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El suefio va sobre el tiempo
flotando como un velero.
Nadie puede abrir semillas

en el corazon del suerio.

jAy, como canta el alba, como canta!

jQué témpanos de hielo azul levanta!

El tiempo va sobre el sueiio
hundido hasta los cabellos.
Ayer y mafiana comen

oscuras flores de duelo.

jAy, como canta la noche, como canta!

jQué espesura de anémonas levanta!

Sobre la misma columna,
abrazados suefio y tiempo,
cruza el gemido del nifio,

la lengua rota del viejo.

jAy, como canta el alba, como canta!

jQué espesura de anémonas levanta!

Y si el suerio finge muros
en la llanura del tiempo,
el tiempo le hace creer

que nace en aquel momento.

jAy, como canta la noche, como canta!

jQué témpanos de hielo azul levanta!

Federico Garcia Lorca, Asi que pasen cinco afios, 1933.
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Introduction

Wireless communication systems are based on the transfer of information without
the necessity of being connected by a physical link. First transatlantic transmis-
sion was performed on the 12th December 1901 by Marconi (see Fig. 1) between
Poldhu, United Kingdom, and Newfoundland, Canada, demonstrating the capabil-
ity to transmit electromagnetic waves over large distances. Since then, communi-
cations systems have experimented a tremendous growth with the development of
new applications and devices. In addition to all subsystems involved in a commu-
nication system, a key part of them is related to the ability to transmit the energy
in a suitable manner. Therefore, it is necessary a device that allows the conver-
sion of electric power into electromagnetic waves. The device that performs such
a conversion is known as antenna, and basically works by creating time-varying
magnetic and electric fields around the antenna elements that radiate away into
space as a moving electromagnetic wave.

A large variety of antennas have been designed over the years attending to
a wide range of applications. An example of this are the leaky-wave antennas
(LWAs). This type of antennas is based on the leakage of energy along a trans-
mission line, and due to the features of their radiation mechanism they are also
known as travelling-wave antennas. Earliest examples of LWAs were proposed in
conventional waveguide technology, and later their radiation principles have been
extended to almost any type of transmission line.

One of the main reasons because LWAs have received much attention over the

years, is their capability to combine in one single device the radiating element
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Figure 1: Fan aerial used by Marconi at Poldhu Point in Cornwall, UK, for trans-
missions to Newfoundland, CA.

with the transmission line. In this manner, they can be easily fed and integrated
with other devices. This integration has been even more evident with the rise of
the printed circuit board technology, which has allowed that most of the subsys-
tems involved in a communication system can be integrated in a single substrate.
Moreover, the development of new applications, e.g. collision avoidance systems,
and their extension to consumer electronics have made possible to maintain the

interest in this kind of antennas.

The radiation properties of the LWAs are mainly determined by the complex
propagation constant (k = [ — ja) of the leaky mode travelling along the an-
tenna. For that reason, the radiation pattern provided by the antenna varies with
the frequency. This property is inherent to most of LWAs, which makes them very
interesting for scanning applications, such as radars. However, for point-to-point
communications this dependence on the frequency is usually a drawback because
the bandwidth of the antenna is limited to a range over which the beamwidth does

not drop more than 3 dB respect to the maximum gain. Moreover, depending
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on if the phase constant 3 is greater or smaller than the free-space wavenumber
ko = 2w /)Xo, the leaky mode can behave as a “fast wave” (5/ko < 1) and thus
radiate or as a “slow wave” (8/ko > 1) and be bounded inside the transmission
line. Another important characteristic of the LWAs is that by suitably control-
ling its leakage rate «, they can be designed to efficiently illuminate large radiat-
ing apertures and therefore providing high directivities. Additionally, due to the
guided modes are responsible for the radiation, the analysis can be usually per-
formed with efficient modal tools, such as transverse equivalent networks, which
typically provide a better insight into the structure.

LWASs can be divided into two main categories attending to the geometry of
the guiding structure. In particular, whether the geometry is uniform along its
propagation length, the structure can be classified as a uniform LWA, whereas if
the geometry is periodically modulated, the structure is defined as a periodic LWA.
The fundamentals for both types of LWAs are similar, being the main difference
between them that periodic LWAs can be analyzed as an infinite superposition
of Floquet’s space harmonics, n = ..., —1,—2,0,1,2,.... As a result of the
excitation of these space harmonics, periodic LWAs can be designed to radiate
backward with a suitable choice of the structure’s period. Moreover, periodic
LWAs can show a scanning range from backward to forward contrary to uniform
LWAs which can only scan in the forward region. In order to obtain this backward
to forward scanning capability, periodic LWAs are usually designed to operate
with the n = —1 space harmonic which requires to set the rest of space harmonics

in the slow wave region to avoid multiple beams.

Motivation

The main motivation to perform this doctoral thesis has been to design a new type
of leaky-wave antenna in planar technology, with the capability to independently
determine both the phase constant and the leakage rate of the leaky mode. Al-

though a large variety of designs have already been proposed in different planar
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technologies, such as microstrip and coplanar, no flexible control over the com-
plex propagation constant has been reported so far. The importance of obtaining
such flexible control resides in the capability to synthesize arbitrary illumination
functions at the aperture of the antenna. These fields radiated at the aperture de-
termine the radiation pattern of the antenna, and they can be directly related to the
guided leaky mode. Therefore, a wide range of non-conventional radiation pat-
terns can be synthesized by properly tapering the leaky mode along the structure.

With the purpose of solving this lack of flexibility in previous planar designs,
the recently proposed technology of substrate integrated waveguide (SIW) has
been used due to its main characteristics of low-profile, low losses, and high iso-
lation. In this manner, a conventional SIW structure has been modified in order
to allow the radiation of the guided mode within the SIW, moreover, by means
of a flexible control over the phase constant and the leakage rate of this guided
mode an effective control over the radiated fields has been obtained. Several ex-
amples have been designed to validate the theoretical concepts developed along
this thesis. In particular, the synthesis of non-conventional radiation patterns both
in near and far field has been obtained. Moreover, the proposed SIW LWA has
been analyzed with a modal tool specifically developed to this aim, which allows
the computation of the complex propagation constant as function of the main geo-

metrical parameters of the structure.

Outline

In order to cover the most important aspects related to the analysis and design of
leaky-wave devices in planar technology. This thesis has been divided into six
chapters. In particular, it has been dealt with the bases of the SIW technology, the
analysis of a novel 1-D leaky-wave antenna in SIW technology, the development
of a modal tool based on a transverse equivalent network of the structure, the
design of several prototypes with non-conventional radiation patterns radiating

both inward and outward of the substrate, and a radial array configuration to obtain
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a pencil beam radiation pattern in the far-field region and a similar configuration
but designed to obtain 3-D near-field focusing. Moreover, due to the modified SIW
structure used in this thesis can be considered as a 1-D leaky-wave line source, its

theoretical radiated fields have been included in Appendix A.
Next, a brief summary with the content of the different chapters is shown.

In Chapter 1 the bases of the technology of substrate integrated waveguide are
addressed. Concretely, a brief review of the main characteristics of this technol-
ogy, including equivalent width compared to conventional rectangular waveguides
and computation of its material losses, has been described. Also, the most com-
mon transitions used to connect SIWs with other planar transmission lines, such
as microstrip and coplanar, are outlined. Finally, some of the main applications

that have already been reported for SIW devices are summarized.

Chapter 2 describes the operation principle of a new kind of leaky-wave an-
tenna in substrate integrated waveguide technology. Particularly, the characteriza-
tion of the radiation mechanism and the control of the leaky mode are described.
In order to validate the proposed SIW LWA, several prototypes have been manu-
factured and measured. Moreover, the results have been compared with full-wave
simulations of the complete structure. Also, the feeding mechanism used to con-

nect the SIW with a conventional microstrip line is described.

In Chapter 3 a modal tool based on the transverse resonance analysis of the
SIW LWA cross section is described. To this aim, the different elements that form
the transverse section of the SIW have been characterized. The rows of metal-
lic posts that delimit the width of the SIW have been modeled by an equivalent
impedance obtained from an analysis of TE plane wave incidence, and the dis-
continuity of the dielectric filled parallel-plate waveguide with truncated upper
plate has been characterized by a radiation impedance valid for electrically thin
substrates. By arranging all these elements that constitute the SIW LWA cross sec-
tion, a transverse equivalent network can be formed and a modal analysis can be

used to compute the leaky mode as function of the main geometrical parameters
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of the antenna.

Chapter 4 shows the synthesis of several designs of tapered planar leaky-wave
devices radiating both in the free space and inside the substrate. With this purpose,
the modal tool developed in Chapter 3 is used. In Section 4.2 the use of confor-
mal antennas has been studied, moreover, several applications such as an angular
bandpass filter in Section 4.3, near-field focusing inside a parallel-plate waveguide
in Section 4.4, and a quasi-optical multiplexer in Section 4.5 have been developed,
including the manufacture and measure of the prototypes.

In Chapter 5 two array designs of 1-D LWAs radially arranged around a central
feeding are presented. Firstly, in Section 5.1 is shown an array of eight 1-D SIW
LWA s that provides a pencil beam radiation pattern pointing at broadside thanks
to the fulfillment of the splitting condition (o« = /3), and secondly, a non-uniform
sinusoidally modulated half-mode microstrip structure with application to near-
field focused leaky-wave radiation in the backward Fresnel zone is proposed in
Section 5.2.

Finally, the main conclusions achieved along this thesis are summarized in
Chapter 6, and a list with the most relevant publications that have been generated

during this thesis has been added in the last section.



Chapter 1

Bases of Substrate Integrated
Waveguide Technology

1.1 Introduction

In this chapter, the main characteristics of substrate integrated waveguide (SIW)
technology are addressed. Moreover, some of its main applications, which have
already been reported for SIW devices, are also introduced. However, some as-
pects dealt along this chapter have been only briefly discussed and may be com-

pleted with other works about SIW, such as [1] and [2].

Conventional rectangular waveguide (RWG) technology has characteristics of
low cost and high performance. For that reason, it is still the mainstream in the
design of radio frequency systems [1], [3]. But despite being a very mature tech-
nology, is not well suited to the requirements of mass-production, because it re-
quires great effort of assembly. Moreover, the volume and weight of the devices
cannot be easily reduced to fit arbitrary requirements [1].

On the other hand, planar technologies have characteristics of low-profile and
easiness of manufacture, but they typically show significant limitations such as

high losses and low quality-factor. Therefore, microwave circuits frequently inte-
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grate both technologies to take advantage of the best performance of each one.

With the aim of overcoming the previous drawbacks, a new generation of high-
frequency circuits called as substrate integrated circuits (SICs) has been recently
proposed [1]. The basis of the SICs is to integrate non-planar structures into a
dielectric substrate. This new concept unifies integration of planar and non-planar
circuits in the same substrate. Despite the recent apparition of the SICs, technolo-
gies based on this concept, such as the substrate integrated waveguide (SIW), have

become very popular due to their similar performance to RWG counterparts.

First designs of SIW devices were known as post-wall waveguide [4] and lam-
inated waveguide [5], and they were proposed as feeding networks in antenna
arrays. Later, a large variety of applications have been developed by using this
concept [2]. SIW structures mainly consist of a dielectric filled parallel-plate
waveguide, which has two rows of metallic via-holes that act as the electric side-
walls in RWGs. Thus, most of the components can be performed using the same
standard process as in PCB technology [1]—[3]. The resulting structure shows sim-
ilar electrical properties to those of the RWGs. Likewise, the design techniques
used for modeling RWG devices can be successfully applied to design SIW com-
ponents [2].

Although SIW devices have better loss characteristics than their counterparts
in planar technologies, the use of dielectric materials, which have inherently ma-
terial losses, reduces the quality-factor of the SIW compared to RWG [1]-[3].
Nonetheless, it is still better than the obtained in conventional planar technologies
such as microstrip and coplanar. Therefore, it enables the design of components
with high quality-factor, whereas using a manufacturing technique of low cost.
In addition, the flexibility to use different substrates allows SIW devices to be

integrated with other existing planar components.
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1.2 Characteristics of the SIW

The integration of RWGs with planar circuits is often difficult and requires of a
process with high precision machinery. A practical solution is to use a SIW instead
of the RWG. In this manner, all the microwave components can be integrated in a
single substrate, thus reducing the losses because of transitions or coupling areas.
Moreover, it has the advantage that the circuits, including transitions and SIWs
can be manufactured using a standard PCB process, which makes easier their
manufacture. However, this integration also reduces the quality-factor compared
to RWG devices, because of the higher losses of the dielectric substrate and the
smaller volume of the SIW.

SIWs are usually implemented by placing two rows of metallic posts into a
dielectric substrate. Fig. 1.1 shows an example for a SIW with the following main
parameters: w distance between rows, s separation between posts and d diameter
of the posts. The spacing s must be kept small enough to reduce losses between
adjacent posts. The diameter of the posts d is also relevant to evaluate the losses
of the structure, since the ratio s/d is considered more critical than the length of
the spacing [6]. According to this, the following rules can be considered in order

to reduce the losses in a SIW [7]:

A
d< gg (1.1)
s < 2d (1.2)

These conditions are sufficient but not necessary and larger diameters or sep-
arations could be used with caution. However, they ensure a minimum level of
radiation, therefore, it is important to stay close to these conditions with the aim
of getting optimal performance for the SIW.

SIW devices show similar modal solutions for the propagating modes than
those of RWGs. In this manner, the fundamental mode in SIWs is equivalent to

the TE;y of RWGs. However, due to the discontinuities along the propagation
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Via hole

Figure 1.1: Configuration of a SIW structure synthesized using metallic via-hole
arrays [6, Fig. 3].

direction only TE,, modes are supported. This phenomenon is caused by the
separation between posts, which interrupts the continuity of the currents for TM
modes and does not allow their propagation [6]. On the other hand, the current
distribution for TE,; modes is not cut by the spaces between posts and thus these
modes are supported by SIWs. This effect can be clearly observed by the TE;
surface currents distribution of the rectangular waveguide with slots on the narrow

walls showed in Fig. 1.2.

Figure 1.2: TE, surface currents distribution of the rectangular waveguide with
slots on the narrow walls. [6, Fig. 1].

