitors and inductors composing Line A and Line B are determined
by (4.6):

Line A, B =⇒ n
(︃

−ω
√︂

Ln1Cn1 − ϕ50
l

)︃
− 2ϕsw = −π

2 (4.6)

The achievement of the 45° diagonal polarization is realized by the simultaneous
feeding of Pin H and Pin V. The aforementioned condition imposes the use of a
quarter wave transformer, for achieving the 50 Ω condition at input. Therefore,
the feeding network is transformed as in Fig. 4.42, where the two switches SW1
and SW2 are used to connect the common input and the -90° RH-ATL sections
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with two 70.7 Ω LH-ATLs attaining a phase of +90°, for realizing a net phase of 0°
at center frequency (i.e. 900 MHz). The insertion of the +90° LH-ATL sections,
named Line E and Line F, imposes the 50 Ω to 100 Ω impedance transformation
required for achieving the matching condition. Moreover, by feeding Pin H and
Pin V with a total phase difference of 0° the diagonal linear polarization 45pol is
achieved in a very efficient way, since the two branches are identical. In fact, the
choice of alternating the RH- and LH- artificial transmission line section is made
on purpose, for “balancing” the group delay.

Figure 4.42: Topology of the reconfigurable feeding network for the 45pol operation.
The lines which are not actively involved are shaded, and the switch operation is
illustrated. SW3 SW4, SW5, and SW6 are set according to the desired frequency
state.

By keeping the same ATL structure (i.e. n = 2 unit cells), and by considering the
different delay induced by the transmission lines composing the unit cells (indicated
with ϕ70

l in this case), the reactive component of the two LH-ATL Line E and Line
F are calculated from (4.7):

Line B, C =⇒ n

⎛⎝ 1
ω

√︂
Lp1Cp1

− ϕ70
l

⎞⎠ = π

2 (4.7)

The approach for obtaining the last polarization state of −45pol is similar to case
just discussed: however, a 180° phase difference is required among the feeding Pin
H and Pin V. Thus, as can be noticed from Fig. 4.43, on the Pin V feeding branch
the configuration of the switch SW2 is the same as in the case 45pol, while on the
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Pin H branch the 2×SP3T switch SW1 connects Line G, which is a -90° phase
section realized with RH-ATL. Therefore, the cascade of Line G and Line A is
equal to a -180° ATL line, while as mentioned before the series of Line F and Line
B gives a net phase of 0°, which imposes the phase difference at the two feeding
points Pin H and Pin V to be equal to 180°, as requested from the polarization
theory of the patch antenna.

Figure 4.43: Topology of the reconfigurable feeding network for the -45pol operation.
The lines which are not actively involved are shaded, and the switch operation is
illustrated. SW3 SW4, SW5, and SW6 are set according to the desired frequency
state.

The complete analytical definition of Line G can be promptly found by imposing
the phase condition in (4.8), applying the same method as for the other cases:

Line G =⇒ n
(︃

−ω
√︂

Ln2Cn2 − ϕ70
l

)︃
= −π

2 (4.8)

The frequency reconfigurability solution, which characterizes the implementation
of the novel feeding network type, is analyzed in the following. At first, it is con-
sidered the method for obtaining the matching of the EU band, by referring on
Fig. 4.44, in which the procedure for matching the normalized input impedance
zA = rA ± jxA at the EU center frequency fEU , corresponding to the normalized
admittance yA = 1/zA = gA ± jbA, is illustrated. The procedure follows the well
known steps required for a single stub matching, where, in first place, it is found
the electrical length of the transmission line which provides the intersection to the
unitary resistance and conductance circles by following the constant |Γ| trajectory.
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This line connecting the load (i.e. the antenna input) to the generator (i.e. the feed-
ing network, in this case), with electrical length θEU , gives the location at which the
stub has to be inserted. As previously discusses, a 50 Ω LH-ATL having negative
electrical length −θEU is exploited for achieving the double advantage of employing
shorter lines and enhance bandwidth, thus introducing the counterclockwise tran-
sition depicted in Fig. 4.44. For being consistent with the notation used so far
for analytically described ATLs, it is defined the phase attained as the negative
of the electrical length φEU = −θEU . In reality, the solution is not unique, since
there are four possible points in which the |Γ| trajectory intersects the r = 1 and
g = 1 circles, referring to the impedance or admittance Smith charts respectively,
at which corresponds to four possible matching configurations (inductor/capacitor
in series/shunt topology). In this special design, since the solutions that are of
interest are concerning shunt components, the admittance transitions crossing the
g = 1 circle are considered in the definition of the series line. Therefore, the pro-
cedure following the consideration mentioned so far is depicted in the Smith chart
in Fig. 4.44a. As can be recognized from Fig. 4.44a, starting from the initial input
impedance/admittance yA(fEU) = 1/zA(fEU) of the UHF RFID patch antenna, the
LH-ATL section attaining the phase φEU transforms the initial admittance yA(fEU)
in yI

A(fEU) = 1 ± jbA, characterized by the real part equal to g = 1. At this stage,
instead of placing the stub, the reactive part is compensated by the insertion of
the switchable matching component, represented in this case as the shunt capacitor
Cm.

In order to match the US band, the same concept is applied. However, it has to
be considered the admittance transformation applied in the previous step to achieve
the condition yA(fEU) = 1 ± jbA(fEU), that locate yA(fUS) in an intermediate
position, which does not fulfill the requirement. This situation is clarified in Fig.
4.45a, where the line previously used for matching the EU band, attaining a phase
φEU , introduces the new impedance point yI

A(fUS). Therefore, a switching element
is needed to restore the location of yI

A(fUS) to the constant conductance circle, at
the point yII

A (fUS), by adding an LH-ATL section attaining the phase φUS. Finally,
the inductance Lm is used to compensate the susceptance and perform the perfect
match at frequency fUS, as depicted in Fig. 4.45b.

The value of φEU and φUS can be determined graphically or analytically; in this
design it is adopted the second method. It is known from transmission line theory
that the generic normalized impedance zA = rA ± jxA is transformed to zI

A after
the introduction of a line specified by the phase φ:

zI
A = zA + j tan(−φ)

1 + jzA tan(−φ) = (rA + jxA) + j tan(−φ)
1 + j(rA + jxA) tan(−φ) (4.9)

where in (4.9) rA and xA are the resistance and reactance normalized to Z0 = 50Ω,
which is the characteristic impedance of the line and of the designed system. For
imposing in (4.9) the condition g = 1, it is used the well known equivalence
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(a) (b)

Figure 4.44: Smith chart representation of the two steps required for matching
the EU band: in (a) a series transmission line attaining a phase φEU imposes a
rotation to the antenna input admittance yI

A(fUS) = 1/zI
A(fUS) up to the constant

conductance circle g = 1; in (b) the shunt capacitor Cm perfectly match the
impedance yI

A(fEU).

(a) (b)

Figure 4.45: Smith chart representation of the two steps required for matching the
US band: in (a) a series transmission line attaining a phase φUS is added to the
previous line used to match the EU band, realizing the phase φEU , in order for
yI

A(fUS) = 1/zI
A(fUS) to reach the constant conductance circle g = 1; (b) the shunt

inductor Lm perfectly match the admittance yII
A (fEU).
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yI
A = 1/zI

A = 1 + jbI
A. Therefore, by separating the real and imaginary parts, and

considering just the first one, it is obtained (4.10), in which it is also defined the
variable t = tan −φ:

g = 1 = rA (1 + t2)
r2

A + (xA + t)2 (4.10)

After some easy math, it is found a quadratic expression (4.11), function of the
variable t:

(rA − 1)t2 − 2xAt + (rA − r2
A − x2

A) = 0 (4.11)

The resulted φ is found from t, roots of (4.11), that is φ = − arctan(t), and by
taking the positive solutions (corresponding to the LH-ATL positive phase contri-
bution). Clearly, the procedure for the calculation is the same for the EU and US
frequency bands, being careful to refer zA and φ to the correct center frequency
fEU or fUS. Actually, for being compliant with the notation used in 4.45a, for
the US case the total phase needed is expressed by φ = φEU |fUS

+ φUS, since the
reconfigurable matching is made in two steps. This also leads to the conclusion
that the phase that has to be added, namely φUS, is found as the difference of the
phases obtained from the application of (4.11) at fUS and the value φEU evaluated
in the frequency fUS (i.e. φUS = φ − φEU |fUS

). This point will be clarified next,
where all the components of the frequency reconfigurable feeding network will be
analyzed. Moreover, it is noticed that the characteristic impedance of the line, here
defined as Z0 = 50 Ω, could have been used to modify the impedance transition
of the input impedance zA to a new set of zIII

A , ideally bringing to the simultane-
ous fulfillment of the condition g = 1 for both the EU and US cases. However,
in this design it has been chosen the more general case employing two states for
setting the correct matching. As first attempt, in order to demonstrate the validity
of the method described so far, the analytical solutions is directly employed for
calculating the phases of the LH-ATL to be inserted. By the application of (4.11),
the approximate values of φEU = 60° and φUS = 58° are calculated starting from
the two initial impedances zA(fEU) = 1.77 + j3.76 Ω and zA(fUS) = 0.42 + j0.44
Ω for the two center frequencies fEU = 867 MHz and fUS = 915 MHz, obtained
from the antenna simulation. This results seem in contrast with what is shown in
Fig. 4.45a, since the theoretical calculation demonstrate that φUS < φEU . This is
explained by the fact that that the switch is introducing a phase delay, which is
counted once for the EU frequency band matching, while is giving twice the delay
in the US frequency state, as shown in Fig. 4.46. In fact, it can be noticed that
in Fig. 4.46a the DPDT switch realizes a through, while in Fig. 4.46b it uses a
crossing mode to connect with Line I.

Therefore, the results obtained by the application of (4.11) can not be directly
used in the definition of both types of LH artificial transmission lines Line C and
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(a) (b)

Figure 4.46: Configuration of the line section calculated using the stub matching
theory for the Horizontal branch (Vertical branch is identical). In (a) EU band
switch topology and (b) US band switch topology.

Line I (and similarly to Line D and Line L), as defined in Fig. 4.39. Actually, the
procedure can be applied only for the first switching state (i.e. for matching the EU
band), thus using the phase value of φEU = 60° in (4.12) to calculate the inductor
and capacitors composing the specific LH unit cell, setting the phase equation in
the same way as for all the ATLs defined so far. Moreover, just one cell is used
(namely m = 1) for a more compact design of the feeding branches.

Line C, D =⇒ m

⎛⎝ 1
ω(fEU)

√︂
Lp2Cp2

− ϕ50
l fEU)

⎞⎠ − ϕsw(fEU) = φEU (4.12)

Nevertheless, if the same approach is used also for the US band, a conspicuous
phase error is later found by simulation. The reason is given by the presence of
the switches and the lines Lines C,D, which are contributing not only with the
phase, but they also introduce losses that substantially modify the final φUS value.
A more precise definition of φUS is then found by using in (4.11) not the initial
impedance ZA(fUS), but the one defined as ZI

A(fUS) in 4.45a, therefore leading
to the condition illustrated in the figure. This example prove that the all the
contributions that modify the impedance matching have to be taken into account,
to avoid the incurring of unrefined errors, as already mentioned in this chapter.
Finally, the single unit cell m = 1 composing the lines Line I and Line L is specified
by the appropriate phase condition reported in (4.13):

Line I, L =⇒ m

⎛⎝ 1
ω(fUS)

√︂
Lp3Cp3

− ϕ50
l fUS)

⎞⎠ − ϕsw(fUS) = φUS (4.13)

After the application of this procedure, the matching components have been de-
fined by means of circuit simulation, employing ADS. As previously done, the
S−parameters of the switches and the detailed model of the muRata components
are included. More in detail, inductors LQW15 and capacitors GRM15 are used in
both the definition of the matching network and the artificial transmission lines. As
second step, the model of the feeding network, defined for each of the frequency and
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polarization states, has been inserted in the Empire 3-D model of the suspended
patch antenna, for the complete characterization of the system performance. Then,
in Fig. 4.47 are reported the very good matching results obtained by this approach.
By first analyzing the EU frequency band, it is noticed that the matching is better
than -14 dB in the Hpol, Vpol and -45pol cases, while a slightly worse matching is
achieved in the 45pol state, due to the impedance shift described in Sect. 4.4.1. In
the US frequency band, it is observed that the bandwidth is almost completely cov-
ered by the lower state (i.e. US band 1), with the only exception of the -45pol case.
This result is directly related to the type of condition applied at the beginning,
concerning the location of yA in the constant conductance and resistance circles.
In fact, it is noticed that the chosen condition allows to map almost all |S11| of the
antenna in proximity of the g = 1 circle, as can be recognized in Figs 4.44b, 4.45b.
Moreover, this condition has also the practical advantage of employing the switch
in shunt configuration. For this reason, just by imposing the normalized real part of
the impedance/admittance equal to one (i.e. r = 1 or g = 1) at a single frequency,
all the band is well matched with just one shunt component. This is verified for
the Hpol and Vpol polarization states because the are not affected by the impedance
shift, described in Sect. 4.4.1. In Table 4.3 are listed the components which are
composing the frequency and polarization reconfigurable feeding network inspired
by stub theory.

Table 4.3: Values of Components of the Reconfigurable Stub Like Feeding

Lines A, B Values Lines C, D Values
Z0 = 50 Ω,
l = 2.5 mm

Z0 = 50 Ω,
l = 2.5 mm

LR1 = 2.7 nH CL1 = 5.6 pF
LR2 = 5.6 nH LL1 = 9 nH
CR1 = 2 pF

Lines E, F Values Line G Values
Z1 = 70.7 Ω,
l = 2.5 mm

Z1 = 70.7 Ω,
l = 2.5 mm

CL2 = 5.6 pF LR3 = 4.7 nH
CL3 = 2.7 pF LR4 = 9 nH
LL2 = 15 nH CR2 = 1.6 pF

Lines I, L Values Matching Values
Z0 = 50 Ω
l = 2.5 mm C1 = 7.5 pF
CL4 = 9.5 pF L1 = 15 nH
LL3 = 13 nH L2 = 8.2 nH
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(a) (b)

(c) (d)

Figure 4.47: Simulated reflection coefficient for the reconfigurable feeding network
antenna system based on ATLs and inspired by stub theory. The frequency states
corresponding to the EU band and the two US sub-bands are reported and indicated
for reference. The evaluation includes the four polarization: (a) Horizontal, (b)
+45° diagonal, (c) Vertical and (d) -45° diagonal.

The total gain for the reconfigurable antenna system based on switchable ATLs
is first analyzed in the EU frequency state for the four polarization cases, reported
in Figs. 4.48, 4.49. The choice of keeping a fully symmetrical design demonstrates
its effectiveness for the 45pol and -45pol, where the maximum cross-polar component
is approximately -20 dB in the H−plane cut of the 45pol case. Nevertheless, for the
45pol case, the outstanding cross-polar values of -46 dB is detected in the E−plane.
However, this solution shows a drawback related to the maximum realized gain,
since the simulated values are in the range -0.3 dBi to -0.9 dBi.

The simulated radiation pattern at 915 MHz, displayed in Fig. 4.50 and Fig.
4.51, follows the consideration already mentioned for the EU band case. Interest-
ingly, the cross-polarization achieved in the -45pol case is improved, setting this
parameter below -30 dB. Moreover, the total gain increased, with a maximum of
2.1 dBi related to the -45pol case, while in the other polarization states it is found
in the range 1.5 ± 0.1 dB.

Although this solution leads to a very flexible and effective solution regarding
the matching capability, it has a remarkable drawback due to the high number
of switches involved, which are also placed in series configuration, causing direct
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Antenna Radiation Pattern at 867 MHz

Horizontal Polarization
E−plane H−plane

Vertical Polarization
E−plane H−plane

Figure 4.48: Simulated radiation pattern at 867 MHz (related to the EU band) of
the modeled suspended patch with reconfigurable feeding network antenna system
based on ATLs and inspired by stub theory in the Horizontal and Vertical polar-
ization states. In agreement with the considered polarization, the E−plane and
H−plane components of the electric fields are reported.
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Antenna Radiation Pattern at 867 MHz

+45° Diagonal Polarization
E−plane H−plane

-45° Diagonal Polarization
E−plane H−plane

Figure 4.49: Simulated radiation pattern at 867 MHz (related to the EU band) of
the modeled suspended patch with reconfigurable feeding network antenna system
based on ATLs and inspired by stub theory in the two diagonal +45° and -45°
polarization states. In agreement with the considered polarization, the E−plane
and H−plane components of the electric fields are reported.
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Antenna Radiation Pattern at 915 MHz

Horizontal Polarization
E−plane H−plane

Vertical Polarization
E−plane H−plane

Figure 4.50: Simulated radiation pattern at 915 MHz (related to the upper US
band) of the modeled suspended patch with the reconfigurable feeding network
antenna system based on ATLs and inspired by stub theory, in the Horizontal and
Vertical polarization states. In agreement with the considered polarization, the
E−plane and H−plane components of the electric fields are reported.
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Antenna Radiation Pattern at 915 MHz

+45° Diagonal Polarization
E−plane H−plane

-45° Diagonal Polarization
E−plane H−plane

Figure 4.51: Simulated radiation pattern at 915 MHz (related to the upper US
band) of the modeled suspended patch with the reconfigurable feeding network
antenna system based on ATLs and inspired by stub theory, in the two diagonal
+45° and -45° polarization states. In agreement with the considered polarization,
the E−plane and H−plane components of the electric fields are reported.
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losses. In fact, by considering the switching states illustrated in Figures 4.46b and
4.40 – 4.43, the losses for each series switch have to be counted twice. The losses
of the feeding lines are added to this source of efficiency reduction. From ADS,
it is estimated that the maximum losses are about 1.85 dB at 868 MHz, and this
explains the low total efficiency level which is seen in almost all cases, where the
50% limit that was set as goal for this design, is reached only for small portions of
the US band.

(a) (b)

(c) (d)

Figure 4.52: Simulated antenna total efficiency for the reconfigurable feeding net-
work antenna system based on ATLs and inspired by stub theory. Frequency switch-
ing states are indicated for reference. The evaluation includes the four polariza-
tion:(a) Horizontal, (b) +45° diagonal, (c) Vertical and (d) -45° diagonal. The
50% limit, related to an ideal antenna with CP approach, is also shown.
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4.5.4 Optimized ATL Based Feeding Network
The solutions presented so far are using many switches to accomplish both

the frequency and polarization reconfigurability. Here, a new optimized design is
proposed, using only three switches for independently change polarizations and
frequency bands while keeping a compact structure. The optimized design is based
on the structure reported in Sect. 4.5.2, where the flexibility on synthesizing the
transmission lines given by ATL technique is exploited to create a compact and
switch efficient topology. Moreover, it is exploited the same concept of disabling
either Pin H and Pin V by realizing a SHORT termination, as previously done.
The block scheme of the novel reconfigurable feeding network type is shown in
Fig. 4.53. The feeding network in Fig. 4.53 makes use of a SP3T switch for
selecting among three different feeding lines, with proper length and characteristic
impedance. The switch BGSA13GN10 is used here because of its low RON in
the active path and its low COF F of the unused terminals. Therefore, also in the
proposed configuration the good similarity to the ideal OPEN of the inactive path
is exploited together with ATLs in order to reduce the number of switches, as will
be discussed in detail in the following.

Figure 4.53: Topology of the optimized reconfigurable feeding network employ-
ing just three switches and ATLs for fulfilling frequency and polarization agility
independently.