As a result of the similar modal solutions between SIW and RWG, several
empirical relations have been proposed to obtain an equivalent width for the SIW

and RWG. In [8] a practical relation for obtaining the equivalent width of the SIW
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was derived by using the BI-RME method:

d2
0.95s

(1.3)

Weff = W —

where weg 1S the equivalent width for a RWG. Later, the relation in (1.3) was
modified in [6]:
d2 2
Weff — W — 1.08— + 0.1— (14)
S w

In [9] an equivalence based on the calculation of the surface impedance at the

cylinder wall was proposed and afterward refined in [10]:

2Wesr _1 < s S >
= t In — 1.5
v ™ <0 2weff . 2d ( )

Although these equivalences provide a good approximation for practical cases
of SIW structures, they still lack the flexibility for non-standard relations of s/d.
To solve this drawback a full-wave analysis of the SIW can be performed, and
therefore an accurate value for the propagation constant can be obtained in a
wider range of values of s/d. To this aim, some techniques based on the finite-
difference time domain method or the finite-difference frequency domain [11], the
boundary integral-resonant mode expansion (BI-RME) method [12], the method
of lines [13] and the transverse resonance method [14], [15] have been proposed.
All previous methods have the advantage of using a unit cell analysis in order to
determine the propagation constant of the SIW, which significantly reduces the

computational effort.

The bandwidth of conventional SIW structures is similar to that of RWGs.
In this manner, the cutoff frequency of the SIW is determined by its width w.
A practical bandwidth for the fundamental mode TE;, is given from the cutoff
frequency f; = (2weff\/ﬁ)*1 of the TE to the cutoff frequency fo = 2f; of the
TE5; mode.

Another important characteristic of SIW structures is related to their losses
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as transmission line. There are three main losses mechanisms involved in the
analysis of the performance of a SIW structure [12]: dielectric losses oy (caused
by the inherent dissipation of electromagnetic energy into it), conductor losses a.
(as result from Joule heating of electrical currents in the conductors) and radiation
losses ;- (due to the gaps between posts which do not allow the electromagnetic
energy to be entirely confined in the SIW cavity). Due to the similarities between
RWGs and SIWs conductor and dielectric losses can be estimated from those of
a RWG. In this manner, by using the relations given in [16, pp. 340, 351] these

losses expressed in Np/m are determined by:

k%tan d
oy = 71 (1.6)
R, oh k.2
R S 1.7
! nhy/1 — e ( +weff kQ) (-0

where tan ¢; is the dielectric loss tangent, [ the phase constant along the prop-
agation direction, R; = \/wp /20 the surface resistance of the conductor with o
conductivity, n = \/r/e the medium impedance, k. = 7 /wes the cutoff wavenum-
ber for the TE;p mode and k = w,/pue = ko,/€, the wavenumber of the medium.
From (1.7) it can be noticed that for a given ratio h/weg, the losses due to the
conductor increase as h is smaller, thus the smaller guide dimensions, the larger
attenuation. On the contrary, the dielectric losses only depend on the loss tangent
and therefore they can be reduced with better quality substrates. With regard to
the radiation losses «,., they can be minimized by decreasing the ratio s/d. Rea-
sonably values for the radiation losses are obtained with ratios s/d < 2 [7]. In
general, it can be stated that the dielectric losses are predominant at mm-wave
frequencies, when using conventional substrates [17].

On the other hand, it is convenient to compare losses in SIW devices with other
planar structures, such as microstrip and coplanar lines, in order to analyze the
real performance of SIW structures. However, it is difficult to obtain an objective

comparative between them since a large number of factors are involved in the
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losses calculation (e.g. thickness and permittivity). Likewise, the microstrip lines
can be more convenient for some kind of substrates than the SIW and the coplanar.
In [18] a comparative considering the losses of the different transmission lines
was performed, showing that for mm-wave frequencies the SIW has comparable

or lower losses than traditional planar transmission lines.

1.2.1 Transitions SIW

An important part of the SIW is related to its integration with other transmission
lines. To this aim, several transitions between microstrip and coplanar transmis-
sion lines and SIW have been proposed [3], [19]. Typically, microstrip and copla-
nar lines are broadband and cover the entire usable bandwidth of the SIW. Fig. 1.3
shows three kinds of transitions that are widely used to connect a SIW with other
printed transmission lines. In particular, a microstrip-to-SIW transition is shown
in Fig. 1.3a, a coplanar-to-SIW transition in Fig. 1.3b and a coplanar-to-SIW tran-
sition based on a 90° bend in Fig. 1.3c. Microstrip-to-SIW transition is the most
used topology due to the wide utilization of the microstrip line. This transition
is based on a tapered microstrip line, which is connected directly to the SIW as
shown in Fig. 1.3a. With the purpose of obtaining a fast implementation of this
type of transition, design equations for taper dimensions have been developed in
[20]. It is important to note that the use of thin substrates increases the conduc-
tor losses and therefore thicker substrates are preferred to minimize this effect.
However, thick substrates also have the drawback that increase the losses in the
microstrip line, therefore, coplanar transmission lines can be a better solution in
these cases, and as result of it, the use of coplanar-to-SIW transitions as the ones

shown in Figs. 1.3b and 1.3c can be required.
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Figure 1.3: Transitions between printed transmission lines and SIW [2, Fig. 5]:
a) Microstrip-to-SIW transition, based on a taper. b) Coplanar-to-SIW transition,
based on a current probe. ¢) Coplanar-to-SIW transition, based on a 90° bend.

1.2.2 Applications of the SIW

Despite the recent emergence of the SIW technology [3], [4], a large number of
applications have already been reported [2]. Most of them are based on their
RWG counterparts, which it has allowed a fast implementation of SIW devices,
such as antennas and both passive and active circuits. Some examples of SIW
passive circuits are filters and couplers. In Fig. 1.4a is shown an example of SIW
filter, which is formed by a conventional SIW and a row of inductive posts with
different offsets [21]. The proposed filter has a bandwidth of 1 GHz for a center
frequency of 28 GHz and an insertion loss of 1 dB. Another filter design was
proposed in [22] for a SIW with irises operating at 60 GHz. Cavity filters with
both rectangular [23] and circular [24] cavities have also been implemented in
SIW. In [25] a multi-layered structure was designed to improve the performance
of the filter and achieve an elliptic response in C-band. An electromagnetic band-
gap structure was used in [26] to design compact super-wide-band filters.
Directional couplers are another example of passive devices that have been
successfully designed in SIW technology. In [27] a design procedure to obtain
different coupling rates was developed. Another design based on a cruciform

structure and operating at 24 GHz was proposed in [28]. In addition to filters and
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couplers, other examples such as diplexers [29], [30], magic-T [31], six-port cir-
cuits [32], [33] and circulators [34] have been also implemented in SIW. Another
interesting SIW design was proposed in [35] to develop a low-cost and low-profile
1:N SIW power divider. Fig. 1.4b shows a prototype for 1:16 power divider, which
provides less insertion losses than other planar alternatives. This divider can be

used as power combiner for amplifier design or as feeder for antenna array.

() (b)

Figure 1.4: Two practical SIW circuits examples: a) an SIW inductive post filter
with microstrip transitions, and b) an SIW 1:16 power divider with microstrip
input/output interfaces [1, Fig. 4].

Although SIW active circuits have received less attention than passive circuits,
a large variety of designs including resonators, oscillators, mixers and amplifiers
have also been implemented in SIW technology. In [36] a resonator manufactured
with a conventional substrate provided a quality factor of 500. A 12.02 GHz os-
cillator was designed in [37] with a Q of 178. A push-push oscillator at 29.5 GHz
based on a SIW resonator was presented in [38]. In [39] a tunable SIW res-
onator designed for X-band obtained an unloaded Q of 286 for a tuning range of
492 MHz. By combining coupling active devices with hybrid passive circuits, the
capability to obtain mixers circuits in SIW technology have been demonstrated.
In particular, an X-band single balanced diode mixer using a 90° hybrid was pro-
posed in [40] (see Fig. 1.5b). Another design using the same topology was pro-

posed in [41] for a 24 GHz automotive radar system-on-package front-end. An
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X-band single-transistor amplifier with 9dB gain and less than 2 dB ripple over
the entire X-band was designed in [42] (see Fig. 1.5a). In [43] a Ka-band power
combining amplifier based on SIW and half-mode SIW (HMSIW) technology
was proposed. This device, which was designed to operate in the range from
33.5 GHz to 35.5 GHz providing a combining efficiency of 72% at 34.3 GHz, con-

sists of an input N-way power divider, followed by N-parallel amplifier circuits

and an N-way power combiner.

#==" | Output matching network
and decoupling capacitor
/

ndino MIS +

o
-------

Input matching network
and decoupling capacitor

(b)

Figure 1.5: Two examples of SIW active circuits: a) photograph of the fabricated
amplifier in [42, Fig. 5], and b) photograph of the fabricated SIW mixer in [40,

Fig.5].

In addition to the aforementioned SIW devices, a wide range of antennas have
also been designed in SIW. As most of the other SIW components, these antennas
have been based on their equivalent in other technologies. First designs were
proposed from RWG antennas, e.g. a resonant array of longitudinal slots operating
at X-band was designed in [44]. From the approach of travelling-wave antennas,
a SIW antenna was proposed in [45]. Using the TE;y mode and radiating with
the n = —1 space harmonic a travelling-wave antenna was also designed in [46].
Based on the radiation mechanism of the microstrip first higher-order mode a
leaky-wave antenna was proposed in [47]. This antenna has been developed in

the course of this thesis and its performance is explained in detail along the next

chapters.
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Apart from the previous topologies, other antenna designs based on different
radiation mechanisms have also been implemented in SIW. In [48] a modified
version of the Vivaldi radiator was proposed for a center frequency of 36 GHz.
Cavity-backed antennas have also been reported in several works [49]-[52] pro-
viding relatively high efficiency 70%. In [53] a dielectric loaded H-plane sectoral
horn antenna was proposed. Moreover, SIW have been used to design feeding net-
works in multibeam applications. For example, in [54] a parabolic reflector was
used to feed a multibeam array of longitudinal slots, in [55] a Rotman lens was
designed to obtain a beam-forming network, a Blass matrix was proposed in [56],
a leaky-wave slot array antenna fed by a dual offset Gregorian reflector system

was proposed in [57], and a folded Butler matrix was used in [58].






Chapter 2

1-D Leaky-Wave Line Source

A novel planar leaky-wave antenna with flexible and independent control of its
fundamental leaky-mode phase and leakage rate, is presented in this chapter. The
proposed structure is based on a half-mode microstrip line which is loaded with
an additional row of periodic metallic posts. The radiation mechanism is similar
to the conventional microstrip leaky-wave antenna operating in its first higher-
order mode, with the novelty than the leaky-mode leakage rate can be controlled
thanks to the addition of the periodic metallic vias. In this way, it is demon-
strated how the antenna pointing angle and main lobe beamwidth can be freely
designed to obtain the desired high-directivity beam-scanning radiation pattern,
while assuring high radiation efficiency. This total control over the leaky-mode
complex propagation constant is obtained in a totally planar structure, providing
a low-cost, low-profile, simply feeding, and easily integrable leaky-wave technol-
ogy for high-gain beam-scanning applications. Several prototypes operating at
15 GHz have been designed, simulated, manufactured and tested, to demonstrate

the operation principle and design flexibility of this leaky-wave antenna.
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2.1 Introduction

Planar leaky-wave antennas (PLWAs) have been object of study in past decades
due to their inherent capability to combine the characteristics of planar antennas
(low profile, low-cost, and simplicity of integration with other planar circuits),
with the performances of the LWAs (simple feeding, high directivity and fre-
quency beam scanning capability) [59]-[81]. First attempts to achieve PLWAs
were proposed in 1979 by Ermert [59] and Menzel [60] based on the radiation
of the first higher order mode of the microstrip line. However, almost a decade
passed until Oliner and Lee explained in detail the radiation mechanism of the
PLWA based on the complex nature of the associated first higher order leaky-
mode of the microstrip line [61]-[63]. Once the microstrip LWA (MLWA) could
be accurately analyzed, many designs were performed [64], including more com-
plex applications such as phased-arrays [65], [66], switch-controlled arrays [67],
or active antennas [68]—[70] in MLWA technology. Fig. 2.1a shows the layout of a
conventional MLWA, which is asymmetrically fed to excite the first higher order
leaky mode. The electric field distribution of this mode at the microstrip cross sec-
tion (E) is plotted with continuous blue lines, and the equivalent magnetic currents
radiating in the form of a space-wave from the microstrip line edges discontinuity

are plotted with dotted red lines (M).

Thiele et al. proposed a variation of the MLWA, called the half-mode MLWA
(HMLWA) [71], [72] which is shown in Fig.2.1b. As it can be seen, the width of
the microstrip is reduced to half (1¥//2 in Fig.2.1), by using close shorting pins
at one side of the microstrip line, which act as a perfect electric conductor (PEC)
wall. The field lines of the operating leaky-mode and the radiating equivalent
magnetic currents are also shown for this HMLWA in Fig.2.1b. This topology
has also the advantage of inherently suppressing the fundamental qTEM mode
of the microstrip line, thus avoiding any undesired excitation of this nonradiating

mode [61]-[63] which would result in a reduction of radiation efficiency. More-
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Figure 2.1: Planar leaky-wave antennas: a) Menzel antenna, b) Thiele half-mode
LWA, c) novel PLWA proposed in this thesis and d) slotted SIW.

over, since the leaky mode is the fundamental mode in the HMLWA, the excitation
becomes easier, and complicated feeding structures [64] are not needed anymore.
Recently, some interesting designs have been proposed using this HMLWA tech-
nology [73]-[75]. Composite right-left handed microstrip lines (CRLH) have also
been engineered to conceive “metamaterial” MLWAs [76]-[78]. These MLWAs
are based on much more complicated periodic unit-cells to make the dominant mi-
crostrip mode become leaky, providing backward-to-forward scanning capability.

Nevertheless, the main drawback of all previous MLWAs is that the leaky-
mode leakage rate a and phase constant 3 cannot be independently controlled:
once the substrate has been chosen, only the microstrip line width W (see Fig. 2.1)
can be adjusted, resulting in a simultaneous change of the leaky-mode radiated
main beam angle frap and leakage rate. For this reason, the radiation efficiency
nrap cannot be optimized for a given scanning angle and radiating length, re-
sulting in low efficiency designs and in the generation of an unwanted reflected
lobe (overall for short MLWAs). Many attempts have been made to reduce this
reflected lobe in short MLWAS, such as the use of aperture coupled patches [65],
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[79], [80], conducting poles [66], [67], or printed dipoles [81], located at the out-
put end of the LWA in order to re-radiate the energy which could not be efficiently
radiated by the leaky mode along the LWA length L 4 (see Fig.2.1). As it is well
known, a versatile and efficient LWA is that one which allows an independent
tune of the leaky-mode phase constant (which determines the scanning angle) and
leakage rate (which together with the LWA length determines the radiation effi-
ciency and the beamwidth) [82]. So far, this flexible control over the leaky-mode
phase and leakage rate has only been achieved in LWASs in pure waveguide tech-
nology [82] or in hybrid topology which combines printed-circuits within a host
waveguide [83]-[86].

In this chapter, a planar LWA which provides flexible control over the leaky-
mode pointing angle and leakage rate is presented. In this manner, this flexible
control over the leaky mode is achieved in pure planar technology, avoiding the
use of bulky waveguides [82]-[86]. The scheme of the novel PLWA is shown in
Fig.2.1c. As illustrated, it is quite similar to the HMLWA (presenting a microstrip
line with one row of PEC posts), with the addition of a second row of conducting
vias separated a distance P, which behaves as an inductive partially reflective
surface (PRS), as it will be explained in this thesis. The novel structure propagates
a fundamental mode which is similar to the one propagating in substrate integrated
waveguides (SIW) [3], and SIW-based slotted antennas [44], [87], [88] as the
one shown in Fig.2.1d. However, the radiation is not created by the resonant
slots fed by the SIW guide as in [44], [87], [88], but it is due to the continuous
radiation of the leaky mode, which leakage level can be controlled provided the
PRS posts are conveniently spaced, as demonstrated in [6], [45]. The SIW LWA
presented in [45], however, is different to the one presented in this chapter, since in
[45] a lateral wave radiates from the open-end of the truncated substrate. Instead,
the PLWA in Fig. 2.1c radiates in the form of a space leaky wave created in the
microstrip lateral edge discontinuity, which is the same radiation mechanism than

in conventional MLWASs [59]-[63] and HMLWAs [71]-[75].
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The rest of the chapter is distributed as follows. Section 2.2 describes the
working mechanism of the novel PLWA. Several designs are performed, manu-
factured and tested in Section 2.3 to illustrate the flexibility to control the pointing
angle and the beamwidth with the proposed PLWA, while keeping high radiation
efficiency and avoiding any unwanted reflected lobe. Finally, the conclusions of

this chapter are summarized in Section 2.4.

OUTPUT PORT

PEC ’ PRS
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)l RN ATAARAW
PEC

w PRS W,

(b)

Figure 2.2: Different views of the PLWA: a) Three dimensional view and main
geometrical parameters of the proposed PLWA. b) Electric field lines at the cross
section of the antenna (E-plane).
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2.2 Analysis of a LWA in Planar Technology

The PLWA proposed in this work is formed by a combination of printed circuit and
via-holes, providing a completely planar structure integrated in a single substrate
layer (see Fig. 2.2a). The structure has been designed to operate with the perturbed
TEo leaky mode of the SIW [6] which is created between the PEC posts and the
PRS posts separated a distance 1. The radiation mechanism of a LWA is mainly

defined by the leaky-mode complex longitudinal propagation constant [82]:
k:=0—Jja (2.1)

Concretely, the equivalent magnetic currents M created at the microstrip lat-
eral edge, act as a line source in the z-axis (see Fig.2.1c), and they are responsi-
ble for the high directivity in the H-plane (y-z plane) while for the E-plane (z-y
plane) a typical fan beam is achieved [82]. This radiation mechanism is clearly
observed with the distribution of the electric field lines represented in Fig.2.2b,
moreover, in this representation of the cross section of the LWA, it can also be
seen the typical half-sine field pattern of the TE;y mode travelling inside the SIW,
and how some of the energy of the TE;; mode is coupled into the parallel-plate
waveguide section of length W, which is finally responsible for the outward radi-
ation. The amount of radiated power directly depends on the leakage rate o and

the LWA length L 4, and it determines the antenna radiation efficiency:

« L
mrap = 1 — e~2004 = 1 — ¢ ™45 %0 2.2)

Typically nrap = 90% is selected to allow a feasible control of the antenna
illumination [82]. On the other hand, the efficiently illuminated LWA radiating

length L 4 and the pointing angle 6gap determine the main beam width:

N~ L 2.3)

La
o COS QRAD
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where the scanning angle frap is measured from the y-axis, and it depends on the

leaky-mode phase constant 3:

sin QRAD ~ ? (24)
0

For the proposed antenna, the control of « and 5 can be easily performed
by modifying the printed circuit parameters P and W, as it will be illustrated in
Fig. 2.3 and Fig. 2.4. Once the substrate (thickness and permittivity) and the SIW
width W have been chosen to set the leaky-wave regime in the desired frequency
band, the period between posts P must be designed. For large values of P, the
losses become non negligible and the transmission line suffers from radiation leak-
age [6]. In this case, the periodic conducting posts can be viewed as an inductive
impedance [89, pp. 285-289], acting as a partially reflective surface (PRS) whose
transparency can be controlled by the distance between posts P. On the contrary,
the period Py of the other row of via-holes must be chosen small enough to con-
sider it like a perfect electric conductor (PEC) [6]. Fig. 2.3 and Fig. 2.4 shows the
behavior of «//kq and Ogap when P and W are varied. These results have been
obtained for a frequency of 15 GHz in a lossless substrate with h = 1.57 mm and
€, = 2.2, by using commercial full-wave simulator HFSS [90]. The rest of the
printed-circuit parameters are kept constant to W, = 1.5mm, /) = 2mm and
d = 1mm for all the designs. It must be highlighted that the width W of the
edge microstrip section has to be less than A\/4 in order to avoid the appearance of
unwanted channel modes [82], which will reduce the overall performance of the

antenna as it will be shown in detail in Section 3.3.3.

As it is shown in Fig. 2.3, higher values of P make the PRS more transparent
independently on W, thus increasing the leakage rate «/ky from almost zero for
P =2mmto a/ky = 0.04 for P = 5 mm. On the other side, /" mainly controls
the cutoff frequency of the perturbed TE;; mode of the SIW [6], therefore deter-

mining the leaky-mode phase constant 5 and the associated fgap (2.4) at a fixed
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Figure 2.3: Curves for a/ky and fgap varying the distance between posts P for
several values of W at 15 GHz.

frequency. This control mechanism of the phase constant is clearly observed in
Fig. 2.4, as W is increased from W = 6.9mm to W = 8.8 mm, frap is swept
from 0° to 60° at 15 GHz. From Fig. 2.3 and Fig. 2.4 it is observed how both val-
ues of the leaky-mode propagation constant are affected mutually and therefore
a simultaneous variation of P and W must be performed in order to achieve the
desired values for a and Ogap. It must be highlighted that the antenna proposed in
[45] shows similar flexible control, being the geometrical parameters l;, 2 and p
in [45, Fig. 2] equivalent to W, W and P of the antenna presented in this chapter.
However, in [45] it was not demonstrated this versatility to simultaneously tailor
the leaky-mode phase velocity and leakage rate, moreover, the analysis technique
proposed for obtaining the complex propagation constant is only valid for large

separations between posts (P/d > 5), as it will be demonstrated in Chapter 3.
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Figure 2.4: Curves for a/kg and frap varying the width of the SIW W for several
values of P at 15 GHz.

2.3 Designs and Measurements

In order to validate the theoretical concepts shown in the previous sections and to
demonstrate the ability to tailor the radiation pattern, several designs have been
simulated and fabricated in commercial substrate RT/Duroid 5880 (h = 1.57 mm,
€, = 2.2, tand = 0.0009). A scheme of the complete structure and its main
geometrical parameters is represented in Fig. 2.5. The design can be divided in

three well differentiated parts:
1. Transition from a microstrip to a SIW (L)
2. Transition from a SIW to the LWA (L;)

3. Radiating Leaky-Wave Antenna (L,)



22

1-D Leaky-Wave Line Source

The PLWA is excited by means of a microstrip line at port 1. On the other
hand, the transitions Ly and L; compensate and reduce the mismatch between
propagation constants in both microstrip and SIW transmission lines, as proposed
in [3], [20]. For all prototypes the following transition lengths have been used:
Ly =15mm and L; = 46 mm.

Figure 2.5: Scheme of the novel PLWA including feeding lines.

By processing dispersion curves of gap and o/ kg as a function of the physical
parameters I/ and P, five LWAs have been designed. Three designs with same
pointing angle (2.4) Orap = 30° and variable beamwidth (2.3) from Af = 5°
to Af = 20° were performed for the design frequency of 15 GHz, obtaining the
requested values of L 4, W and P summarized in Table 2.1. On the other hand, in
Table 2.2 the physical dimensions for other three designs where the beamwidth is
kept constant to A# = 10° and the pointing angle is varied from fgap = 10° to
Orap = H0° are represented. All the LWAs of Table 2.1 and Table 2.2 are designed
to provide nrap = 90% (2.2) at the design frequency of 15 GHz, independently of
the variation in the scanning angle and the beamwidth. The fabricated prototypes

are shown in the picture of Fig. 2.6.
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Orap = 50° A8 = 10°

Orap = 30° A6 = 10°

Opap = 10° Af = 10°

Orap = 30° A6 = 20°

Figure 2.6: Photograph of the five manufactured prototypes.

Table 2.1: Physical Dimensions for Three Planar LWAs With Different

Beamwidths and a Constant Pointing Angle (7rap = 90%)

Orap || AO || La(mm) || W(mm) || P(mm)
30° || 20° 68.8 7.15 4.3
30° || 10° 132 7.3 4
30° 5° 262.8 7.43 3.6

Table 2.2: Physical Dimensions for Three Planar LWAs With Different Pointing

Angles and a Constant Beamwidth (nrap = 90%)

Orap || AO || La(mm) || W(mm) || P(mm)
10° || 10° 115.14 7.2 3.03
30° || 10° 132 7.3 4
50° || 10° 177.48 7.6 4.93

The measured H -plane radiation patterns at 15 GHz for the prototype designs
of Table 2.1 and Table 2.2 are plotted in Fig.2.7a and Fig. 2.7b, respectively. As
it can be seen, the desired variation in fgap and A@ are successfully obtained,

experimentally confirming the proposed design flexibility. On the other hand, the
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E-plane radiation pattern is characterized by a typical fan beam [82], as it can be
seen in Fig. 2.8 for the case of the antenna with fgap = 30° and Af = 10°. As
commented in the Section 2.1, a one dimensional array of LWAs might be used
to increase the directivity in the E-plane [82]. The measured cross-polarization
fields are also shown in Fig. 2.8, observing a maximum cross-polarization level of

—8dB.
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Figure 2.7: Measured H -plane radiation diagrams at 15 GHz: a) Variation of the
beamwidth Af for a constant pointing angle fgap = 30°. b) Variation of the
pointing angle fgap for a constant beamwidth A = 10°.



2.3 Designs and Measurements

25

Co-Polarization
0’ — — Cross—Polarization

-180°

Figure 2.8: Measured FE-plane radiation diagram at 15GHz, including co-
polarization and cross-polarization for the LWA with fgap = 30° and Af = 10°.

A comparative showing very good agreement between measured and sim-
ulated H-plane radiation diagrams is depicted for all the designed antennas in
Fig. 2.9. As it can be seen, the H-plane scanning angle and main beamwidth can
be flexible tailored as theoretically predicted. Moreover, the measured values of
gain (G) and directivity (D) are reported for each prototype in the insets of Fig. 2.9,
together with the deduced radiation efficiency (mrap = G/ D). It is shown how the
expected high efficiency (rap =~ 90%) has been obtained for all tailored designs,
in spite of the pointing angle and beamwidth selected. Also, Fig. 2.9f represents
the measured levels of co-polarization (¢ polarization) and cross-polarization (6
polarization) at the H-plane for the case of the antenna radiating at fgap = 30°

with Af = 10°. The rest of designs showed similar levels of cross-polarization.
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Figure 2.9: Measured and simulated H-plane radiation diagrams at 15 GHz for
each antenna: a) fgap = 30° and Af = 20°. b) Orap = 10° and AG = 10°.
¢) frap = 30° and Af = 10°. d) frap = 30° and Af = 5°. e) frap = 50° and
Af = 10°. f) Levels of co-polarization and cross-polarization for fgap = 30° and
Af = 10°.

Fig. 2.10 depicts the measured Si; and Sp; parameters for the antennas with
a fixed beamwidth (Fig. 2.10a), and with fixed pointing angle (Fig. 2.10b) at the
center frequency. Good matching is obtained for all prototypes at the design fre-
quency of 15 GHz (Sy; parameter around —17 dB). Moreover, it can be observed
how both S;; =~ —17dB and S;; = —13dB remain constant for all antennas at
15 GHz. As a consequence, the radiation efficiency extracted from the measured S
parameters (gap = 1 — |S11|? — |S21|?) results in ngap & 90% for all the designs
(independently on the values of fgrap and Af), in coherence with the efficiency
estimated from the measured gain. By using simulations for the antenna with and
without material losses, and comparing them with the measured S parameters, a

difference in Sy parameter at 15 GHz from —11.5 dB (without losses) to —13 dB
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Figure 2.10: Measured S parameters: a) Variation of the pointing angle fgap for a
constant beamwidth Af# = 10°. b) Variation of the beamwidth Af for a constant
pointing angle frap = 30°.

(with losses, in agreement with the measured results) was obtained. Thus, it can
be claimed that the 1.5 dB increase in the insertion losses is due to ohmic losses,

resulting in less than 3% reduction of the radiation efficiency.

Finally, the frequency dispersion of fgap and peak gain for the antenna with
Orap = 30° and A6 = 10° is represented in Fig.2.11. Very good agreement

between simulations (circles) and measurements (continuous line) is observed,
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achieving a measured peak gain of 10.9 dB at fgap = 30° for the design frequency
of 15GHz. Moreover, it can be observed the typical frequency beam scanning
capability inherent to LWAs, that makes them useful for scanning applications,

such as frequency modulated continuous-wave (FMCW) radars [82].
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Figure 2.11: Measured and simulated frequency dispersion of fgap and gain for
the antenna with fgap = 30° and Af = 10° at 15 GHz.

24 Conclusion

The ability to control the leaky-mode complex propagation constant in a PLWA
has been shown in this chapter. This antenna combines the feasibility to flexibly
choose the pointing angle and the beamwidth while keeping optimum high radi-
ation efficiency, and with the advantage of using a complete planar technology.

The proposed design is based on a substrate integrated waveguide (SIW) which
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cavity width I/ and periodicity between via-holes P can be varied to simultane-
ously control the leaky-mode phase and leakage constant. In order to validate the
theoretical results obtained with commercial full-wave software, five prototypes
operating at 15 GHz have been built and measured, showing very good agree-
ment between theory and experiments. In three designs the pointing angle was
kept constant and the beamwidth was varied, whereas for the other two the beam-
width was fixed for different pointing angles, at the design frequency of 15 GHz.
All prototypes showed 90% radiation efficiency, demonstrating the capability of a
planar LWA to obtain a versatile radiation diagram with high radiation efficiency

in a simple, low-cost and effective way.