As can be noticed from Fig. 4.53, SW1 is acting as a node that selects among
three feeding lines, named Line C, Line D and Line E, which are all characterized
by having a total electrical length of 0° at 900 MHz (center frequency). In this
way, at the opposite side of the lines, the OPEN condition is transferred, and
there is no need to use a switch to decouple the lines which are connected to
the same node. This approach has already been used in the development of the
feeding network in Sect. 4.5.2, however, in the present design, all the lines are
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composed by both LH and RH ATL sections with same phase: therefore, the group
delay is the same in all cases (i.e. same phase characteristic over frequency). The
frequency reconfigurability is performed as previously described, by adopting an
L−type feeding network, composed by the switch in series configuration. However,
in this case, it is introduced the connection to ground, that is used as termination
for the unused polarization feeding branches (i.e. as depicted in Fig. 4.53 for SW2
and SW3 ). In order to accomplish for the switching of the matching components
and the imposition of the SHORT termination, the SP4T switch BGSA14GN10
from Infineon [268] is employed. Therefore, SW2 and SW3 are able to select the
desired frequency band by switching to L1 for matching the EU band, while L2
and C1 match the two US sub-bands. It is remarked that the frequency band can
be selected independently, since its selection does not affect the polarization agility
controls.

Figure 4.54: Topology of the feeding network for the Hpol operation. The selected
line is marked in blue, while the lines which are not actively involved are shaded.

Nevertheless, the two switches devoted to frequency reconfigurabilty play a role
on the polarization agility when Hpol or Vpol are required. The mentioned operation
is depicted in Fig. 4.54, which illustrates the configuration for the Horizontal
polarization state, where SW3 is terminating Line B in a SHORT, and SW2 is
set accordingly to match the required frequency band. As can be recognized from
Fig. 4.54, Line B is a 50 Ω RH type artificial transmission line attaining a phase of
-90°, and for this reason the SHORT condition at its antenna feeding termination
imply an OPEN condition at its opposite end, thus virtually disconnecting the Pin
V branch. Therefore, Pin H is fed by the cascade of Line A and Line D, that is
selected by SW1. More in detail, Line A represents the dual version of Line B,
being a 50 Ω LH-ATL with 90° phase attained. Similarly, Line D is composed by
an RH-ATL section attaining a phase of -90° and a LH-ATL section realizing the
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same phase amount, but with opposite sign. Then, the cascade of the LH-ATL
and RH-ATL is composing a 50 Ω transmission line attaining 0° phase at center
frequency, set at approximately 900 MHz. Concerning Line C and Line E, they
are offering the OPEN condition of the unused terminal of the switch (or more
precisely its COF F ) to the feeding nodes, with the effect of being disconnected.
However, a loading effect is expected to the SW2 node due to the line losses and
phase inaccuracy.

Figure 4.55: Topology of the feeding network for the Vpol operation. The selected
line is marked in blue, while the lines which are not actively involved are shaded.

The configuration that generates the Vertical polarization shares the same con-
figuration as the Horizontal one. As can be noticed from 4.55, here Line B is
feeding Pin V through Line B, while Line A is terminated to a SHORT, realized
by SW2. Again, Line A is virtually disconnected from the active parts of the feeding
network. In this configuration, SW3 can select the frequency band to be matched
without any interference on the polarization state.

In the other two polarization cases, SW2 and SW3 are devoted only to the
frequency reconfiguration, and SW1 selects either 45pol or -45pol polarizations. In
the following, Fig. 4.56 is considered for the analysis of the reconfigurable net-
work that generates the 45° diagonal polarization. As already mentioned, for the
achievement of the 45pol, both Pin H and Pin V have to be fed with the same
phase, or equivalently with 0° phase difference. Therefore, the equal phase feeding
is fulfilled by directly connecting Pin H and Pin V with the series of Line A and
Line B: as described before, these lines have both a characteristic impedance of 50
Ω and they attain a phase of +90° and -90°, respectively (because they are realized
with LH and RH ATLs). As a result, the input signal is fed to Pin H through
Line E, enabled by SW1 and, consequently, Pin V is fed with the same phase
difference through the 0° line composed by the two ATL Line A and Line B which
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Figure 4.56: Topology of the feeding network for the 45pol operation. The selected
line is marked in blue, while the lines which are not actively involved are shaded.

are performing phase canceling. This is achieved also because Line D and Line C
have a total length of 0° and they are terminated to an OPEN, thus being virtually
disconnected in the joint connection point between Line A and Line B. Moreover,
Line E is realized as a 0° line composed by a -90° RH-ATL section with charac-
teristic impedance 50/

√
2 (i.e. ∼ 35 Ω) for ensuring the transformation to 50 Ω.

This is necessary since the parallel arrangement of the two feeding pins, both with
characteristic impedance of 50 Ω, sets the impedance at Line E feeding terminal
to 25 Ω. Then, the -90° phase attained by the λ/4 transformer is compensated by
a 50 Ω LH-ATL section in series.

Figure 4.57: Topology of the feeding network for the -45pol operation. The selected
line is marked in blue, while the lines which are not actively involved are shaded.
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The last configuration is shown in Fig. 4.57, which realizes the -45pol polarization
state. The -45° diagonal polarization is achieved by feeding the two pins with 180°
phase difference, and this condition is easily obtained by feeding the patch antenna
in the junction between Line A and Line B. Therefore, Pin H is fed by a +90°
LH-ATL section and Pin V is fed by -90° RH ATL section, thus obtaining a total
phase difference of 180° at the two feeding points. Since Line A and Line B have
a characteristic impedance of 50 Ω, Line C is constructed in the same way as Line
E, thus performing impedance transformation in order to provide matching at the
feeding point.

The analytical formulas that specify the loading elements composing the RH
and LH artificial transmission lines involved in the polarization reconfigurability
described so far, are obtained by imposing the corresponding phase conditions. For
enhancing compactness, the number of unit cells n related to the ATLs is set equal
to two in all ATL designs. Moreover, it is remarked that ϕx

l refers to the phase
contribution of the transmission line, where the subscript x is named in accordance
with the characteristic impedance of the line which is considered. The two lines
connecting the feeding pins Pin H and Pin V (i.e Line A and Line B respectively),
are defined by (4.14) and (4.15).

Line A =⇒ n

⎛⎝ 1
ω

√︂
Lp1Cp1

− ϕ50
l

⎞⎠ = π

2 (4.14)

Line B =⇒ n
(︃

−ω
√︂

Ln1Cn1 − ϕ50
l

)︃
= −π

2 (4.15)

As already mentioned, Lines C,D,E are composed by two distinct LH- and RH- sec-
tions, indicated with I and II, differing for phase and/or characteristics impedance,
as clarified in (4.16) and (4.17):

Line C, E

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

ZI
LH = 50 Ω =⇒ n

⎛⎝ 1
ω

√︂
Lp2Cp2

− ϕ50
l

⎞⎠ = π

2

ZII
RH ≈ 35.35 Ω =⇒ n

(︃
−ω

√︂
Ln2Cn2 − ϕ35

l

)︃
= −π

2

(4.16)

Line D

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

ZI
RH = 50 Ω =⇒ n

(︃
−ω

√︂
Ln3Cn3 − ϕ50

l

)︃
= −π

2

ZII
LH = 50 Ω =⇒ n

⎛⎝ 1
ω

√︂
Lp3Cp3

− ϕ50
l

⎞⎠ = π

2

(4.17)

As can be notice also from Fig. 4.53, Line D is composed by the same LH-ATL
and RH-ATL which are specified as Line A and Line B, while Lines C,E contains
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also the Line B section as 50 Ω part. However, for completeness, the phase equa-
tions necessary to specify all the ATLs used in the reconfigurable feeding network
are reported. In the following, the simulated reflection coefficient of the complete
reconfigurable antenna in the four states is reported in Fig. 4.58. This results
are obtained by first setting the proper circuital model, developed in ADS, and
inserting the S−parameters of the switches and the components used (i.e. LQW15
and GJM15 from muRata). The final results are then obtained by including the
circuital simulation in the full-wave model of the complete reconfigurable antenna,
and evaluating the antenna performance in each reconfigurable state. It is noticed
that some tuning of the four element composing the L−type matching network was
necessary, due to the approximation of the OPEN states at the nodes involving
Line C,D and Line E. The calculated and optimized components are reported in
Table 4.4, where the complete definition of the ATL based feeding lines is displayed.

(a) (b)

(c) (d)

Figure 4.58: Simulated reflection coefficient for the optimized reconfigurable feeding
network antenna system. The frequency states corresponding to the EU band and
the two US sub-bands are reported and indicated for reference. The evaluation
includes the four polarization: (a) Horizontal, (b) +45° diagonal, (c) Vertical and
(d) -45° diagonal.

As can be noticed from Fig. 4.53, the matching of the two US sub-bands is
completely fulfilled, where also a nice overlapping of the US band 1 and band
2 can be noticed for all the four polarization states. Regarding the EU band,
the matching is slightly above the target limit of -10 dB for the singular feedings
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Table 4.4: Values of Components of the Optimized Reconfigurable Feeding

Line A Values
Z0 = 50 Ω
l = 2.5 mm
CL1 = 8.2 pF
CL2 = 3.9 pF
LL1 = 10 nH

Line B Values
Z0 = 50 Ω
l = 2.5 mm
LR1 = 3 nH
LR2 = 6 nH
CR1 = 2.4 pF

Lines C, E Values
Z0 = 50 Ω, Z2 = 35 Ω
l = 2.5 mm, CL1 = 8.2 pF
CL2 = 3.9 pF , LL1 = 10 nH
LR3 = 2.2 nH, LR4 = 3.9 nH
CR1 = 3.3 pF

Line D Values
Z0 = 50 Ω, l = 2.5 mm
CL1 = 8.2 pF , CL2 = 3.9 pF
LL1 = 10 nH
LR1 = 3 nH, LR2 = 6 nH
CR1 = 2.4 pF

Matching Network Values

Cc = 1.2 pF
L1 = 26 nH
L2 = 2 nH
C1 = 2.5 pF

condition Hpol, which represents the worst case scenario since it is affected by Line
E terminated into COF F (OFF capacitance of the switch). However, the worst case
regarding matching is found at 865 MHz, with a reflection coefficient of -9.6 dB.
The effect of the impedance shift described in Sect. 4.4.1 when the two feeding
points are simultaneously excited is clearly visible in 4.58b and 4.58d, where the
minimum of the resonance is located in opposite directions with respect to the EU
center band. Moreover, by considering the US band, the best matching conditions
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are swapped from the 45pol in relation to the -45pol state. Finally, the radiation
patterns of the reconfigurable feeding network employing just three switches for
the full frequency and polarization agility is assessed. The gain at 867 MHz is
shown in Fig. 4.59 and Fig. 4.60, where the considered cuts are taken accordingly
to the specified polarization. The maximum total gain is achieved in the 45pol,
where the simulated value of 1.6 dBi is detected; while the worst case is related to
Hpol, with 0.5 dBi, caused by the mismatch already mentioned in the analysis of
the reflection coefficient. Moreover, the cross-polar component is very low in the
-45pol case, below -30 dB, while for all other cases is below -17 dB.

Similarly, it is analyzed the total gain in the upper frequency band, displayed
in Fig. 4.61 and in Fig. 4.62. Also in this case, the lowest gain is found for the
Hpol case. However, the 45pol shows a strong reduction, with a value of 1.2 dBi,
while the cross-polar component is also increased, with a value of -10 dB in the
H−plane. Reminding that the 45pol condition is realized by exploiting the cascade
of Line A (attaining 90° phase advance) and Line B (attaining -90° phase delay),
this negative effect is probably due to the loading effect of the Lines C,D at the
common node. Moreover, also the losses due to the Line A – Line B paths are
causing an amplitude mismatch betweenPin H and Pin V. Nevertheless, the other
polarization states shows a good polarization purity, with values of cross-polar
component below -18 dB.

Finally, the total efficiency is reported in Fig. 4.63 for all the reconfigurable
feeding states. As already discovered from the description of the S−parameters and
antenna gain, the lowest efficiency is related to the EU band in the Hpol case. The
target 50% efficiency is not met at this frequency band, while better performance is
achieved in the upper US band, where the efficiency limit related to the polarization
mismatch of an ideal CP antenna and a linear tag is outmatched in the Vpol, 45pol

and -45pol polarization states, while in the Hpol case the efficiency is slightly lower,
with minimum at 42%.

This solution has shown good results, in relation to the compact form factor and
the minimum number of switches used to realize both frequency and polarization
agility. The limitations are related to the feeding lines which are loaded by the OFF
capacitance of the switch responsible for the polarization agility, that causes “stub”
effects at the nodes, thus modifying the phase and amplitude relation between the
two antenna feeding points. However, this is a promising architecture for realizing
a full reconfigurable antenna employing a smart switch-saving method.
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Antenna Radiation Pattern at 867 MHz

Horizontal Polarization
E−plane H−plane

Vertical Polarization
E−plane H−plane

Figure 4.59: Simulated radiation pattern at 867 MHz (related to the EU band) of
the modeled suspended patch with the optimized feeding network antenna system,
in the Horizontal and Vertical polarization states. In agreement with the consid-
ered polarization, the E−plane and H−plane components of the electric fields are
reported.

164



4.5 – Frequency and Polarization Reconfigurable Systems

Antenna Radiation Pattern at 867 MHz

+45° Diagonal Polarization
E−plane H−plane

-45° Diagonal Polarization
E−plane H−plane

Figure 4.60: Simulated radiation pattern at 867 MHz (related to the EU band) of
the modeled suspended patch with the optimized feeding network antenna system,
in the two diagonal +45° and -45° polarization states. In agreement with the
considered polarization, the E−plane and H−plane components of the electric
fields are reported.
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Antenna Radiation Pattern at 915 MHz

Horizontal Polarization
E−plane H−plane

Vertical Polarization
E−plane H−plane

Figure 4.61: Simulated radiation pattern at 915 MHz (related to the upper US
band) of the modeled suspended patch with the optimized feeding network antenna
system, in the Horizontal and Vertical polarization states. In agreement with the
considered polarization, the E−plane and H−plane components of the electric
fields are reported.
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Antenna Radiation Pattern at 915 MHz

+45° Diagonal Polarization
E−plane H−plane

-45° Diagonal Polarization
E−plane H−plane

Figure 4.62: Simulated radiation pattern at 915 MHz (related to the upper US
band) of the modeled suspended patch with the optimized feeding network antenna
system, in the two diagonal +45° and -45° polarization states. In agreement with
the considered polarization, the E−plane and H−plane components of the electric
fields are reported.
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(a) (b)

(c) (d)

Figure 4.63: Simulated antenna total efficiency for the optimized reconfigurable
feeding network antenna system. Frequency switching states are indicated for ref-
erence. The evaluation includes the four polarization: (a) Horizontal, (b) +45°
diagonal, (c) Vertical and (d) -45° diagonal. The 50% limit, related to an ideal
antenna with CP approach, is also shown.

4.5.5 Fully Reconfigurable Rat-race Coupler as
Feeding Network

All the feeding solutions described so far are based on a simple T−junction
power divider, which represents a simple structure in which reconfigurability can
be applied in a relatively easy way. However, this approach is not the best regard-
ing performance: it is well know from literature (e.g. [228]) that the T−junction
divider cannot be designed simultaneously lossless, matched and reciprocal. There-
fore, there is a poor isolation between the two output ports, and the reflection co-
efficient looking from one of the two outputs is theoretically limited to -6 dB. The
solution to avoid such an ineffective condition is to adopt one of the well known cou-
plers that can fulfill the power division and simultaneously guarantee the isolation
and matching condition at its outputs (e.g. branch line coupler, Wilkinson divider,
Lange coupler etc.). For the purpose of this design, only the couplers which are
suitable to be realized in planar microstrip line technology are considered. The uti-
lization of this kind of coupler to produce polarization reconfigurability has already
been proposed in literature, by designing reconfigurable feeding networks employing
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several couplers (e.g. [264]), resulting in an electrically large implementation. Here,
the goal is to provide a compact solution, that can be easily integrated in a more
complex system and, then, only one coupler is employed for fulfilling the reconfig-
urable feeding network. Therefore, for the purpose of realizing the two diagonal
polarizations 45pol and -45pol, the best choice is found to be the rat-race coupler,
which has the special feature of realizing an in-phase and out-of-phase configura-
tions [228]. However, the application of reconfigurability to this coupler introduces
a level of complexity which is higher compared to the solutions already presented
in this chapter, especially considering the optimized design described in Sect. 4.5.4.
Nevertheless, a complete reconfigurable rat-race coupler has been designed to fulfill
the four polarization states and the switchable L−type matching network already
described in Sect. 4.5.4, for ensuring an interchangeability of various components.
For the same purpose, a connection to ground (i.e. SHORT termination) realized
by these switches is used to terminate the unused feeding pin. The topology of the
novel reconfigurable rat-race coupler is reported in Fig. 4.64. The rat-race is real-
ized with a proper combination of LH and RH artificial transmission lines, in order
to remove the long 270° branch and obtaining a compact and efficient structure
(please refer to Sect. 3.2). By analysing the conceptual design in Fig. 4.64, it be-
comes clear that the switching mechanism employed for reconfiguring the coupler is
the variation of ATL length and characteristic impedance by adding/removing line
sections (same concept used in Sect. 4.5.3 and in Sect. 3.4). Therefore, two Infi-
neon BGSA14GN10 are responsible for the frequency reconfigurability and feeding
termination, while two synchronous 2×SP3T and one DPDT from Qorvo, namely
RFSW6232 and QPC6222 respectively, are employed for achieving the polarization
reconfigurability.

At first, the 45° polarization is analyzed, which is achieved by feeding the rat-
race coupler in the in-phase configuration. From Fig. 4.65, it is recognized that
the rat-race coupler is realized with three 50 ·

√
2 Ω LH-ATLs attaining a phase

of +90° (i.e. Line A, Line B and Line C ), and one RH-ATL with phase -90°
(i.e. Line D) with the same characteristic impedance. Figure 4.65 shows that this
circuital topology is realized just employing SW3, SW4 and SW5 as through (i.e.
no further ATL are added). It is observed that an external connection is used
to short circuit the two pins of the switch RFSW6232, thus realizing a through,
while for the QPC6222 this is realized internally. It is easy to recognize that, with
the described configuration, Pin H and Pin V are excited with equal phase and
amplitude, thus fulfilling the required task.

In the in-phase configuration of the rat-race coupler, three different definition
for the artificial transmission lines are involved. According to Fig. 4.65, the most
obvious distinction is related to the ATL type, either LH-ATL or RH-ATL. In the
analytical analysis of all the ATLs, the delay of the transmission lines included in
the ATL unit cells (with length 2.5 mm) are referred as the term ϕl. The second
distinction is related to the phase contribution of the switches (indicated with ϕsw),
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Figure 4.64: Topology of the fully reconfigurable feeding network based on rat-race
coupler.

Figure 4.65: Topology of the feeding network for the 45pol operation. The lines
which are not actively involved are shaded, and the switch operation is illustrated.

which is added in the ±90° phase expressions. Therefore, following this analysis,
the three equations that specify the composition of the four branches of the rat-
race are reported. More in detail, (4.18) is used to calculate the inductor and
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capacitors loading Line A, by considering the sum of n = 2 LH unit cell and the
single contribution of the switch SW3, and by finally imposing the 90° condition.
Similarly, Line B and Line C are expressed by (4.19), where the double phase
contribution of the 2 × SP3T switches SW4 and SW5 are taken into account.
Finally, Line D is composed just by n = 2 RH unit cells, and then the equality to
-90° is simply written in (4.20).