Chapter 3

Analysis of 1-D Leaky-Wave Line

Sources

A transverse equivalent network is developed in this chapter to efficiently ana-
lyze the substrate integrated waveguide leaky-wave antenna SIW LWA shown in
the previous Chapter 2. For this purpose, precise modeling of the SIW posts for
any distance between vias is essential to obtain accurate results. It is shown how
Marcuvitz closed-form expressions are not valid for short distances due to the
small-obstacle approximation, making necessary a full-wave based modeling of
the radiating posts’ equivalent impedance. A detailed parametric study is per-
formed obtaining leaky-mode dispersion curves as function of the main geometri-
cal dimensions of the antenna. These new results provide physical insight into the
working mechanism of the antenna and predict important effects, such as coupling
with higher-order channel-modes for wide radiating strips, or the increase in the
cross-polarization level for thick substrates. Design curves are obtained for an ef-
ficient design of the antenna pointing angle and directivity. Full-wave simulations
and experimental results on fabricated prototypes operating at 15 GHz validate the

proposed model.
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3.1 Introduction

Leaky-Wave antennas (LWAs) can be efficiently designed by obtaining the com-
plex propagation constant of the radiating leaky mode (k = 8 — j«) as function
of frequency and the main geometrical parameters of the antenna [82]. Recently,
a novel planar LWA in substrate integrated waveguide (SIW) technology was pro-
posed (see Fig. 3.1a), showing the interesting feature of simultaneous control over
the leaky-mode phase and leakage rate by only modifying the SIW printed-circuit
dimensions [91], while keeping its single-layer planar nature. Previous printed-
circuit LWAs, such as the first higher-order mode microstrip [61], [62] or the
half-mode microstrip [71], [72] LWAs did not provide this flexible control over
the leaky mode, thus suffering from limitations in the tailoring of the radiation
pattern and radiation efficiency. The results and designs presented in [91] were
obtained from simulations of the 3D CAD model of the antenna using finite ele-

ment method (FEM) commercial EM solver HFSS [90].

In this chapter, a transverse equivalent network (TEN) (shown in Fig.3.1b)
is developed for the efficient analysis and design of this SIW LWA. As it is well
known, the transverse resonance method (TRM) is a modal approach extensively
used to obtain leaky-mode dispersion curves which assist in the direct design of
LWAs [82], [92]-[94], being this modal alternative much more efficient if com-
pared with the aforementioned analysis of the LWA using full-wave FEM simu-
lations of its complete 3D CAD model. Furthermore, detailed parametric modal
curves can be obtained to study the effect of all the geometrical parts of the an-
tenna, and to give physical insight into the working principles and design rules
of the LWA. With these main objectives in mind, in Section 3.2 is described the
developed TEN, which was first proposed in [95] and it is here enhanced to accu-
rately model the radiating posts’ equivalent impedance for any distance between
SIW vias. It is shown that the small-obstacle limit of Marcuvitz’ analytical model

[89, pp. 285-289] (used in a previous SIW LWA [45]), is overcome with the pro-
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posed TEN, which is validated with full-wave simulations. Section 3.3 of this
chapter presents a parametric study of the antenna, illustrating the influence of
the main geometrical parameters and reporting important effects such as coupling
with higher-order channel-modes for wide radiating strips, or the increase in the
cross-polarization level for thick substrates. These dispersion data are used in Sec-
tion 3.4 to obtain design curves that allow for an efficient and optimized design
of the LWA, which is validated with experimental results on fabricated prototypes

operating at 15 GHz. Finally, Section 3.5 summarizes the main conclusions of this

chapter.
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Figure 3.1: a) Scheme of the novel SIW LWA with its main geometrical parame-
ters. b) Associated TEN of the cross section of the SIW LWA.
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3.2 Development of Transverse Equivalent Network

The scheme of the proposed TEN is shown in Fig. 3.1b. Two sections of transmis-
sion lines of length W and W, model the SIW width and the radiating strip width,
respectively. This strip is terminated on its right side by an equivalent impedance
Zrap Which characterizes the radiating discontinuity due to the truncation of the
upper plate in a dielectric filled parallel-plate waveguide. The closed-form ap-
proximation for the case of electrically thin substrates, which was proposed by
Kuester et al. in [96], is used to model Zgap. Connecting the SIW and the radiat-
ing strip sections, there is a T network that models the row of metallic cylinders of
diameter d and separated at a distance P, and is composed of one parallel inductor
and two series capacitors (with respective reactances X, and Xj;), as it was pro-
posed by Marcuvitz [89, pp. 285-289]. Similar equivalent T impedance network
is used at the left side of the SIW to model the row of metallic ports with period
Py, which is connected to the characteristic impedance Z;, of the parallel-plate
dielectric substrate. Due to the small-obstacle approximation of the Marcuvitz’s
model, these posts reactances need to be obtained with a more accurate method
(at least for P/d < 5) than the analytical one proposed by Marcuvitz.

As it was shown in Chapter 2, the period F is fixed to Py/d = 2 in order to
create a totally-reflective wall as usually done in SIW circuits [3], while the period
P is a design parameter which is varied in the range P/d = [2 — 7] to modify the
transparency of this partially-reflective sheet (PRS), and to obtain control over the
leakage rate [6], [45]. Therefore, an accurate modeling of the posts’ reactances
for any distance P is required for the rigorous analysis and design of the proposed

LWA.

3.2.1 Accurate Modeling of Partially Reflective Inductive Posts

To overcome the restrictions of Marcuvitz’s model, the reactances X, and X, are

extracted from an accurate full-wave analysis of the reflection coefficient pp of
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a periodic row of metallic posts under TE plane-wave incidence, as illustrated in

Fig. 3.2.

®
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Figure 3.2: a) Scheme of TE plane-wave incidence on a row of periodic metallic
posts. b) Equivalent T-circuit model proposed by Marcuvitz [89, pp. 285-289].

This analysis is based on an efficient electric field integral equation (EFIE)
technique, which uses the Green’s function of a periodic distribution of electric
current filaments accelerated with Kummers’ method [97]-[99]. The reflection
coefficient is then computed for the incidence angle Oyc (see Fig. 3.2a), and the
rest of the geometrical parameters (P, d, and €,). Hence, the associated complex

impedance can be then derived from pp:

_ Zp 14 pp(P0ne) —
Zp(P,0inc) = 71: =71 'ZiER ei:z; = Rp(P,binc) + jXp(P,0nc)  (3.1)

Next, the real and imaginary parts that form this impedance, Rp(P, finc)
and Xp(P, 6nc), are compared with the T network proposed by Marcuvitz [89,
pp- 285-289] and shown in Fig. 3.2b. After some algebraic manipulations, where
it has been taken into account that the T model is ended by the characteristic
impedance Z; of a TE-polarized wave, the following equations relate the normal-

ized reactances X, and X, to the real and imaginary parts of Zp, Rp and X p, thus
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expressing their dependence on P and fnc:

_ X, |— Xp(P,6 2
Xa(P,0ine) = Zo Rp(P,0inc) |1+ (1 —%(PH;T:CJ ] (3.2)
_ Xy — Xp(P,6

Xp(P,0ne) = Zl)’ = X.(P,0nc) — - %(Pn;;)lc) (3.3)

Fig. 3.3 shows with circles the values of the normalized reactances X, and
X, obtained from Egs. (3.1)~(3.3) as function of P for O = 30°, at the anal-
ysis frequency of 15GHz and for ¢, = 2.2 and d = 1 mm. Results obtained
from Marcuvitz closed-form expressions for an inductive array of cylindrical posts
[89, pp.285-289] are also included in continuous line. For large separations
(P > 5mm), good agreement is observed between both approaches, observing
how X, increases and X, decreases as the distance between posts is enlarged.
However, as the posts are located in closer proximity, Marcuvitz’ results become
less accurate due the small-obstacle approximation involved in the derivation of
his formulas. The limit mentioned by Marcuvitz (P/d > 5 [89]) is coherent with

the results plotted in Fig. 3.3. Particularly, it can be observed that X, becomes

0.6

Freqg=15GHz |:

Figure 3.3: Equivalent T network reactances as function of P for ¢ = 30°.
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negative for P < 3 mm, which has not physical meaning since it would model a
negative inductance. Similar results were obtained for other angles of incidence,
observing that for larger values of fyc the inaccuracies are even more remarkable,
as also mentioned by Marcuvitz in his model. The numerical approach proposed
in this chapter can accurately obtain the inductance and capacitance of the array
of metallic posts for any value of P and fyc, which is essential for the analysis

and design of the proposed SIW LWA.

Fig. 3.4 shows the reflection coefficient, pp, associated to the scenario of TE
plane-wave incidence studied in Fig. 3.3, varying P for three different values of
Oine- Results obtained using commercial full-wave software CST [100] are also
plotted, validating the numerical technique proposed to model the array of vias for
any value of P and fyc. As expected, the array behaves as a totally reflective sheet
for small values of P, and it becomes more transparent as the posts are separated.
Moreover, it is observed that for P ~ 3.5 mm there is change in the array behavior
from capacitive (negative reflection phase for P < 3.5 mm) to inductive (positive
reflection phase for P > 3.5 mm). This result is in coherence with Fig. 3.3, where
a crossing between X, and X, curves is obtained for P ~ 3.5mm. Again, the
range of validity of Marcuvitz impedance only for P > 5mm is evident from

Fig. 3.4.

3.2.2 Development of an Accurate TEN

Once the accurate model of X, and X, has been obtained for any incident an-
gle Onc and any period P and F,, it can be introduced in the TEN shown in
Fig.3.1b. The equivalent radiation impedance Zrap is given by Kuester et al.
in [96] and it has closed-form expressions as function of the angle of incidence
Oine, the substrate thickness / and its relative permittivity €. On the other hand,
the impedances of the transmission lines sections can be readily expressed from

their respective lengths W and W}, and using the transverse wavenumber k£, and
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Figure 3.4: Response of the reflexion coefficient as function of P for several
incident angles: a) magnitude and b) phase.

the characteristic impedance of a TE-polarized wave:

Zo(Oine) = #’f:c) (3.4)

where k, can be related to the longitudinal wavenumber k., by the following ex-
pression where k is the free-space wavenumber and ¢, the substrate permittivity

(see Fig.3.2a):

k. (One) = \/kgér — k2(6ine) (3.5)
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Finally, the transverse resonance equation (TRE) can be expressed at the ref-

erence plane shown in Fig. 3.1b as:

which must be solved for the unknown leaky-mode complex longitudinal wavenum-
ber k.:
k.(Oine) = B:(Oine) — ja (3.7)

It must be noticed that the internal angle of incidence fxc is related to the leaky-

wave phase constant (3, (see Fig. 3.2a) by:

B
koy/er

sin HINC ~

(3.8)

Since all the discrete components represented in the TEN of Fig. 3.1b are de-
pendent on fnc, they can also be expressed as function of the unknown leaky-
wave phase constant 3 using (3.8). Also, since k, is related to 5 and « by (3.5)
and (3.7), the propagation in the equivalent transmission line sections can also be
expressed as function of the unknown longitudinal phase and attenuation constants
of the leaky mode. Therefore, the problem of finding the leaky mode solution is
equivalent to the minimization of (3.6) in the complex plane (8 — ja) [82], for

any frequency and dimensions of the studied LWA.

As an example, Fig. 3.5 shows the leaky mode normalized phase and attenua-
tion constants (3 /ky and o/ ko) as frequency is varied from 12 GHz to 18 GHz, and
for different values of . The rest of geometrical parameters of the studied LWA
are kept fixed and they are summarized in the inset of Fig.3.5. Results obtained
from the proposed TEN are compared with HFSS, showing good agreement for all
values of P. It must be noticed that the internal incidence angle fiyc is modified
as the solution of 5 changes, according to (3.8). Therefore, and accurate model

of the posts for any value of P and fyc is essential for the leaky-mode analysis
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Figure 3.5: a) Normalized phase constant. b) Normalized leakage rate as function
of frequency and different values of P.

of the proposed antenna. Also, modal results obtained when Marcuvitz analyti-
cal impedance is used instead of the more accurate full-wave model for X, and
Xy are also plotted. As expected, higher disagreement is observed for lower val-
ues of P, due to Marcuvitz’ aforementioned small-obstacle approximation, while
our TEN provides good results for both the phase and attenuation constants when
compared to HESS. Particularly, strong discrepancies in the leaky phase constant
are observed for the P = 2 mm curve, while for the P = 6 mm curve the results

are more similar to the other two techniques compared in Fig. 3.5.
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3.3 Parametric Dispersion Curves

In order to characterize the behavior of the proposed SIW LWA as its main geome-
trical parameters are varied, several dispersion curves at a fixed design frequency
(15 GHz) have been obtained. These results will provide physical insight into the
working mechanism of the antenna and they will help in the design process. In
each subsection, it is shown the effect of a parameter in the leaky-mode normal-

ized leakage rate v/ kg and its associated radiation angle Ogap given by [82]:

sin QRAD ~ — (39)

ko

3.3.1 Effect of Distance Between Reflective Posts P

For a fixed design frequency of 15 GHz, Fig. 3.6 illustrates the effect of the dis-
tance between the PRS posts’ distance P, for different SIW widths . As ex-
pected, when P is increased the PRS wall becomes more transparent, thus in-
creasing the leakage rate (see Fig.3.6b). However, it is also observed how for
periods larger than ~ 5.5 mm the leakage rate starts to decrease. This effect is
due to the leaky mode is radiating very close to endfire (frap tending to 90° in
Fig.3.6a), eventually transforming into a surface-wave [82], with null leakage

rate from P ~ 7 mm.

The combination of the previous effects make the leakage rate to behave as
shown in Fig. 3.6b, so that for values of P = [2 — 6] mm the increase of trans-
parency is responsible for the rise in v/ kg, while for P > 6 mm the transition from
leaky to surface wave make «/ kg to decrease. As it is also observed in Fig. 3.6a,
the increase in P also affects the pointing angle, increasing 3 /ky and therefore
Orap (e.g. from 10° to 60° for W = 7.4mm as the distance P is enlarged from
2mm to 6 mm). Good agreement is observed between HFSS and the proposed

model.
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Figure 3.6: a) Pointing angle of the main beam. b) Normalized leakage rate as
function of the separation between posts P and for different widths W.

3.3.2 Effect of SIW Width W

As described in Chapter 2, the simultaneous variation of P and W allows a flexible
control over frap and a/kg in a wide range of values. This is illustrated in Fig. 3.7,
showing dispersion plots as W is continuously varied from 6.8 mm to 7.8 mm, for
several discrete values of P between 2 mm and 6 mm. As previously explained
and illustrated in Fig. 3.6, higher values of P in the range [2 — 6] mm provide
higher leakage rates and increasing pointing angles. The SIW width W is the

proper parameter which allows steering the radiation angle at the desired value,
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Figure 3.7: a) Pointing angle of the main beam and b) normalized leakage rate as
function of the width W and for different separation between posts P.

since it determines the cutoff frequency of the TEy-like leaky mode. As happens
in any SIW [3], [6], [45] or microstrip [61], [62], [71], [72] LWA, lower strip
widths W provide higher leaky-mode cutoff frequencies, and therefore lower val-
ues of frap for a fixed frequency and P, as shown in Fig. 3.7a. For a constant
value of P, decreasing W not only decrease frap, but also increase a/ko (see
Fig. 3.7b) as it is common to a leaky wave radiating at angles closer to broad-
side [82]. Fig. 3.7 shows good agreement between HESS results and the proposed
TEN for all the range of W and P, showing variation in fgsp from 0° to 65°, and
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in a/ko from 0 to 0.012 The sudden rise in a/k, observed in Fig.3.7b for the
lower values of P as W is decreased, is due to the reactive nature of the leaky
wave below cutoff (in this range the attenuation constant a/kq is due to stored
reactive energy and not to radiation leakage [82]). The same immersion in the

reactive regime was observed in Fig. 3.5b as frequency was lowered.