Line A =⇒ n

⎛⎝ 1
ω

√︂
Lp1Cp1

− ϕl

⎞⎠ − ϕsw = π

2 (4.18)

Line B, C =⇒ n

⎛⎝ 1
ω

√︂
Lp2Cp2

− ϕl

⎞⎠ − 2ϕsw = π

2 (4.19)

Line D =⇒ n
(︃

−ω
√︂

Ln1Cn1 − ϕl

)︃
= −π

2 (4.20)

For the evaluation of the performance of the coupler, a complete circuital simu-
lation in ADS is performed, employing the S−parameters of the switches and of
the muRata inductors (LQW15 ) and capacitors (GRM15 ) used in the realization
of the ATLs. The S−parameters of the realized rat-race coupler in the in-phase
configuration are shown in Fig. 4.66, together with the phase and amplitude dif-
ference of S−parameters at the two outputs Port 2 and Port 3 (corresponding to
Pin H and Pin V respectively). From Fig. 4.66a, it can be noticed that the re-
flection coefficients at Port 2 and Port 3, related to antenna feeds, are better than
-18 dB, while at the input (i.e. Port 1 ) it is below -30 dB. The isolation between
Pin H and Pin V is 25 dB with the new solution, while the maximum losses in
the frequency range of interest are detected to be equal to 0.9 dB, mostly due to
the transition toward the switches. The latter aspect represents the main cause of
amplitude mismatch, reported in Fig. 4.66b, since the four branches have three
different switch configurations (i.e. through realized with one transition, through
realized with two transitions and no switch involved). However, it is remarked that
the phase error is very low with this solution, with a maximum of 2.5° at 865 MHz.

The -45pol is obtained by feeding the rat-race coupler in the out-of-phase con-
figuration. By referring to the structure in Fig. 4.65, for having the 180° phase
difference at the coupler´s output, the input should be located in the place where
the 50 Ω termination is (i.e. in the junction point between Line C and Line D),
and vice versa. This is not possible to realize in practice, and therefore through the
switches SW4 and SW5 are employed to add to Line B and Line C an RH-ATL
sections with characteristic impedance of ∼ 70.7Ω, attaining a total phase of -180°.
As a result, the sum of the +90° phase of Line B (LH-ATL type) with the -180°
of Line E (RH-ATL type) is equivalent to a line with total phase of -90°. Exactly
the same procedure is applied with Line C and Line F. The novel configuration,
illustrated in Fig. 4.67, reports a rat-race coupler composed by a +90° branch
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(a) (b)

Figure 4.66: Simulated results of the reconfigurable rat-race coupler for the in-phase
configuration related to the 45pol operation (a)S−parameters and (b) amplitude and
phase difference.

(i.e. Line A) and three -90° branches, which are Line D and the two combinations
Line B+Line E and Line C+Line F. No changes in electrical length are applied
to Line A and Line D at this stage. With the coupler reconfigured in out-of-phase
operation, as shown in Fig. 4.67, it is now possible to feed Pin H and Pin V with
180° phase difference.

Figure 4.67: Topology of the feeding network for the -45pol operation. The lines
which are not actively involved are shaded, and the switch operation is illustrated.

The proposed reconfiguration, although not straightforward to understand, rep-
resents the most efficient way to change the operation of the rat-race coupler from
in-phase to out-of-phase just employing two switches, without any modification of
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the inputs and outputs. The two 180° delay lines Line E and Line F, which are
placed in series to Line B and Line C respectively, are both composed by n = 2
unit cells, as specified by (4.21):

Line E, F =⇒ n
(︃

−ω
√︂

Ln2Cn2 − ϕl

)︃
= −π (4.21)

The performance of the reconfigured coupler is reported in Fig. 4.68, by considering
the S−parameters and the phase and amplitude difference at the two outputs (Port
2 is related to Pin H and Port 3 to Pin V ). Even if the S−parameters shown in
Fig. 4.66a demonstrate a good functionality in the overall operating band of the
out-of-phase configuration of the rat-race, with maxim return loss and insertion
loss of 17.5 dB and 1.3 dB respectively, the amplitude difference in Fig. 4.68b
is increased with respect to the in-phase configuration by approximately 0.4 dB,
due to the losses introduced by Line E and Line F. Moreover, the phase error is
strongly dependent on frequency, showing a steep variation in the frequency range
of interest. This effect is given by the construction of the -90° branch, realized as
the cascade of a 90° LH-ATL and one -180° RH-ATL. It is noticed that for this
special case the use of a phase balancing term, as adopted in Sect. 3.4, would have
led to an extremely high contribution for compensating the required group delay,
and therefore this solution has been considered unpractical for meeting the goal of
high compactness.

(a) (b)

Figure 4.68: Simulated results of the reconfigurable rat-race coupler for the out-
of-phase configuration related to the -45pol operation (a) S−parameters and (b)
amplitude and phase difference.

However, the coupler is no longer needed when Hpol and Vpol are required. In
these cases, the phase can be arbitrary and the isolation is no more a parameter of
interest, since only one of Pin H orPin V is excited. There are two main concerns
that have to be solved to reconfigure the rat-race coupler as a single feeding line.
The first is related to the way to “break” the ring and isolate the two lines, feeding
either Pin H or Pin V : this is given by SW5 which provides a direct connection
to ground. By this operation, Line C and Line D are terminated in a SHORT,
and due to their ±90° electrical length, at the connection with SW1 and SW2,
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they act like an OPEN. It is noticed that with this configuration not only Line C
and Line D are virtually disconnected, but also the 50 Ω termination is excluded
from the active structure, since it is placed in parallel to a SHORT. The second
problem that has to be solved is related to the characteristic impedance of the lines
connecting Pin H and Pin V. Taking advantage of the relatively narrowband range
of frequencies involved, and by targeting a solution which employs the minimum
number of switches, line sections superimposed to Line A and Line B are again
exploited to realize 0° lines. Since Line A and Line B are both 50 ·

√
2 Ω LH

artificial transmission lines attaining a phase of +90°, for achieving the 0° condition
an RH-ATL with the same characteristic impedance and with opposite phase (i.e.
-90°) has to be placed in series. The described case is reported in Fig. 4.69 for the
Horizontal polarization, where SW5 selects the 50 ·

√
2 Ω Line G to compensate

for the phase of Line B, and realizes the 0° line. Moreover SW2 terminates Pin V
through a SHORT, and it is again exploited the SHORT to OPEN transformation
given by the +90° branch, which is performed by Line A. The phase expression
(4.22) for Line G is simply found by equating the contribution of n = 2 RH unit
cells to -90°, required to realize the 0° line.

Line G =⇒ n
(︃

−ω
√︂

Ln3Cn3 − ϕl

)︃
= −π

2 (4.22)

Figure 4.69: Topology of the feeding network for the Hpol operation. The lines
which are not actively involved are shaded, and the switch operation is illustrated.

Conversely, SW1 is connected to ground for excluding Pin H and Line B
(through the λ/4 transformer) in order to obtain the proper excitation for the
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Vertical polarization. In this case, SW3 connects the input and Line A with Line
H, which is the same type as Line G. The latter configuration is illustrated in Fig.
4.70.

Figure 4.70: Topology of the feeding network for the Vpol operation. The lines
which are not actively involved are shaded, and the switch operation is illustrated.

However, the phase condition for Line H differs from the one written for Line
G, because of the phase contribution ϕsw of SW3, as can be noticed in (4.23).

Line H =⇒ n
(︃

−ω
√︂

Ln4Cn4 − ϕl

)︃
− ϕsw = −π

2 (4.23)

In Table 4.5 are summarized the values of the components loading the artificial
transmission lines composing the fully reconfigurable rat-race based reconfigurable
feeding network. The matching components, already listed in Fig. 4.14, are also
included for clarity.

Moreover, it is noticed that with this type of reconfigurable feeding network
there is theoretically no need to tune the matching components composing the fre-
quency agile switching network, and using the values originally calculated without
the polarization reconfigurable network, which are specified in 4.3. Therefore, Fig.
4.71 shows the reflection coefficient of the complete system including the patch
antenna and the rat-race based feeding network, employing the initial matching
network definition. The results displayed in Fig. 4.71 show that both the EU and
US bands are well matched, with the exception of the 45pol, reported in Fig. 4.71b,
where it can be observed that in the EU band the -10 dB is not met for the complete
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Table 4.5: Values of Components Loading the RH-ATLs and LH-ATLs

Line A Values Lines B, C Values
Z1 = 70.7 Ω,
l = 2.5 mm

Z1 = 70.7 Ω,
l = 2.5 mm

CL1 = 5.1 pF CL3 = 5 pF
CL2 = 2.5 pF CL4 = 2.7 pF
LL1 = 14 nH LL2 = 13 nH

Lines D, G Values Lines E, F Values
Z1 = 70.7 Ω,
l = 2.5 mm

Z1 = 70.7 Ω,
l = 2.5 mm

LR1 = 4.7 nH LR3 = 8.2 nH
LR2 = 9.5 nH LR4 = 18 nH
CR1 = 1.6 pF CR2 = 3.2 pF

Line H Values Matching Values
Z1 = 70.7 Ω Cc = 1.2 pF
l = 2.5 mm L1 = 26 nH
LR5 = 3.9 nH L2 = 3.9 nH
LR6 = 8.2 nH C1 = 3.3 pF
CR3 = 1.6 pF

band, and a maximum reflection coefficient of -9.7 dB is measured from the full-
wave simulation performed in the full wave simulation solver. Moreover, differently
from the ideal case, the reflection coefficients relative to the Hpol and Vpol are not
coincident, due to the asymmetry of the feeding method applied in the two cases. It
is remarked that a slight tuning of the common capacitor Cc (reported in all Figures
4.64 – 4.70), can lead to a complete fulfillment of the matching requirements.

After having completely specified the reconfigurable feeding network, the an-
tenna gain and the polarization purity are evaluated in the xz and yz cuts, accord-
ing to the axes definition in Fig. 4.7. Considering first the EU band, reported in
Fig. 4.72 and Fig. 4.73, at 867 MHz the minimum of the gain is detected for the
Vertical polarization, equal to 1 dBi, while the maximum of 1.7 dBi is found for
the 45° diagonal polarization (i.e. corresponding to the in-phase rat-race coupler).
The cross-polar components evaluation show good results, well below -15 dBi, with
the exception of the -45pol, where the simulated value of -13.2 dB is measured. This
is related to the phase error displayed in Fig. 4.68b, which has the worst case
scenario in relation to the out-of-phase configuration of the reconfigurable rat-race
coupler. It can be recognized from Figs. 4.74, 4.75 that better results are achieved
in the US frequency bands, where the minimum value of the gain found for the
Vpol is increased to approximately 2.1 dB, while the best case related to the -45pol
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(a) (b)

(c) (d)

Figure 4.71: Simulated reflection coefficient for the full reconfigurable rat-race feed-
ing network antenna system. The frequency states corresponding to the EU band
and the two US sub-bands are reported and indicated for reference. The evaluation
includes the four polarization: (a) Horizontal, (b) +45° diagonal, (c) Vertical and
(d) -45° diagonal.

polarization shows a realized gain of 2.9 dB. In this frequency band the polarization
purity is increased, with a maximum cross-polar component well below -15 dBi. It
is observed that, at this frequency, the cross-polar component in the -45pol state
is below -20 dBi, which demonstrates that the phase error displayed in Fig. 4.68b
does not compromise the functionality of the reconfigurable antenna.

Finally, the total radiated efficiency displayed in Fig. 4.76 shows that the 50%
target efficiency is exceeded in almost all configurations, except for the EU fre-
quency tuning of the Horizontal and Vertical polarizations, which are slightly below
the desired level. This is due to the losses introduced by the virtual disconnection
of the unused feeding pin, realized through SHORTS. As already noticed, the pro-
duced SHORT termination is not ideal, due to the equivalent resistance of the
switch used for the connection (i.e. RON) and because of the phase spread and
losses of the ATLs, which lead to a “short stub” effect. Clearly, another limitation
of the maximum efficiency is given by the switches, which also contribute to ohmic
losses. However, in the two US sub-bands the efficiency is well above the theoret-
ical limit of an ideal CP based UHF RFID reader antennas, thus demonstrating a
direct improvement compared to standard applications. Similarly to the comment

177



Frequency and Polarization Reconfigurable Antenna for UHF RFID Reader Application

Antenna Radiation Pattern at 867 MHz

Horizontal Polarization
E−plane H−plane

Vertical Polarization
E−plane H−plane

Figure 4.72: Simulated radiation pattern at 867 MHz (related to the EU band) of
the modeled suspended patch with the full reconfigurable rat-race feeding network
antenna system, in the Horizontal and Vertical polarization states. In agreement
with the considered polarization, the E−plane and H−plane components of the
electric fields are reported.
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Antenna Radiation Pattern at 867 MHz

+45° Diagonal Polarization
E−plane H−plane

-45° Diagonal Polarization
E−plane H−plane

Figure 4.73: Simulated radiation pattern at 867 MHz (related to the EU band) of
the modeled suspended patch with the full reconfigurable rat-race feeding network
antenna system, in the two diagonal +45° and -45° polarization states. In agree-
ment with the considered polarization, the E−plane and H−plane components of
the electric fields are reported.
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Antenna Radiation Pattern at 915 MHz

Horizontal Polarization
E−plane H−plane

Vertical Polarization
E−plane H−plane

Figure 4.74: Simulated radiation pattern at 915 MHz (related to the upper US
band) of the modeled suspended patch with the full reconfigurable rat-race feeding
network antenna system, in the Horizontal and Vertical polarization states. In
agreement with the considered polarization, the E−plane and H−plane compo-
nents of the electric fields are reported.
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Antenna Radiation Pattern at 915 MHz

+45° Diagonal Polarization
E−plane H−plane

-45° Diagonal Polarization
E−plane H−plane

Figure 4.75: Simulated radiation pattern at 915 MHz (related to the upper US
band) of the modeled suspended patch with the full reconfigurable rat-race feeding
network antenna system, in the two diagonal +45° and -45° polarization states.
In agreement with the considered polarization, the E−plane and H−plane compo-
nents of the electric fields are reported.
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reported in Sect. 3.5.2, also in this case the use of 50 Ω switches, imposed by
available technology, contributes to increase the overall losses of the reconfigurable
the rat-race coupler. In fact, the employing of 75 Ω switches would lead to a more
optimized and less lossy design. Moreover, it is noticed that in this design the goal
of designing a compact reconfigurable feeding network was set, however, by using
more unit cells for constructing the ATL based branches of the rat-race, a more
precise phase accuracy can be obtained (see [242]).

(a) (b)

(c) (d)

Figure 4.76: Simulated antenna total efficiency for the full reconfigurable rat-race
feeding network antenna system. Frequency switching states are indicated for ref-
erence. The evaluation includes the four polarization: (a) Horizontal, (b) +45°
diagonal, (c) Vertical and (d) -45° diagonal. The 50% limit, related to an ideal
antenna with CP approach, is also drawn.

4.6 Comparison of Frequency and Polarization
Reconfigurable Antennas Performance

Finally, a comparison between the five frequency and polarization reconfigurable
feeding networks is here reported. In Table 4.6 the overall performance, distin-
guished in the EU and US bands, of the five solutions are shown. It is remarked
that the goal of Table 4.6 is to give an insight of the most important parameters,
which are considered in heterogeneous way across the four polarization states (i.e.
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Table 4.6: Frequency and Polarization Reconfigurable Solutions Comparison

Switched
Lines

Switched
ATLs

Stub Like
Feeding

Optimized
Feeding

Rat-race
Based

Switches 6 4 6 3 5
Area (mm2) 2552 792 480* 400* 400*

Return
Loss Min.
(dB)

EU band
8.7 10.5 10.4 9.6 9.7

US band
9.7 5.8 10.8 10.6 10.5

Peak Gain
(dBi)

EU band
2.1 1.5 -0.3 1.1 1.7

US band
3.2 1.8 2.1 2.0 2.9

Cross-pol.
Max (dBi)

EU band
-17.1 -15.5 -14.7 -15.4 -13.2

US band
-14.7 -14.8 -15.9 -11.9 -15.7

Efficiency
Range (%)

EU band
52.5–55.9 43.4–49.1 28.9–32.7 38.6–51.9 43.6–52.7

US band
53.6–68.3 35.7–61.5 37.7–53.8 49.3–60.1 49.2–65.1

(*) Estimated from ATL unit cells length and switches dimensions.

the maximum and minimum values may refer to different polarization states), and
not to fully characterize the solutions. In other words, it has been chosen to give to
the reader a clear view of which are the limitations and benefits over the different
solutions, without fully reporting the cases in the four polarization state over the
two frequency bands.

The first distinction among the described solutions concerns the number of
switches. The reconfigurable feeding lines which employs more switches are the
switched delay lines and the stub like feeding lines, which requires six switches.
However, very different aspect are enhanced in the two design (e.g. efficiency and
peak gain is higher with the switched line approach, while a very good matching
is achieved with the stub inspired feeding). On the other hand, the optimized
version is capable of performing the two reconfigurable operations with fairly good
performance with only three switches. By taking into account just the frequency
band reconfiguration, the best performance are achieved by the stub like feeding
network, which exhibits a very wide matching due to its peculiar matching concept.
However, the two band coverage was almost fully achieved in all polarization states
for all the solutions, with just small deviation to the targeted limit of -10 dB.
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The exception is represented by the switched ATLs, where in two polarization
states the resulted matching was poor, due to the non idealities of the OPEN
termination achieved with the switch. Conversely, considering just the polarization
purity achieved with the reconfigurable feeding networks, the best solution for the
EU band is represented by the switched lines design, while the stub like feeding
is the one with less cross coupling in the US band. However, this are worst cases,
mostly related to the H−plane, and by reviewing the simulated radiated patterns
very low cross polar levels can be found in almost all cases, in particular for the stub
inspired solution, where the maximum value of -46 dBi was achieved in E−plane.
The rat-race based feeding and the switched line reconfigurable network are the
ones that can achieve the higher antenna gain, and they also exhibit the best
total efficiency. Considering these aspects, also the optimized feeding show good
performance, in both the EU and US frequency bands. In contrast, the stub like
feeding network and the switched ATLs solution reveal an excessive efficiency and
gain loss, due to the component losses of the line (stub inspired feeding) or by
a poor matching (switched ATLs design). Nevertheless, an important parameters
that was not extensively discussed, but it is reported in Table 4.6, is the PCB
area required for the development of the reconfigurable feeding networks. For the
solution employing switchable delay lines, the measured PCB are was found to
be 58 × 44 mm2. The solution based on the same switchable lines concept, but
employing ATLs, improved the form factor by almost 50%, requiring only 33 ×
24 mm2. For the other three solutions, an estimation can be made, by considering
the length of each ATL unit cell and the size of the CMOS switches. The most
compact solutions should be the optimized and the rat-race based feeding network,
which need a 20 × 20 mm2 square area to be implemented on the PCB. The last
reconfigurable feeding network, which is inspired by stub theory, is expected to be
slightly more space consuming, with 24 × 20 mm2. Among the numbers which are
reported in Table 4.6, it can be comment that the rat-race based feeding can provide
isolation among the two antenna feeding points, and no further tuning is needed
for the reconfigurable matching network, whose design can be then decouple from
the polarization feeding network. Moreover, the stub inspired solution provides a
high degree of flexibility in the matching topology to be used, in contrast with the
other solutions.

4.7 Conclusion and Perspectives
In this chapter, it has been discussed a method to exploit reconfigurability to

enhance compactness, communication efficiency and multiple standard compliance
of a UHF RFID antenna for reader application. According to the initial goal of
designing an uncomplicated and flexible structure, the suspended patch antenna
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as radiating element was selected, demonstrating also an efficient method to re-
duce its form factor by increasing its equivalent electrical length through the use
distributed end capacitors. From this basis, five different concepts for achieving fre-
quency and polarization reconfigurability has been developed, selectively matching
the EU and US bands while switching among four different linear polarizations (in
45° steps) independently. In particular, the latter operation allows to theoretically
reduce the polarization mismatch of the reader-tag communication process from
3 dB to 0.7 dB, considering as reference the circular polarized approach which is
commonly used in UHF RFID application. This aspect is more critical in the UHF
RFID application, due to the backscattering nature of the communication involved.
Moreover, in all the investigated solutions CMOS switches are employed, instead
of more popular components, as for instance PIN diodes, for being fully compli-
ant with the power ratings requirement imposed by the UHF RFID standards.
The results are obtained by a combination of circuital and full-wave simulation
process, for characterizing the five different approaches. The proposed solutions
are presenting interesting results, as for instance the possibility to use just three
switches for operating both frequency and polarization reconfigurability, or instead
to a use fully symmetric feeding network inspired by matching stub theory, which
gives full flexibility on the type of matching topology to be used and demonstrate
some potential of achieving extremely low cross-polarization levels. In addition,
a full reconfigurable rat-race coupler was developed to cover the four polarization
states, capable to modify its structure to operate in the in-phase or out-of-phase
configurations, as well as to act as a single feeding line to deal with the two single
feeding cases. Promising results concerning the fulfillment of the matching condi-
tion in all frequency/polarization states have been observed, as well as good results
concerning polarization purity, where in most of the cases a cross-polarization ratio
of 20 dB was achieved. The use of artificial transmission lines ensures that the
proposed solutions employing this technology are very compact, and that they can
be easily integrated in an UHF RFID system application.