3.3.3 Effect of Radiating Strip Width W

The strip of width W, acts as a transition from the fields which come from the
SIW PRS wall and which reach the radiating discontinuity occurring at its edge.
A standing-wave periodic behavior is expected as W), is varied, as it happens in
previous stub-loaded LWAs [84], [92], [101], [102] in which a section of parallel-
plate guide makes the transition from the leaky waveguide to the radiating open-
end. However, higher-order channel-guide leaky-modes resonating in this width
of parallel-plate will appear as W, is increased, as reported in [84], [92], [101],
[102]. This is illustrated in Fig. 3.8, showing how the STW leaky mode (continuous
blue line) has a periodic variation in fgap and «/kq as W) is increased. In dashed
red lines, the dispersion curves for higher-order channel leaky modes are also
plotted. As it happened with W for the SIW mode, W, determines the channel-
modes cut-off frequency. As a result, these higher-order modes do not have a
periodic standing-wave behavior with W, but frp increases and «/kq decreases
as W, is augmented (as it happened for the SIW mode when W was varied, see
Fig.3.7). Particularly, it can be extracted from Fig. 3.8 that the first channel-mode
appears at W, = 2.5 mm, the second one has a cut-off at W; = 10 mm, the third
one at Wy = 17.5 mm, and the fourth one at W = 25 mm. Thus, each increment
of AWy = 7.5 mm (which approximately corresponds to A\/2 in the substrate at
15 GHz), a new higher-order channel-mode appears.

The emergence of higher-order leaky modes is an undesired effect for two
reasons. First, single-leaky-mode operation is desired to assure that the pointing

angle and radiation efficiency of the LWA is due to the SIW leaky-mode which
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Figure 3.8: Dispersion curves as function of the radiating strip width W, for SIW
leaky mode and higher-order channel-guide leaky modes.

prescribed phase and leakage constants, thus allowing a prearranged direct design.
Excitation of any higher-order leaky mode would translate in the appearance of
an extra beam radiating at an unwanted direction, and a loss of gain in the de-
sired scanning angle. The second reason to avoid multimode operation has to do
with the unwanted coupling effect between our desired SIW leaky mode and the
unwanted channel-guide modes. This coupling is illustrated in Fig. 3.9, where
a detailed plot of the dispersion of the dominant SIW mode and the first-higher-
order channel-mode is given as function of the radiating strip width W} for a range
from 1 mm to 5 mm.

As reported in previous studies [84], [92], [101], [102], these two leaky modes
couple when S and « of both modes have similar values, producing the exotic-

looking dispersion curves shown in Fig. 3.9, where it is observed an interchange
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Figure 3.9: Detail of coupling effect between SIW and channel leaky modes as
function of the radiating strip width Wj,.

in their wavenumber values. The periodic variation of the leaky mode as W) is
increased, is plotted in Fig. 3.10 for the different values of P. Moreover, the results
obtained with the TRE (EFIE) technique are compared with 3D HESS full-wave
simulations, showing the validity of the proposed model and the accuracy in the
prediction of this quasi-periodic coupling phenomenon.

The parallel-plate strip region of width W, serves to eliminate the vertical
component of higher-order electric fields, allowing the radiated beam to possess
purer horizontal polarization and thus a higher cross-polarization discrimination
(XPD) as Wj is increased, as it is shown in Fig. 3.11 [101]. Minimum XPD level
of 14dB is obtained for W; = Omm, and it can be increased over 20dB for
Wy > 6 mm. Also, Fig.3.11 shows that lower values of P provide higher XPD

levels.
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posts P.
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Figure 3.11: Dependence on the polarization discrimination level with Wj.

At the same time, multimode coupling problems must be avoided by choosing
Wy < 3mm (which approximately corresponds to A/4 in the substrate at 15 GHz),
as it was shown in Fig.3.9. An optimum value of W, = 1.5mm is chosen to

minimize undesired coupling effect while assuring minimum XPD level.

3.3.4 Effectof h

The dependence on the leaky mode with the substrate thickness h is shown in
Fig. 3.12, where the results obtained with the TRE (EFIE) are compared and vali-
dated with HFSS. As it is observed, the pointing angle fgap remains almost con-
stant for each value of P as h is increased. However, the leakage rate is increased
due to the higher transparency of the quasi-magnetic wall created at the radiating
strip discontinuity, as accurately modeled by Kuester [96] radiation impedance

Zrap (see Fig.3.1b). In addition, it is observed how the range of validity of the
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closed-form approximation for thin-substrates (kgh < 0.2) proposed in [96] is
reasonably acceptable for even thicker substrates. On the other hand, this higher
leakage rate due to the thicker substrate has the inconvenient of increasing the
cross-polarization level, therefore decreasing the XPD discrimination for higher A
as it shown in Fig. 3.13. Again, lower values of P provide higher XPD levels, as it
happened in Fig. 3.11. Therefore, it is important to have a trade-off between higher
leakage values and higher XPD levels. Commercial substrates with h = 1.57 mm
and ¢, = 2.2 offer XPD level over 5dB for W = 7.4mm and P > 5mm, and
provide leakage rates up to a/kq = 0.02.
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Figure 3.12: Effect over the leaky mode as the thickness of the substrate is in-
creased.
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Figure 3.13: Dependence on the polarization discrimination level with h.

3.4 Design Curves and Experiments

In this section two-dimensional dispersion charts are presented to assist in the
design of the physical dimensions of several SIW LWAs with flexible control over
the scanning angle and the beamwidth [91]. These leaky-modal design curves are

validated with experimental results shown in Chapter 2.

3.4.1 Design Curves

As it has been illustrated by the dispersion results presented in the previous sec-
tion, the two main parameters which allow a simultaneous control of the leaky-
mode phase and leakage rates are W and P (since the variation of W} is not
recommended due to the coupling and cross-polarization effects described in Sec-
tion 3.3.3). An efficient design technique consists of the plot of a two-dimensional
dispersion charts [103] as the one shown in Fig. 3.14. Constant-frap and constant-
a/kq curves are plotted with continuous black lines and dashed red lines respec-
tively, as W and P are simultaneously swept in all the range of useful values (W
from 7 mm to 8 mm, and P from 2 mm to 6 mm, while the rest of parameters are
fixedtoe, = 2.2, h = 1.57mm, d = 1 mm, Py = 2mm and Wy = 1.5 mm) and
the design frequency is set to 15 GHz.
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Figure 3.14: Two-dimensional dispersion chart for SIW LWA, including in circles
the dimensions of the five manufactured antennas in [91].

Using this 2D dispersion chart shown in Fig. 3.14, the couple of dimensions
(W, P) which provide any requested pair of values (fgrap, a/ko) can readily be
identified. As an example, it is shown with circles in Fig. 3.14 five different de-
signs points which correspond to the LWAs reported in Chapter 2. These five
design points are represented in Fig. 3.14 with green circles, and they correspond
to the set of dimensions (W, P) which were designed in [91] using HFSS to pro-
vide the requested values of fgap and a/kg. As it can be seen, three designs
points lie in the constant fgap = 30° curve but with different leakage rates, so that
the scanning angle is kept constant while the directivity (and beamwidth Af) is
varied as explained in [91]. The other three points lie in three different scanning
curves fp = 10°,30°, and 50°, and with the appropriate leakage rate values to
provide frap = 10° beamwidth and 90% radiation efficiency. The designed di-

mensions match the ones which were obtained in [91] with 3D full-wave iterative
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optimization (trial and error) using HFSS. Therefore, this procedure based on a
2D dispersion chart of the leaky mode can be used as a practical way for obtaining
the geometrical dimensions in an arbitrary leaky-wave device, since the computa-
tional cost needed for the modal dispersion approach is clearly much lower than
the trial-and-error followed in [91]. However, it is important to note that this pro-
cedure still shows some limitations due to the necessity of sweeping a wide range
of values for W and P that later will not be used. In order to improve this fact,
a synthesis technique, which directly relates the geometrical dimensions of the
structure to the leaky mode, will be presented in Section 4.1. In this manner, the
leaky mode can be computed in a more straightforward way than the 2D disper-
sion chart presented in this section, but with the drawback of only being valid for

similar TENSs to the one shown in Fig. 3.1b.

3.4.2 Experimental results

In order to provide further validation of the results shown along the previous sec-
tions, Fig.3.15 depicts the radiation patterns in polar form obtained for these
five SIW LWA designs reported in Chapter 2. The experimental radiation pat-
terns (dashed line) obtained from fabricated prototypes [91] have been compared
to theoretical ones (continuous red line) obtained by applying the technique de-
scribed in Appendix A for calculating the radiation pattern of a 1-D leaky-wave
line source, which makes use of the leaky mode computed by using the TEN pre-
sented in this chapter.

Fig. 3.15a illustrates the H-plane radiation patterns for the three designs ly-
ing in the Ogap = 30° curve with different leakage rates, showing the increase in
the main beam width as alpha is increased. Good agreement is observed between
experimental and theoretical far-fields. On the other hand, Fig. 3.15b illustrates
the three LWAs designed with similar beamwidth and different scanning angles
Orap = 10°,30° and 50°. Again, good agreement is observed between experi-

ments and leaky mode results. Therefore, it can be concluded that the proposed
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Figure 3.15: Measured and simulated H-plane radiation diagrams at 15 GHz:
a) Variation of the beamwidth A# for a constant pointing angle fgap = 30°.
b) Variation of the pointing angle frap for a constant beamwidth Af = 10°.

TEN serves as a powerful tool for the accurately analysis and efficient design of

this promising type of planar LWA in SIW technology.

Finally, with the purpose of showing the flexibility of this TEN for different
frequencies, the frequency scanning response of the main radiated beam is shown
in Fig. 3.16 for the three antennas with different pointing angle used in [91] and
shown in Fig. 3.15b. Good agreement is observed between the scanning predicted

from the TEN (continuous line) and measured results (circles).
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Figure 3.16: Measured and simulated frequency scanning responses for the three
antennas designed in [91] to radiate at fgap = 50°,30°, and 10° at the frequency
of 15 GHz.

3.5 Conclusion

In this chapter a transverse equivalent network (TEN) has been proposed to ef-
ficiently analyze the planar LWA (PLWA) presented in the previous Chapter 2.
This PLWA is formed by two row of metallic post, similarly to a substrate inte-
grated waveguide (SIW) but with the particularity that one of these rows is sparse
enough to allow the pass of energy through a small section of dielectric-filled
parallel plate waveguide, which finally produces the radiation at the truncation
of its upper plate. Both rows of metallic posts are rigorously analyzed by means
of an electric field integral equation (EFIE) technique, which allows accurately
modeling and extracting their equivalent inductive and capacitive impedances as
function of the unknown incident angle, and thus employing them in the TEN.

Moreover, the behavior of this computed impedance is compared with the model
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proposed by Marcuvitz, and the limitations of this last model are addressed. It has
been shown that a full-wave based model is needed to accurately obtain the be-
havior of the metallic posts for any values of the period between posts, especially
for close posts (P/d < 5) and larger incident angles. Once the posts’ equivalent
impedances have been efficiently formulated for any period P and any incidence
angle finc, it has been shown that the TEN associated to the STW LWA transverse
plane gives accurate dispersion results for the leaky-mode complex propagation
constant as function of frequency or any geometrical parameter of the antenna.
As a result, it has been studied the influence of the main antenna dimensions,
showing that the radiating strip width 1, must be studied in detail to avoid the
appearance of unwanted higher-order channel modes, while assuring horizontal
linear polarization with elevated XPD. Another trade-off study must be done for
the substrate thickness h and relative constant ¢,, which must be thick and low-
permittivity enough to provide high values of leakage rate, again taking care of
the cross-polarization discrimination level. Then, the SIW width W and the dis-
tance between radiating posts P can be designed using two-dimensional disper-
sion charts to obtain the couple of dimension (W, P) which provide the desired
values of scanning angle frap and leakage rate a/kg, at the design frequency.
Experimental results on fabricated prototypes have shown the degree of accuracy
and effectiveness of the proposed TEN analysis and design technique. In this
way, it has been presented an efficient and powerful tool to analyze and design
this promising type of planar LWA in SIW technology, as it will be demonstrated

along the next chapters.






Chapter 4

Synthesis of Tapered Planar LW

Devices

In this chapter, the synthesis of tapered planar leaky-wave devices is shown. In
particular, in Section 4.1 a synthesis technique based on holographic concepts is
applied for the design of several leaky-wave antennas, e.g. scanning SIW antenna
with reduced sidelobe level, synthesis of broadbeam shaped radiation patterns,
generation of radiation nulls and synthesis of near-field focusing patterns. The
benefits of controlling both amplitude and phase of the radiated fields are demon-
strated in Section 4.2 by correcting the radiation pattern for the case of conformal
antennas. In addition, several applications such as an angular bandpass filter in
Section 4.3, near-field focusing inside a parallel-plate waveguide in Section 4.4,
and a quasi-optical multiplexer in Section 4.5 have been developed. All designs
have been manufactured and measured, and the results have been compared to

full-wave simulations obtained with commercial software HFSS.
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4.1 Holographic Pattern Synthesis With Modulated
SIW LWAs

Here, the synthesis of one-dimensional (line-source) leaky-wave antennas (LWAs)
in substrate integrated waveguide (SIW) technology with modulated geometry is
presented, demonstrating the capability to flexibly tailor the radiated fields pattern
both in near- and far-field regimes. The synthesis technique is inspired in holo-
graphic concepts, which are related to the existence of modulated leaky waves.
A systematic design algorithm to obtain the requested modulation of the SIW
width and distance between posts to synthesize the desired radiation pattern is
described. Several design examples operating at 15 GHz are reported and experi-
mentally validated, showing the power and versatility of the proposed holographic

SIW technology.