Further investigation has to be carried for improving the total efficiency, thus
exploiting the full potential of this approach. An improvement on the components
used, as well as the application of a novel type of reconfigurable matching archi-
tecture, reducing the initial efficiency loss of 13% – 18% is needed. Finally; it
is remarked that the concepts developed here can be in general applied to other
antenna topologies and different frequency bands. Moreover, the same theoretical
concepts and analysis developed here can be adapted to different applications, op-
erating in higher frequency bands, by replacing the artificial transmission lines with
other suitable technologies (e.g. using smart materials).
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Chapter 5

Conclusions and Pespectives

In the applied research activity described in this thesis, the reconfigurability
technique is applied to three significant examples, which also represents some more
general issues that are currently subjects of investigation by the scientific commu-
nity. As a matter of fact, great effort is requested to the RF and Microwave designers
in order to introduce new solutions and technologies for satisfying the increasing
demand of connected devices and wireless sensors. The requested innovation is di-
rected not only on the advance of performance or the overcoming of complications
related to the adoption of new standards (e.g. wider bandwidth, higher frequency),
but also on the miniaturization and integration of multiple standards and feature in
a single device. In the presented scenario, reconfigurable antennas and systems have
an enormous potential to identify new solutions for both the aforementioned prob-
lems due to their capability to improve systems performance and efficiency, as well
as to introduce flexibility and better integration by delivering the same through-
put as a multi-antenna system. These aspects have been demonstrated also in
this research work, where reconfigurability is used to increase the performance and
overcome the scan limitation of a 24 GHz phased array employing a Rotman lens
as beamformer (Chapter 2). In the development of the reconfigurable beamforming
feeding it has also been considered the further complication of managing a high
number of inputs, in contrast with the majority of the solutions that can be found
in literature. The frequency agility concept described in Chapter 3, applied to the
rat-race coupler, has identified the best technology to realize the desired reconfig-
urability and, in addition, to design the most compact coupler version that can be
found in literature for the center frequency of 900 MHz. In the realized design, it
has been recognized that the introduction of active components has to be consid-
ered not only in the circuital simulations, but also in a previous phase by revising
the theory of artificial transmission lines for including the switching components in
the calculation. By the combination of the ATL theory and the reconfigurability
concept, a quite wide band behaviour is obtained, despite the very compact form
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factor. In the last chapter (i.e. Chapter 4), presenting a study of various realiza-
tion of switchable feeding networks, reconfigurabilty is used for greatly optimized
the design of a UHF RFID reader antenna, by obtaining a unique antenna design
for the EU and US regional standards though frequency agility, while the appli-
cation of the switchable feeding network for select a specific polarization, lead to
an increased total efficiency of the complete reader-TAG RFID system, reducing
the polarization mismatch loss to 3 dB to maximum 0.7 dB, in comparison with a
commonly used circular polarized antenna approach. The theoretical 50% gain in
polarization efficiency could enable the design of a very compact but uncomplicated
definition of the radiating element. Several techniques to realize the reconfigurable
feeding network have been proposed, each of them focused on the improvement of
a specific aspect (e.g. minimum number of switches, tuning flexibility, isolation at
feeding points). Nevertheless, although reconfigurability proposes very promising
concepts and solutions, it also exhibits some notable drawbacks that cannot be ig-
nored, since they are the main limitation of the widespread use of this technology.
In fact, the application of reconfigurability introduces a more complex design and
development phase, due to the usage of active components, which requires controls
and power supply, as well as a preliminary analysis and characterization of the
components to be integrated in the system. Especially for antenna designers, these
aspect transform the design of a passive device to a complex system, in which are
combined electromagnetic theory, digital and analog circuits concepts. Therefore,
aspects like power consumption, RF power rating and EMC arises and introduce
critical constraints in the design. It is noticed that the successful application of
reconfigurability in a real application is strongly related to the considerations of
all the aspects involving the system functionality, instead of focusing only on the
regular RF/Microwave design constraints. For the same reason, CMOS switches
are adopted for the UHF RFID reader application in Chapter 4, in contrast with
some designs found in literature which adopt reconfigurable elements that are not
compliant with the maximum power rating. Moreover, in general, the multitude of
active states leads sometimes to problems due to the non-uniform performance of
the reconfigurable device, and also to a more complex development and validation
phase since all the single cases have to be fully analysed, resulting in much more
effort needed in the design with respect to a standard fixed performance device.

Indeed, the integration with active components imposes to develop new meth-
ods to reduce the decrease in efficiency, which is strongly dependent on the active
element. Similarly, the tunability is also a function of the method used to apply
reconfigurability, and the capability of the switching components to introduce the
required modification of the desired characteristic. Therefore, the results achiev-
able with the application of reconfigurability are determined by the performance
of the elements used to achieve the tuning function. As an example, in the de-
sign of the miniaturized and reconfigurable rat-race coupler in Chapter 3, the use
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of 50 Ω switches in the lines with characteristic impedance of ∼ 70 Ω was forced,
since there were no switch available that satisfy the design requirements (i.e. 75 Ω
switches in DPDT and 2×SPDT configuration). Despite the described drawbacks,
that require further investigations and researches, the reconfigurable antennas and
systems will be fundamental in the future applications to fulfill the modern re-
quirements. Actually, two main uses are forecast for this type of solutions, one
involving the integration of multiple standards in electrically small devices, mostly
operating in the sub-6 GHz frequency domain, while the second research branch for
reconfigurabilty will focus on the advance and performance expansion of mm-wave
and terahertz range devices, where the design complexity and high cost of compo-
nents, related to the extremely high frequency regime, force to reduce the number
of antenna element and to apply smart methods to overcome the limitations of the
system. In the first case, the reconfigurability principle will be supported by the
development of semiconductor-based switching devices, with improved performance
and tunability. In fact, the semiconductor industry is constantly integrating new
features on the chips, while reducing form factor and losses, in order to support the
demand of multi-functional and multi-operation devices. In the second case, involv-
ing mm-waves and low Terahertz frequency ranges, the tunable and phase change
materials (e.g GeTe and Graphene based switches) represent a promising solution
to introduce flexibility on devices characterized by a wavelength of few millimeters
(or even less), which would be otherwise impossible with discrete components. As
concluding remark, from the analysis reported in this thesis, much effort on the
research is asked not only to antenna designers, but also to the semiconductor and
material scientists, for creating the necessary technology that can be uses to face
the future challenges. As a consequence, this aspect redefine the role of the an-
tenna and RF/microwave designer, that is requested to have a multi-disciplinary
background in order to deal with the multiple technologies and techniques in use.
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Appendix A

Phase Balancing Term Calculation

In Fig. A.1 are reported the two reconfigurable branches and switches in both
f1 and f2 configurations. For calculating the values of inductor L and capacitors
C composing the T−type unit cells of both LH-ATLs and RH-ATLs, reported in
Fig. 3.1, all the phase contributions have to be considered and added (with correct
sign), and the equality to ±90° imposed.

Beside the two lumped components, the other single elements which are con-
tributing to the total phase of the branch are the transmission lines sections and
the switch, attaining a phase ϕl = −βl (fx) ll = ω1

√
LCll and ϕs = −βs (fx) ls =

ω1
√

LCls respectively, where βl and βs are the corresponding phase constants (cal-
culated at frequency fx), L, C are the distributed capacitance and inductance of a
50 Ω line (used also to model the switch) and, finally, ll, ls are the relative physical
lengths. For a clearer view of the different phase terms which are composing the
reconfigurable branches of the rat-race coupler, all the single contribution types are
listed in Table A.1, where in particular the phase contribution of the two ATLs
unit cell types are decomposed in the purely RH/LH lumped circuital part and the
distribute part given by the microstrip line. Moreover, the phase contributions of
the switches are reported in both the transmission and crossing configurations.

Then, by considering the phase elements described so far, and by defining the
two angular frequencies ω1 = 2πf 1 and ω2 = 2πf 2, the phase contributions of
the four unit cells are reported in (A.1) – (A.4), where the subscript refers to the
frequency band (i.e. f1 or f2) while the superscript refers to the branch, indicating
with “+” the +90° branch and with “−” the -90° branch. With the purpose of
finding the derivatives with respect to ω of the phase equations, the single cell
phase contribution is expressed in terms of angular frequency.

φ+
1 (f1) = 1

ω1
√︂

Lp1Cp1
− ω1

√
LCll (A.1)

φ+
2 (f2) = 1

ω2
√︂

Lp2Cp2
− ω2

√
LCll (A.2)
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(a)

(b)

Figure A.1: Both the frequency agile +90° and -90° branches in both configurations
are reported, including the identifier of each component.