4.1.1 Introduction

In the last few years, increased interest and expectations have arisen among the
electromagnetic community regarding the actual possibility to artificially control
the propagation properties of electromagnetic waves, developing new concepts
such as metamaterials (MM) or transformation optics (TO) [104]. In the field
of antenna engineering, the effort is concentrated in the suitable engineering of
radiative metasurfaces, so that the radiation pattern is flexibly controlled. This
is related to the concept of holographic antennas (HAs) [105], [106], in which a
modulated holographic surface generates an objective radiation pattern when it is
excited from a known reference field. This intricate relation between microwave
holography, metasurfaces, and leaky waves is explained in detail in recently pub-
lished papers such as [107] or [108]. Basically, the working mechanism of HAs
can be interpreted as a transformation of a guided surface wave (SW) into a ra-

diating leaky wave (LW) [107], as illustrated in Fig. 4.1a. The modulation of the
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holographic surface geometry is responsible of the generation of this LW, which
ultimately creates the objective radiation pattern. Particularly, the use of printed-
circuit holographic surfaces has gained interest due to their low cost, low profile,

easy modulation, and direct integration of the SW feeder in the antenna substrate
[108]-[112].

Reference input signal Holographic Objective output
(surface wave) SW: Surface with radiated signal
Uiy =Vew Electric Response: » created by LW:
H=V,p®Ugy" Your = Yiw

(surface-to-leaky transformation)
(@)

Modulated
radiated LW
« aperture field

Tapered LW
radiating from
N «— holographic SIW

7 ' Non-radiated

ene
Microstrip SIW SW Modul\ated SIW Tapered LW g
SWmode mode holographic circuit propagatingin SIW

(b)

Figure 4.1: a) Holography concepts. b) Scheme of modulated SIW antenna.

In this section an approach based on holographic concepts has been applied to
the design of modulated substrate integrated waveguide (SIW) line-source leaky-
wave antennas (LWAs), as sketched in Fig. 4.1b. Building on the SIW LWA pre-
sented in [91], here it is employed a fast and accurate numerical synthesis tech-
nique to develop novel antenna designs with modulated LW apertures, and hence
demonstrating the synthesis of unusual radiation patterns in this technology. Nev-
ertheless, the first theoretical work on sinusoidally modulated LWAs was proposed

by Oliner&Hessel in 1959 [113], and more recently this has been applied to the
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width-modulated microstrip line [114]-[116] and the gap-modulated strip-grating
[117]. All these holographic designs are restricted to sinusoidal modulations of
the printed circuit, and as a result they are limited to the synthesis of coherent
radiation patterns which radiate at a specified angle in the far-field [107]-[117].
However, in this section the synthesis of arbitrary objective radiation patterns is
shown, as a result of the flexible modulation of the SIW circuit which is not limited
to sinusoidal functions. Section 4.1.2 describes a numerical synthesis technique,
which allows for efficiently obtaining the arbitrary modulation of the SIW width
W (z) and distance between posts P(z) (see Fig.4.1b), in order to create any de-
sired complex (amplitude and phase) aperture distribution. In Section 4.1.3, sev-
eral designs examples are reported and experimentally verified, demonstrating the
holographic synthesis of unconventional radiation patterns (such as broadbeam
shaping in the far-field, generation of wide radiation nulls, or near-field focusing)

using modulated SIW antennas.

4.1.2 Synthesis of Modulated Holographic SIW LWA

As it is well-known [6], SIW technology allows guiding a TE,,-like surface wave
(SW) inside a dielectric substrate by properly arranging close metal posts. This
SW is the reference input signal which excites our modulated SIW holographic
line. As it is represented in Fig.4.1b, the SIW has two main geometric variables
which are modulated along its length z: the width W (z) of the SIW printed circuit
fenced by a perfect electric conductor (PEC) wall and a partially reflective surface
(PRS), and the distance P(z) between the metallic posts located close to a radi-
ating side, which form the PRS. As it was demonstrated in Chapter 2, these two
variables (W, P) allow the transformation of the SW into a LW, with flexible and
simultaneous control over the radiation angle 6gap and the normalized leakage
rate o/ ky.

In this way, here it is proposed the modulation of the SIW printed circuit, so

that the SW-to-LW transformation can be accurately controlled at any longitudinal
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point z of the radiating aperture, creating any complex aperture distribution of the
form:

ERPERT () — M (2) - €7903) 4.1)

whose amplitude M (z) and phase ¢(z) terms can be respectively related to the
modulation functions of the LW leakage rate «(z) and pointing angle fgap by

[82]:

1 P N
O T NP - M(nPor 2
B(Z) = k’o sin QRAD(Z> = —a¢(Z) (43)

0z

where 7) is the radiation efficiency and L 4 is the antenna radiating length. From
(4.2) and (4.3), it can be obtained the modulation of the LW longitudinal com-
plex wavenumber £, along the antenna length, which is needed to synthesize any

desired complex aperture distribution (4.1):
k2 (2) = ko sin Orap(2) — ja(2) (4.4)

The most intriguing part of the holographic synthesis design comes when one
wants to relate the desired electromagnetic modulation of the LW (4.4) with the
physical modulation of the holographic surface. Obviously, this step depends on
the type of LWA being used, and requires a modal analysis tool able to obtain
the dispersion of the LW in the structure under study. Closed-form transcendental
dispersion equations were obtained by Oliner and Hessel in [113], but they were
valid only for sinusoidal modulations, and these equations provided the requested
modulation of the equivalent surface reactance, but not the final modulated geom-
etry.

Here it is used the transverse equivalent network (TEN) developed in Chap-
ter 3, which is similar to the one described in [118]. The TEN relates the main

dimensions of the SIW structure with the transverse wavenumber k., as it can be
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Figure 4.2: Transverse equivalent network with its associated lumped elements
for the SIW LWA.

seen in Fig.4.2. Particularly, the SIW width W and the transverse length W, of
the upper plate extending beyond the PRS are represented. In addition, the row of
metallic posts acting as PRS and with arbitrary period P has been modeled with
a T-network formed by the reactances Y, and X3, which have been determined by
applying the method of moments technique used in [118]. The modulation of the
LW longitudinal wavenumber kXY (z) (4.4) corresponds to a variation of the LW

transverse wavenumber -V (2) given by:

KV (2) = Vk3e, — kW2 (2) = B,(2) + jau(2) 4.5)

Eq. (4.5) describes the values for the LW complex transverse wavenumber
(B:, @) required at each longitudinal position 2 of the holographic antenna. It is
important to note that the impedance mismatch between sections with different di-
mensions is not considered in this approach. However, due to the smooth changes
in the geometry along the z-axis, this effect can be neglected and the TEN still
leads to accurate results in a modulated geometry. Both 3, and «, can be related
to the equivalent reflection coefficients presented by the posts located at each side
of the SIW antenna, pr, and pg (see Fig.4.2), by using the following transverse

resonance equation:

pL(Po, kz) - pr(Ps ky) - e PetioalV — 1 (4.6)
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It must be noticed the dependence on (4.6) with the two geometric design pa-
rameters I/ and P. Particularly, the distance between posts P determines the
equivalent reflection coefficient of the right side of the SIW pg, which also de-
pends on /3, since it governs the internal incidence angle as explained in [118].
Similarly, p;, can be numerically obtained for the dimensions of the non-radiative
posts and any value of 3,. On the other hand, the SIW width WW only appears in
the complex exponential of (4.6), and can be expressed as a function of the posts’

reflectivity by taking the magnitude of (4.6):

1
W =—
2a

In (|pr(Fo, k)| - [pR(P, k2 )) 4.7)

In the same way, taking the phase of (4.6) it can express the next equation:
or(Po, k) + or(P, ky) = 21 + 26, W (4.8)
and inserting (4.7) in (4.8) it finally obtains the following transcendental equation:

orrE = OL(Po, ki) + or(P, ky) — 27

P pu By k)] - lo(P ) = 0 (4.9)

xT

which must be numerically solved for the unknown value of P that satisfies (4.9)
for the requested values of 3, and . In order to clarify the aforementioned
procedure for obtaining W and P, Fig. 4.3 shows an example for a value of Ogap =
30° and «/ky = 0.06, while the following design parameters are used: [ =
15GHz, h = 0.508 mm, ¢, = 2.2, Wy = 1.5mm and Py = 2mm (see [91,
Fig. 2a] for a detailed scheme of these dimensions). It is observed as (4.9) (dashed
line) is solved for P = 6.83 mm, which corresponds to a value of W = 5.63 mm
as is illustrated in continuous line by using (4.7). It is important to highlight
that solving (4.9) involves a one-dimensional numerical search with respect to

P, avoiding the much more complicated two-dimensional search in the complex
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plane which must be performed for leaky-mode dispersion analysis [82], [118].
Once P is found, the SIW width W is directly derived from (4.7), and in this way
it obtains the pair of dimensions (P, W) which produce the desired values of /3,
and o, (and thus frap and o) at any longitudinal position 2z of the holographic

SIW LWA (4.5).

10 . . g ! ! 10
—— o —— Eq. (4.9) : : ;
8H — \/\/ __ Eq (47) ....... ............. .............. .......... 8
6 .................................. -
—pi°
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-4 i -4
2 3 8

Figure 4.3: Synthesis procedure for obtaining W and P given the rest of design
parameters.

In the following Section 4.1.3, several design examples illustrate the success
of the proposed SIW modulation technique to synthesize arbitrary radiation pat-
terns. For each objective LW aperture distribution (4.1)-(4.3), it will be shown
the modulated SIW layout (P(z), W(z)) which is obtained after solving (4.7) and
(4.9), as illustrated for the design example in Fig. 4.3. Also, measured results on

fabricated prototypes will experimentally validate the designs.
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4.1.3 Design Examples

All the designs have been manufactured in commercial substrate Taconic TLY-
5 with ¢, = 2.2, tand = 0.0009, and h = 0.508 mm thickness, for a design
frequency of 15 GHz and radiation efficiency n = 90%. All the prototypes are
fed by microstrip-to-SIW transitions, which have been optimized with HFSS, as
described in [91]. The other fixed parameters are: posts’ diameter d = 1 mm, non-
radiative posts’ distance Fy = 2 mm, and radiating strip width W, = 1.5 mm. As
explained, the two variable geometrical parameters which must be modulated to

synthesize the desired objective radiation patterns are IV and P.

Scanning SIW Antenna With Reduced Sidelobe Level

The first example involves the synthesis of a L4 = 6.75 \g = 135 mm-long aper-
ture field with constant pointing angle Orap(z) = 30° and modulated cosine-type
amplitude distribution M (z) at the frequency of 15 GHz. As it is well known [82],
this tapered aperture field corresponds to a radiation pattern which is focused at

the desired constant angle and with sidelobe level SLL = —23 dB.

Fig. 4.4a shows the requested variation in the LW pointing angle fgap(z) and
normalized leakage rate a(z)/ko, while Fig. 4.4b represents the STW modulation
functions P(z) and I¥ (z) obtained when applying the proposed synthesis method.
As it can be seen, the separation of the radiating posts must be increased up to
P = 7mm at z = 100 mm to provide maximum normalized leakage «o/ky =
0.06, while the antenna edges must be illuminated with negligible leakage which
corresponds to a small separation between posts of P = 2mm. On the other
hand, the SIW width must also be modulated from W = 7.8 mm at the edges
to W = 5.0mm at z = 100 mm, in order to correct for the phase aberrations
and keep a constant pointing angle frap(z) = 30° along the whole holographic
aperture. Fig. 4.4c illustrates the resulting layout with increased scale in the z-axis

to emphasize the modulation of W and P along the SIW, while a photograph of
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Figure 4.4: a) Modulated LW aperture functions. b) Modulated dimensions.
c) Layout and d) manufactured prototype of reduced SLL SIW antenna.
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the fabricated prototype including the SMA connectors and the transitions from

microstrip-to-SIW is shown in Fig. 4.4d.

The corresponding measured S-parameters of the antenna shown in Fig. 4.4
are represented in Fig. 4.5. As shown in Fig. 4.1b and Fig. 4.4d, microstrip-to-SIW
transitions are used to feed and load the antennas, which allows a direct connection
from a SMA connector. Good impedance matching at the design frequency of
15 GHz is observed (S1; = —25dB). Moreover, a 7 =~ 90% radiation efficiency
deduced from measured values of gain (G) and directivity (D) (n = G/D) is
obtained, which is in agreement with the value of S;; = —10dB and the radiation
efficiency derived from the S-parameters [82], after compensating the material

losses with values obtained from full-wave simulations of a lossy model:

n=1-e2=1— (]S +|Sul’) (4.10)

-10

-30
12 13 14 15 16 17 18

Freq (GHz)

Figure 4.5: Measured S-parameters for the SIW antenna with reduced SLL and
pointing at 30° for the design frequency of 15 GHz.
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Fig. 4.6a compares the theoretical objective radiation pattern and the measured
one, showing very good agreement in the scanning angle, the main beam width,
and the SLL. In Fig. 4.6b, the radiation pattern of the modulated SIW antenna is
compared to the one obtained for a non-modulated SIW LWA scanning at the same
angle [91], showing the improvement from SLL = —8dB to SLL = —23dB.
Similar low SLL scanning designs have been recently reported in SIW technol-
ogy by modulating the offset position of a long slot etched on the broadside of
the SIW [119]. However, the modulation of a single geometrical parameter does
not allow an independent control for the amplitude and phase of the fields at the
aperture, and thus [119] is limited to significant synthesis restrictions. This is
of key importance when precise modulation of both amplitude and phase of the
aperture fields is requested [120], as it is shown in the following less-conventional

synthesis examples.

Synthesis of Broadbeam Shaped Radiation Patterns

The synthesis of scanned broadbeam radiation patterns from a modulated LW was
theoretically proposed in [121], and later in [122] some designs were performed
using a slotted leaky waveguide. However, no experimental results have been re-
ported so far to demonstrate this in practice. As it is explained in [120]-[122], the
simultaneous modulation of the LW pointing angle and leakage rate is required to
obtain an equalized broadbeam which covers a wide angular region, while present-
ing high rejection out of it. As an example, here it designs an aperture of length
La = 20)\; = 400 mm, with —3 dB beamwidth in the range frap = [15°, 45°],
and —10 dB rejection at Orap = [10°, 50°] at the frequency of 15 GHz. To synthe-
size this objective radiation function, the LW pointing angle must be modulated
with a diverging phase function covering the angular range Orap(z) = [10°, 50°],
as shown in Fig. 4.7a. Simultaneously, the leakage rate must be varied to produce
uniform radiated power per unit angle, obtaining the curve for a(z)/kq also plot-

ted in Fig. 4.7a. Using these functions, the curves for the holographic SIW circuit
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Figure 4.6: a) Objective and measured radiation pattern of reduced SLL SIW

antenna for the design frequency of 15GHz. b) Comparison with a measured
non-modulated STW LWA.
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modulation P(z) and W(2) represented in Fig. 4.7b are obtained. The variations
of P(z) follow the profile of a(z)/ko, with more sparse vias where higher leakage
is requested. On the other hand, the variations of W (z) are needed to create the

requested increasing function fgap(2) for each value of P(2) and a(z2)/ko.