φ−
1 (f1) = −

[︃
ω1

√︂
Ln2Cn2 + ω1

√
LCll

]︃
(A.3)

φ−
2 (f2) = −

[︃√︂
Ln1Cn1 + ω2

√
LCll

]︃
(A.4)

In the same way, the two phase balancing terms are also defined, that are applied
at the -90° branch in both f1 and f2 configuration, as reported in Fig. A.1b:

φC
1 (f1) = 1

ω1
√︂

Lp4Cp4
− ω1

√
LCll (A.5)

φC
2 (f2) = 1

ω2
√︂

Lp3Cp3
− ω2

√
LCll (A.6)

For the calculation of the Phase Balancing Terms, it is first considered the case
of the two branches in the highest center frequency f2, which represents the worst
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Table A.1: List of Phase Terms Composing the RH-ATLs and LH-ATLs

Left Handed ATL Unit Cell
Discrete LH Line Phase Term Transmission Line Phase Term

ϕLH = 1
ω

√︂
LpCp

ϕl = −ω
√

LCll

Right Handed ATL Unit Cell
Discrete RH Line Phase Term Transmission Line Phase Term

ϕRH =
−ω

√︂
LnCn

ϕl = −ω
√

LCll

Switch Configurations
Switch Transfer Phase Term Switch Crossing Phase Term

ϕ1
s = −ω

√
LCls ϕ2

s = −2ω
√

LCls

case for this application. As discussed in Sect. 3.4.1 the total sum of the phase
contributions for the +90° branch at frequency f2, needed to write the +90° phase
condition and indicated here as Ψ+

2 , is calculated by multiplying the number of
LH-ATL unit cells n and m1, relative to the fixed and switchable ATL sections,
with the corresponding phase contribution, expressed in (A.1) and (A.2), and by
adding the phase delay of the switch (two times because it is operating in crossing
mode):

Ψ+
2 = n

⎛⎝ 1
ω2

√︂
Lp1Cp1

− ω2
√

LCll

⎞⎠ − 2ω2
√

LCls

+m1

⎛⎝ 1
ω2

√︂
Lp2Cp2

− ω2
√

LCll

⎞⎠ = π

2

(A.7)

Similarly, the phase condition Ψ−
2 is written for the -90° branch at frequency f2

(occurrence of switch equal to two in this branch), by adding n RH-ATL unit cells
(phase attained for each cell expressed in (A.4)) and m2 PBT unit cells, specified
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in (A.6):

Ψ−
2 = n

(︃
−ω2

√
LCll − ω2

√︂
Ln1Cn1

)︃
− 2ω2

√
LCls

+m2

⎛⎝−ω2
√

LCll + 1
ω2

√︂
Lp3Cp3

⎞⎠ = −π

2

(A.8)

In order to have the same phase characteristic, the phase derivatives of Ψ+
2 and Ψ−

2
with respect to ω2 have to be equal (at frequency f2). Therefore, the derivatives
dΨ+

2
dω2

dΨ−
2

dω2
of (A.7) and (A.8), respectively, are calculated.

dΨ+
2

dω2
= n

⎛⎝−
√

LCll − 1
ω22

√︂
Lp1Cp1

⎞⎠ − 2
√

LCls + m1

⎛⎝−
√

LCll − 1
ω22

√︂
Lp2Cp2

⎞⎠
(A.9)

dΨ−
2

dω2
= n

(︃
−

√
LCll −

√︂
Ln1Cn1

)︃
− 2

√
LCls − m2

⎛⎝√
LCll + 1

ω22
√︂

Lp3Cp3

⎞⎠ (A.10)

For calculating the PBT for the highest frequency band f2, indicated as φC
2 (f2) the

equality between the derivatives (A.9) and (A.10) has to be set:

dΨ+
2

dω2
= dΨ−

2
dω2

=⇒ n

⎛⎝−
√

LCll − 1
ω22

√︂
Lp1Cp1

⎞⎠ − 2
√

LCls

+m1

⎛⎝−
√

LCll − 1
ω22

√︂
Lp2Cp2

⎞⎠ = n
(︃

−
√

LCll −
√︂

Ln1Cn1

)︃

−2
√

LCls + m2

⎛⎝−
√

LCll − 1
ω22

√︂
Lp3Cp3

⎞⎠
(A.11)

Equation (A.7) and (A.8) can be rearranged, gathering the LH and RH terms which
are dependent on lumped components, such that:

n

ω2
√︂

Lp1Cp1
+ m1

ω2
√︂

Lp2Cp2
= π

2 + 2ω2
√

LCls + nω2
√

LCll + m1ω2
√

LCll (A.12)

nω2

√︂
Ln1Cn1 = m2

ω2
√︂

Lp3Cp3
+ π

2 − nω2
√

LCll − 2ω2
√

LCls − m2ω2
√

LCll (A.13)

Taking (A.11) and inserting (A.12) in the term 1
ω2

⎛⎝ n

ω2
√︂

Lp1Cp1
+ m1

ω2
√︂

Lp2Cp2

⎞⎠
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and (A.13) in the terms 1
ω2

(︃
nω2

√︂
Ln1Cn1

)︃
, it is obtained:

1
ω2

(︃
π

2 + 2ω2
√

LCls + nω2
√

LCll + m1ω2
√

LCll

)︃
+ m1

√
LCll + 2

√
LCls =

1
ω2

⎛⎝ m2

ω2
√︂

Lp3Cp3
+ π

2 − nω2
√

LCll − 2ω2
√

LCls − m2ω2
√

LCll

⎞⎠
+2

√
LCls + m2

√
LCll + m2

ω22
√︂

Lp3Cp3

(A.14)

At this point,the ratio with Lp3 and Cp3 in (A.14) is expressed in terms of constants,
which will sum up, finding that the condition for the phase derivative balancing
imposed to the metamaterial unit cells (in terms of Lp3 and Cp3) is:

2 m2

ω22
√︂

Lp3Cp3
= 4

√
LCls + 2m1

√
LCll + 2n

√
LCll (A.15)

Which corresponds to the total phase contribution required to balancing the phase
of:

m2

ω2
√︂

Lp3Cp3
= 2ω2

√
LCls + (m1 + n) ω2

√
LCll (A.16)

From the latter equation it is clear that an electrically small switch on the +90°
branch and lines hosting the components on the metamaterial unit cell require less
amount of phase for balancing the derivatives.

The phase contribution for the phase balancing term φC
1 in the f1 case is found

with a similar procedure. At first, the two phase conditions Ψ+
1 for the +90° and

-90° cases are written as sum of n LH-ATL unit cells, and taking into account the
delay of the switch:

Ψ+
1 = n

⎛⎝ 1
ω2

√︂
Lp1Cp1

− ω2
√

LCll

⎞⎠ − 2ω2
√

LCls = π

2 (A.17)

Then, the phase conditions Ψ−
1 is found adding for n and m3 RH-ATL unit cells, in-

cluding also m4 LH-ATL unit cells for the PBT term and considering the occurrence
of switch equal to two:

Ψ−
1 = n

(︃
−ω1

√
LCll − ω1

√︂
Ln1Cn1

)︃
+ m3

(︃
−ω1

√
LCll − ω1

√︂
Ln2Cn2

)︃

−2ω1
√

LCls + m4

⎛⎝−ω1
√

LCll + 1
ω22

√︂
Lp3Cp3

⎞⎠ = −π

2

(A.18)
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The derivatives with respect to ω1 of (A.17) and (A.18) are then calculated for
imposing the condition on the phase:

dΨ+
1

dω1
= n

⎛⎝−
√

LCll − 1
ω12

√︂
Lp1Cp1

⎞⎠ −
√

LCls (A.19)

dΨ−
1

dω1
= n

(︃
−

√
LCll −

√︂
Ln1Cn1

)︃
− 2

√
LCls + m3

(︃
−

√
LCll −

√︂
Ln2Cn2

)︃

−m4

⎛⎝√
LCll + 1

ω12
√︂

Lp4Cp4

⎞⎠ (A.20)

In order to have the same derivative for the positive and negative phase contribu-
tions, the following condition have to be satisfied at frequency f1:

dΨ+
2

dω2
= dΨ−

2
dω2

=⇒ n

⎛⎝−
√

LCll − 1
ω12

√︂
Lp1Cp1

⎞⎠ −
√

LCls =

n
(︃

−
√

LCll −
√︂

Ln1Cn1

)︃
− 2

√
LCls + m3

(︃
−

√
LCll −

√︂
Ln2Cn2

)︃

+m4

⎛⎝−
√

LCll − 1
ω12

√︂
Lp4Cp4

⎞⎠
(A.21)

Expanding and changing the sign of the equation (A.21) it is found:

n
√

LCll + n

ω12
√︂

Lp1Cp1
+ ω1

√
LCls = n

√
LCll + n

√︂
Ln1Cn1 + ω1

√
LCls

+m3
√

LCll + m3

√︂
Ln2Cn2 + m4

√
LCll + m4

1
ω12

√︂
Lp4Cp4

(A.22)

As in the case of f2 frequency band, (A.1) and (A.3) are rearranged such that:

n

ω1
√︂

Lp1Cp1
= π

2 + ω1
√

LCls + nω1
√

LCll (A.23)

nω1

√︂
Ln1Cn1 + m3ω1

√︂
Ln2Cn2 = m4

ω1
√︂

Lp4Cp4
+ π

2 − nω1
√

LCll

−2
√

LCls − m3ω1
√

LCll − m4ω1
√

LCll

(A.24)

Again in the calculated (A.21), (A.23) is substituted in 1
ω1

⎛⎝ n

ω1
√︂

Lp1Cp1

⎞⎠; and
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(A.24) in 1
ω1

(︃
nω1

√︂
Ln1Cn1 + m3ω1

√︂
Ln2Cn2

)︃
:

1
ω1

(︃
π

2 + ω1
√

LCls + nω1
√

LCll

)︃
+ ω1

√
LCls =

1
ω1

⎛⎝ m4

ω1
√︂

Lp4Cp4
+ π

2 − nω1
√

LCll − 2
√

LCls − m3ω1
√

LCll − m4ω1
√

LCll

⎞⎠
+2

√
LCls + m3

√
LCll + m4

√
LCll + m4

1
ω12

√︂
Lp4Cp4

(A.25)

Terms in (A.25) will cancel out, while the other sum up, obtaining the final expres-
sion for the determination of the lumped components needed to be inserted in the
PBT LH-ATL unit cells for equalizing the phase characteristic at f1:

2
√

LCls + n
√

LCll = −n
√

LCll + m4
2

ω12
√︂

Lp4Cp4

=⇒ m4

ω12
√︂

Lp4Cp4
=

√
LCls + n

√
LCll

(A.26)

Equation (A.26) shows that in this case the phase balancing term φC
1 (f1) is only

dependent on the switch and the number and length of transmission lines sections
used in the fixed part of the two branches.
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