GOO_RAD ............ — GRAD(Z) _______ ........................... / .............. \ ............... Q0015
== o/kyz) | 7 \
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Figure 4.7: a) Modulated LW aperture functions and b) modulated dimensions for
broadbeam SIW antenna.

Fig. 4.8 shows the measured S-parameters for the prototype antenna modu-
lated with the geometry functions W (z) and P(z) of Fig.4.7b. A good matching
S11 < —10dB is achieved for the range of frequencies from 15 GHz to 17.5 GHz.
In particular, S1; = —15dB and S2; = —15dB are obtained for the design fre-
quency of 15 GHz, providing the desired n = 90% (4.10).
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Figure 4.8: Measured S-parameters for the SIW antenna with broadbeam for the
design frequency of 15 GHz.

The objective radiation pattern is plotted with blue line in Fig. 4.9, showing the
flat main beam covering the prescribed wide angular region fgap = [15°, 45°],
and with high roll-off out of it. The measured radiation pattern agrees very well
with theory, showing a bit broader beam (which might be caused by fabrication
tolerances) and a reflected lobe at mirrored angles (produced by reflections at the
end of the antenna). Nevertheless, the agreement is satisfactory, demonstrating
with experiments the practical implementation of a modulated LWA which syn-

thesizes the broadbeam concept.

Generation of Radiation Nulls

Another unusual type of LW modulation was proposed in [123] to synthesize ra-
diation nulls in wide angular regions. For this purpose, the LW pointing angle
and leakage rate must be varied in a very demanding manner, with more abrupt
variations as the specified null is deeper and wider [123]. Here, it is experimen-

tally demonstrated the possibility to synthesize such challenging LW variations.
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Figure 4.9: Objective and measured radiation pattern of broadbeam SIW antenna
for the design frequency of 15 GHz.

As an example, the broadbeam radiation pattern shown in Fig. 4.9 is chosen as
the objective function, which is modified with the addition of a —20 dB radiation
null in the angular range fgap = [0°, 10°] at the frequency of 15 GHz. In this
way, it is aimed a growth in the rejection out from the main shaped beam, what
may be used to mitigate interferences present in the prescribed angular region or
to increase FMCW radar resolution. The requested modulation of the LW to syn-
thesize this objective is shown in Fig. 4.10a, where the aforementioned abrupt and
severe variations (peaks and dips) for both frap(2) and a(2)/ko functions can be
seen. These LW electrical specifications are transformed to SIW circuit geometry,
obtaining the functions P(z) and W (z) plotted in Fig.4.10b. As it can be seen,
the holographic SIW circuit reproduces in its modulated geometry the requested
peaks and falls.

Once the values of W and P have been correctly synthesized and its corre-

sponding layout printed, the corresponding S-parameters of the prototype antenna
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Figure 4.10: a) Modulated LW aperture functions and b) modulated dimensions
for broadbeam SIW antenna with radiation null.

are measured as shown in Fig. 4.11. It is observed how the Sy; is below —10dB
for the entire range of frequencies from 15 GHz to 18 GHz. Moreover, very good
matching S1; = —25dB is obtained for the design frequency of 15 GHz, while
keeping Sp; < —10dB to assure that 90% of the power has been radiated.

The theoretical objective and the measured radiation pattern are represented in
Fig. 4.12, showing excellent agreement and thus demonstrating the power of the
proposed holographic SIW technology to synthesize very demanding radiation
specifications. As desired, a radiation null in the prescribed range [0°, 10°] has
been successfully created, resulting in an increased rejection in this angular zone

if compared to the pattern shown in Fig. 4.9.
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Figure 4.11: Measured S-parameters for the SIW antenna combining a broadbeam
pattern with a radiation null.
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Figure 4.12: Objective and measured radiation pattern of broadbeam SIW antenna
with radiation null for the design frequency of 15 GHz.
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Synthesis of Near-field Focusing Patterns

The last unconventional example is dedicated to the synthesis of near-field fo-
cusing patterns from a rectilinear LWA. As explained in [121], [124], this can be
done by properly modulating the LW pointing angle so that a converging phase
front is created, while the leakage rate must be varied to obtain uniform illumi-
nation and thus optimize the focusing efficiency. Here it presents the design of
a holographic leaky-lens in SIW technology, showing the practical implementa-
tion of the theoretical concepts reported in [121], [124]. A holographic near-field
focused annular/spiral modulated-slot antenna has also been presented in [125],
[126], following a two-dimensional topology similar to the well-known radial line
slot array (RLSA) [127]. However, the topology and technology of the designs of
[125], [126], are utterly different to the ones presented in this thesis, which are
one-dimensional LWAs based on modulated SIW technology. An aperture length
L4 =7.5) = 150 mm with a focal point at [zp = 8 \g = 160 mm, yr = 3 \g =
60 mm]| at the frequency of 15 GHz has been chosen. Using the theoretical ex-
pressions of [124], this leads to the modulation of the LW shown in Fig. 4.13a. As
it can be seen, the LW pointing angle must be modulated with a converging phase
function varying from fgap = 65° at the beginning of the antenna to Ogap = 22°
at the end, and with a leakage rate function also plotted in Fig.4.13a. The re-
sulting modulation of the SIW circuit is represented in Fig.4.13b, where it is
particularly illustrative to see how the SIW width must be modulated from wider
values (W = 8mm) to narrower values (W = 6 mm) to provide the requested
decreasing function for gap(2).

The theoretical objective near-field pattern obtained with an in-house code
developed in [124] is represented in Fig. 4.14a, showing with a 10 dB scale the in-
tensity of the fields for the zy-plane (see reference axes in Fig. 4.1b) in the vicinity
of the 150 mm-long antenna (which is located at the bottom-left corner). As it can
be seen, an ellipsoidal focal region whose maximum intensity is situated around

the specified focal point (z = 160 mm, y = 60 mm) is theoretically synthesized
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Figure 4.13: a) Modulated LW aperture functions and b) modulated dimensions
for SIW antenna with near-field focusing pattern.

with the modulated LW fields. Moreover, this focusing pattern has been measured
by using a near-field chamber and the near-field intensity pattern obtained is repre-
sented in Fig. 4.14b, showing very good agreement with the objective pattern, and
thus demonstrating the capacity of the proposed holographic SIW to synthesize a
rectilinear leaky-wave lens.

Finally, the measured input matching (continuous blue line) and insertion loss
(red dashed line) of the SIW antenna are shown in Fig. 4.15 as function of fre-
quency. As it can be seen, matching below —10dB is obtained for the entire

region from 15 GHz to 17.5 GHz. On the other hand, at the design frequency of
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Figure 4.14: a) Objective and b) measured near-field pattern for focused SIW
antenna for the design frequency of 15 GHz.

15 GHz the measured Ss; is also below —10dB, thus confirming the n = 90%

radiation efficiency (4.10) for the proposed rectilinear leaky-wave lens.

4.1.4 Conclusion

In this section it has been demonstrated the ability to control the complex aperture
leaky-wave fields radiated by holographic antennas in substrate integrated wave-
guide (SIW) technology. From the transverse equivalent network of the struc-
ture, a transcendental close-form equation has been developed, which must be

numerically solved to obtain the modulated dimensions of the SIW (width W and
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Figure 4.15: Measured S-parameters for the SIW antenna with near-field focusing
pattern for the design frequency of 15 GHz.

distance between posts P) that provide the requested variations in the complex
leaky fields. This systematic design algorithm has been applied to the synthesis
of unconventional radiation patterns and PCB compatible designs for antennas
with low sidelobes or radiation nulls adjacent to the radiation peak have been pro-
duced, providing cost efficient routes to interference mitigation and FMCW radar
resolution. Likewise, low cost techniques have been presented for tailoring the
radiation pattern and hence optimising coverage. Moreover, near-field focusing
patterns have been experimentally demonstrated, releasing pathways for spatial
signal multiplexing or focused curing and hyperthermia. All these designs require
the simultaneous and independent control over the aperture phase and amplitude
distributions. Previous holographic designs were limited to sinusoidal modula-
tions, and thus could not allow for the synthesis of arbitrarily modulated aperture
fields. Prototypes have been fabricated, and the measured results have experi-

mentally confirmed the concept of holographic synthesis in modulated SIW tech-
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nology. This flexible control over the synthesis of arbitrary radiation patterns is
demonstrated using a modulated planar printed-circuit antenna in SIW technol-
ogy, which is simply fed from a microstrip line. The proposed SIW holographic
technology presents low losses, high radiation efficiency, easy modulation of its
geometry, and direct integration with planar circuits, making it very appropriate

for the millimeter waveband.

4.2 Conformal Tapered Substrate Integrated Wave-
guide Leaky-Wave Antenna

In this section, it demonstrates the capability to conform a substrate integrated
waveguide leaky-wave antenna (SIW LWA) along an arbitrarily curved line by
suitably tapering the leaky mode along the antenna length. In particular, it is
shown that by means of locally adjusting the pointing angle of the radiated wave,
a coherent plane-wave front in the far-field region can be obtained. Combined with
the capability to taper the leakage rate along the antenna, this allows designing an-
tennas with high illumination efficiency, which provides higher directivity when
compared with previous conformal LWAs such as the half-mode microstrip LWAs
(HMLWAs). These concepts have been validated with both measured and simu-
lated results involving the proposed conformal STW LWA as well as three different
configurations of HMLWA: conformal tapered HMLWA, conformal non-tapered
HMLWA and conventional rectilinear HMLWA. The antennas have been designed
to operate at 15 GHz, and in the case of the SIW LWA an analysis of its frequency

scanning response has been performed.

4.2.1 Introduction

Conformal antennas are essential in applications where the generation of high di-

rectional patterns is required over curved surfaces, such as those encountered in
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mobile platforms (e.g. airplanes, automobile, trains) [128]. Phased arrays offer a
suitable solution for such applications due to their capability to control the phase
of each element individually and therefore provide beamforming agility. Despite
such advantages, phased arrays are typically driven by phase shifters, leading to
increased cost and manufacturing complexity. Due to their characteristics of high-
gain and easy-feeding, leaky-wave antennas (LWAs) [82] offer an interesting so-
lution for conformal high-gain narrowband applications (bandwidths BW < 5%),

which avoid the use of complex corporate feeding networks.

On the other hand, conformal designs need to be curved along a predeter-
mined geometry while keeping a directive scanning radiation pattern. There-
fore, they need to have flexibility to tailor their radiation pattern according to the
prescribed geometry. Planar LWAs have widely proved their capability to taper
the leaky mode along the antenna length for a large variety of applications [82],
[91], [117], [129]-[134]. Moreover, some planar designs based on half-mode
microstrip LWAs (HMLWAs) [72], [135]-[137] and metamaterials transmission
lines [138], [139] have been proposed for use on conformal surfaces. Despite the
advantageous characteristics of these solutions, they lack the capability of inde-
pendently controlling the amplitude and phase of the radiated fields at the antenna
aperture. Thus, they cannot provide optimum amplitude distribution for a given

antenna length, which translates in loss of radiation and illumination efficiency.

In this section, the use of a conformal LWA, which is based on substrate in-
tegrated waveguide (SIW) technology [1], is proposed for the design of optimum
high-gain planar conformal LWAs. The recently proposed SIW technology al-
lows structures based on equivalent rectangular waveguides to be integrated in
conventional printed circuit boards (PCBs). Unlike previous designs of conformal
SIW antennas [55], [140], the proposed solution dispenses the need for distributed
networks for the adjustment of individual elements phase and amplitude, hence

leading to significant savings in complexity and cost.

A schematic view of the proposed conformal SIW LWA is represented in
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Fig. 4.16, together with a lateral view that illustrates the curvature radius R of
the antenna. The SIW LWA is fed by a microstrip line (port 1). Appropriate
modulation of the leaky wave’s complex propagation constant along the antenna
enables recovering a plane wave-front in the far field independently of the curva-
ture radius R. In addition, the control over the amplitude distribution [91], [141]
allows an efficient illumination of the antenna aperture and the optimization of the
antenna efficiency, thus overcoming the limitation of previous planar alternatives

like the HMLWA.
Port 1
N

OraD

Lateral View

z

R LWA x‘A‘y
— Port 2
\

Figure 4.16: Scheme of the conformal tapered SIW LWA and its lateral view.

With the aim of showing the benefits of designing tapered antennas along
curved surfaces, an analysis of the main characteristics of the proposed confor-
mal SIW LWA and three types of HMLWA has been carried out. By means of
comparing those, it is demonstrated that a suitable modulation along the antenna
aperture is required to avoid any deviations in the radiation pattern of the confor-
mal antenna caused by the curved geometry. Measured results on fabricated pro-

totypes operating at 15 GHz have been compared with simulations and theory for
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the tapered SIW LWA and three different configurations of HMLWA: (1) confor-
mal tapered HMLWA, (2) conformal non-tapered HMLWA and (3) conventional
rectilinear HMLWA.

The rest of the section is organized as follows: Section 4.2.2 describes the
technique for tapering the LW mode in order to obtain a suitable radiation pattern
in a conformal surface. Furthermore, the tapered designs for the cases of the
conformal HMLWA and SIW LWA are presented. In Section 4.2.3 the measured
radiation patterns of the different proposed cases of HMLWA and SIW LWA are
compared, illustrating the flexibility of the SIW LWA to be conformed and to taper
the radiated fields both in amplitude and phase. Next, the frequency scanning
response of the designed conformal tapered SIW LWA, is shown in Section 4.2.4.

Finally, the conclusions of this section are summarized in Section 4.2.5.

4.2.2 Design of Conformal Tapered LWAs

The radiation properties in tapered LWAs are mainly determined by the leaky
mode [82], which is defined by a complex propagation constant that may locally

vary along the antenna longitudinal position &:

kiw (§) = Bw(§) — jorw(§) (4.11)

where apw stands for the leakage rate and [ for the phase constant, which de-

termines the leaky-wave angle 0y of the main radiated beam according to:
sin QLW =~ BLW/kO (412)

In the case of rectilinear (non-curved) LWAs [82], Srw (&) is kept constant in
order to obtain a uniform pointing angle 6w along the whole antenna length L 4,
and therefore generate a plane wave-front scanning at a constant angle fgap, and

thus QRAD = QLW-
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For the case of conformal surfaces, as illustrated in Fig. 4.16, the leaky mode
needs to be varied along the curved profile £ for keeping a constant pointing angle
Orap in the far-field. To this aim, (4.12) can be modified for adapting the local
radiation angle 6y to the curved profile £ [142]:

Bw

p (&) = sin(frap — Om(§)) (4.13)
0

where 0,,(£) stands for the normal vector to the curved surface, which can be

obtained from the local slope of the curved shape:

On(§) = —arctan 25(5) (4.14)

From the previous equation, it can be noted that larger radii demand smaller
corrections for the normal vector 6,,(¢). Therefore, smoother variations of the
phase constant Spw(&) are required along the antenna length. However, it is im-
portant to note that the design procedure can be successfully applied to arbitrary
radii lengths and radiation angles frap, since the variation on Siw(§) is indepen-
dent on the type of technology chosen. It is further noted that the above are valid

to the extent that the leaky wave mode is the sole source of far-field radiation.

Fig.4.17 shows a geometrical interpretation of (4.13) and (4.14). In particular,
an example case of a curved surface with radius R = 15)¢ and antenna length of
L = 10\ is used. The desired radiation angle has been fixed to Ogap = 45°,
which gives a local radiation angle 6y that varies from 45° at the y = 0 end of
the antenna gradually increasing to 7° at the other end, as illustrated in dashed-
red line in Fig.4.17. This variation of the local radiation angle is consequence
of the variation of the normal vector to the curved surface 6,, (4.14), which is
represented in dashed-blue line and varies from 0° at the beginning of the antenna

to 38° at the far-end.

On the other hand, the leakage rate agw (&) in (4.11) must be also varied to

obtain any requested amplitude function of the aperture fields M (&), and for any
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Figure 4.17: Geometrical variation of the main angles for a conformal LWA of
length L4 = 10\ over a cylindrical surface with radius R = 15, and radiating
at fgap = 45° for the design frequency of 15 GHz.

radiation efficiency ngap [82]:

1 M)
(&) = 5 ) Por — J§ M () Por (419

With the purpose of demonstrating the flexibility to synthesize tapered illumina-
tion functions in conformal antennas, a quasi-uniform aperture illumination func-
tion M (&) shown in Fig.4.18a has been synthesized for ngap = 90%. M () is
designed to reduce the diffraction at both extremes of the antenna and improve
its matching. It is important to mention that due to the curved geometry some
differences in the amplitude of the radiated fields could appear with respect to
the non-curved case. However, for practical cases with radii larger than the an-
tenna length L4, these differences can be neglected as demonstrated by the anal-
ysis theory for conformal tapered LWAs developed in [142]. The correspond-
ing variations of arw(&) and 6w (&) for the aforementioned antenna length of

L, =200mm = 10) are represented in Fig. 4.18b.
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Figure 4.18: Conformal LWA of length L4 = 10)¢: a) quasi-uniform amplitude
aperture illumination function, and b) tapered scanning angle and leakage rate
along the antenna length.

The above described method to obtain the leaky mode along a curved surface
is next demonstrated by means of two different types of conformal LWAs. First
design is based on a HMLWA [135]-[137], whereas for the second one is used a
SIW LWA [91]. The curve profile is the same as the one used in Fig. 4.17, with a
radius of R = 15)g = 300 mm and antenna length of L, = 10y = 200 mm at
the design frequency of 15 GHz. Next, the flexibility to taper both the amplitude
and phase of the leaky mode (4.11) in the case of the proposed conformal STW
LWA will be shown, as opposed to earlier HMLWA solutions where only the phase

constant can be adjusted.
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Conformal Tapered Microstrip Half-Mode LWA

The first design is based on a microstrip half-mode LWA, which can be suitably
conformed along a curved surface by tapering its width 1. In this manner, the
leaky-wave angle 6w can be adjusted to correct the curve radius [136].

With the use of a transverse equivalent network (TEN) of a cross-section of
the HMLWA [63], the complex propagation constant can be obtained as function
of its geometrical parameters. The width IV is then tapered to obtain the requested
pointing angle, as shown in Fig. 4.19a. It can be observed how the width W varies
from W = 3.92mm at the beginning of the antenna ({( = 0 mm) for providing
an angle of fpw = 45°, to W = 3.36 mm at the far-end (¢ = 200 mm), which
provides a radiation angle of A = 7°. Moreover, the layout of the designed
antenna is shown in Fig. 4.19b, where the blue color represents the metal top layer,
the red circles the metallic via-holes, and the yellow color the substrate.

Despite the capability of HMLWA to adjust the propagation constant, the leak-
age rate apyw is given by the value of S w and the substrate’s properties [143],
which does not allow the synthesis of any aperture distribution of the radiated
fields. In particular, thicker substrates provide higher leakage rates for the same
scanning angle and the same frequency of operation [143] and unless there is a
suitable technology to adjust the height of the substrate along the HMLWA, the
aperture distribution cannot be independently controlled to achieve, for example,
the one represented in Fig. 4.18a. Instead, the designer is left to choose optimum
substrate parameters for the entire HMLWA.

The impact of the lack of control over oy is illustrated in Fig. 4.19¢c, where
the leakage rate for a HMLWA with a tapered quasi-uniform illumination along
the antenna has been represented in pink dash-dot line and the obtained value of
arw for the tapered HMLWA is represented in red dashed line. In order to obtain
a leakage rate approaching the function shown in Fig.4.18b, and since the only
parameter to vary the leakage rate is the substrate, a thin commercial substrate

with thickness i = 0.254mm, ¢, = 2.2 and tan § = 0.0009 has been selected as
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an optimum trade-off. However, the leakage rate values obtained are higher than

those requested by Fig. 4.18, which leads to a lower illumination efficiency.
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Figure 4.19: Conformal tapered HMLWA: a) modulation of W along the antenna

length, b) corresponding layout for the tapered HMLWA, and c) synthesized and
objective leaky-mode’s tapering functions at 15 GHz.
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Conformal Tapered SIW LWA

The second design is based on a SIW LWA with capability to independently con-
trol the amplitude and phase of the radiated fields (see Fig. 4.20). To this aim, both
the width W and the period P of the SIW are varied, which allows modifying Srw
and apw of the leaky mode propagating along the SIW [91]. The radiation angle
Orap is primarily determined by the width, W, of the SIW, which strongly affects
the phase constant S w and therefore modifies 6y according to (4.12). On the
other hand, the leakage rate ayyw is mainly controlled by the separation PP between
posts of one of the rows of the SIW. Typically, larger separations between posts
provide larger leakage rates, which allow an effective control over aqw as func-
tion of P. In this manner, by suitably modifying I/ and P along the SIW a wide
range of values for apw and Spw can be obtained. Therefore, an arbitrary distri-
bution of amplitude and phase along the antenna aperture can be designed with
independence of the substrate used, while keeping high radiation efficiency.

In practice, the dependence of the leakage rate and phase constant on W and
P is coupled and therefore for the case of this SIW LWA the tapered geometry has
been obtained using a TEN of the cross section of the antenna [118]. By virtue
of the capability to independently control the leakage rate and the phase constant,
the substrate thickness is not limited to any value as in the HMLWA, which has
allowed the selection of a thicker substrate compared with the HMLWA. In this
example, a commercial substrate with thickness 4~ = 0.508 mm, ¢, = 2.2 and
tan 0 = 0.0009 has been used. Likewise, by following the variations of the objec-
tive leaky-mode’s tapering functions represented in Fig. 4.18b, both the width
and the separation between vias P have been modified along the antenna length
as shown in Fig. 4.20a. This modulation of the SIW LWA geometry can be clearly
observed in the layout view represented in Fig. 4.20b. Moreover, Fig. 4.20c shows
characteristics of the leaky mode synthesized for obtaining the suitably conformed
SIW LWA, according to the prescribed curve of Fig.4.17. The flexibility to con-
trol the leaky mode of the SIW LWA is demonstrated by comparing the leakage
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Figure 4.20: Conformal tapered SIW LWA: a) modulation of the width W and
distance between posts P along the antenna length, b) corresponding layout for
the tapered SIW LWA, and c) synthesized and objective leaky-mode’s tapering
functions at the design frequency of 15 GHz.
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rate of the ideal tapered illumination function (pink circles) shown in Fig.4.18,
and the synthesized one (red dashed line). It is observed how apw of the tapered
SIW LWA follows the prescribed value of apw shown in Fig.4.18b. This figure
further shows the variation of the radiation angle f;w along the antenna length to

conform the radiation pattern to the curve surface.

4.2.3 Measured Radiation Patterns

This subsection shows the radiation patterns at the design frequency of 15 GHz
for the different proposed antennas. Simulated results obtained with commercial
full-wave software HFSS have been compared with theoretical radiation patterns
computed from the engineered leaky mode and with measurements. The confor-
mal designs have also been compared with a rectilinear HMLWA to justify the
tapering of the leaky mode. Both the SIW LWA and the HMLWA have been di-
rectly fed by a 50 €2 microstrip transmission line, which has been tapered to reduce
the mismatch [91]. The set-up used for measuring the far-field radiation patterns
is shown in Fig.4.21. It can be seen how the antenna is conformed along a curve
surface with radius R = 300 mm, which is inscribed over a foam panel.

The necessity to conform the radiation pattern in order to avoid diverging
phase fronts is illustrated along this section with several examples. The first de-
sign shows a conventional rectilinear HMLWA with length L4 = 200 mm and a
uniform width W = 3.92 mm, which provides a constant pointing angle of 45°
along the antenna (see Fig. 4.19¢). In Fig. 4.22 theoretical and simulated radiation
patterns are compared with measurements for the design frequency of 15 GHz.
Good agreement between results is observed. A reflected lobe appears at —45° in
the measured result, attributed to the mismatch at the far-end of the antenna. The
level of the reflected lobe is —20 dB below the main beam, which indicates a high
radiation efficiency > 90% [91].

The second design example shows the case of the same conventional rectilin-

ear HMLWA used in Fig.4.22, which is now conformed along a curved surface
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Far-field measurement

Figure 4.21: Photographs of the conformal antenna over a foam panel and the
set-up used for measuring its radiation pattern.

of radius R = 300 mm. Theoretical, simulated and measured radiation patterns
are compared in Fig. 4.23, providing a good agreement and confirming the good
quality of the measurements and its set-up. It can be clearly noticed how the
directivity deteriorates as the main beam is now wider and shifted from 45° to
60°. This result exemplifies the need to taper the HMLWA in order to correct the

surface curvature and recover a directive radiation pattern scanning at fgap = 45°.

As described in Fig. 4.18, the HMLWA can be tapered to follow a prescribed
radiation angle. For this example, it has been used the conformal surface shown
in Fig.4.17, which has a radius of R = 300 mm. In order to correct the distorted
radiation pattern of Fig. 4.23, the tapered design proposed in Fig. 4.18 has been
used. In this manner, the HMLWA width is varied along the antenna length to
provide the angle shown in Fig. 4.19¢, which allows that the curvature of the con-
formal surface can be compensated. Likewise, the variation of the locally radiated

angle allows recovering a plane-wave front, avoiding a diverging phase front, and
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Figure 4.22: Theoretical, simulated and measured radiation patterns at the design
frequency of 15 GHz for the conventional rectilinear HMLWA.

thus, a single narrow beam for the far-field radiation pattern can be obtained at the

desired angle of frap = 45°.

Theoretical, simulated and measured radiation patterns are compared in Fig. 4.24,
showing good agreement between results and confirming the success in tapering

the leaky mode, and recovering the desired radiation pattern pointing at 45°.

The last design shows the SIW LWA detailed in Fig. 4.19, which in addition
to have the capability to vary the radiated angle as the HMLWA, allows the con-
trol in the amplitude of the radiated fields. In this way, the amplitude aperture
distribution can be tapered, as shown in Fig. 4.20c. This control over the aperture
distribution allows obtaining higher aperture illuminations which provide higher
directivities. Moreover, the tapered apertures can also be designed to improve the

matching or reduce the SLL [141]. Fig.4.25 shows a comparative between the-
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Figure 4.23: Theoretical, simulated and measured radiation patterns at the design
frequency of 15 GHz for the conformal non-tapered HMLWA.

oretical, simulated and measured radiation patterns for the case of the conformal
SIW LWA. The agreement between results is good, demonstrating the capability
to conform the SIW LWA and correct its radiation pattern. It is noticed how a
narrow main beam pointing at 45° has been obtained for the design frequency of

15 GHz.

With the purpose of illustrating the effect of the curvature over the phase-front,
the radiated near fields for the three proposed designs, i.e. the conventional recti-
linear HMLWA, the conformal non-tapered HMLWA, and the conformal tapered
SIW LWA, are represented in Fig. 4.26. These plots have been obtained by using a
modal tool developed in [142]. As it can be seen in Fig. 4.26a, the rectilinear LWA
produces a coherent plane-wave propagating towards the prescribed scanning an-

gle of 45°. However, when the LWA is bent to the described arc, the phase fronts
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Figure 4.24: Theoretical, simulated and measured radiation patterns at the design
frequency of 15 GHz for the conformal tapered HMLWA.

also suffer from this divergence, as it is clearly illustrated in Fig. 4.26b, producing

as a result the distorted far-field radiation pattern plotted in Fig. 4.23.

To avoid this diverging phase-front the leaky mode must be properly tapered
to correct for this curvature and restore the desired coherent plane-wave focusing
at 45° in the far-field. Fig.4.26¢ shows the simulated near-fields created by the
conformal tapered LWA. It can be seen that the emitted fields present a uniform
plane-wave phase front propagating at the desired scanning angle of 45°, despite
the curved shape of the LWA, which provides a non-distorted far-field radiation
pattern as illustrated in Fig. 4.25.

In addition, in order to summarize the measured results, the far-field radiation
patterns for the three different designs over the conformal surface, i.e. the confor-

mal non-tapered HMLWA, and the conformal tapered HMLWA and SIW LWA,
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Figure 4.25: Theoretical, simulated and measured radiation patterns at the design
frequency of 15 GHz for the conformal tapered SIW LWA.

are compared in Fig. 4.27. It can be noticed from the conformal tapered HMLWA
and SIW LWA radiation patterns, the necessity to correct the radiation angle along
the antenna length with the aim of compensating the curved surface and to keep a

constant pointing angle at 45°.

Moreover, it is observed that for case of the SIW LWA the beamwidth A#f is re-
duced due to a higher illumination efficiency compared to the tapered HMLWA. In
particular, the conformal tapered HMLWA shows a —3 dB beamwidth of Af = 8°,
which is reduced to Af = 6° for the conformal tapered SIW LWA. As explained
previously, the control of the amplitude distribution has allowed to design an an-
tenna with a higher aperture illumination, which is translated into a higher direc-

tivity in addition of providing a wider flexibility to choose the antenna substrate.



96

Synthesis of Tapered Planar LW Devices

8 10 12 14 16 18 20
y/ko

()

10 12 14 16 18 20
y/}.0

(b)

002468101214161820_

y/).o

(©

Figure 4.26: Near-field radiation patterns for the designed: a) non-tapered rec-
tilinear HMLWA, b) non-tapered conformal HMLWA, and c) tapered conformal
LWA, with an antenna length of L4, = 10 at the design frequency of 15 GHz.
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Figure 4.27: Measured radiation patterns at the design frequency of 15 GHz for
the conformal designs of a non-tapered HMLWA, tapered HMLWA and tapered
SIW LWA.

4.2.4 Conformal SIW LWA Frequency Scanning Response

Next, an analysis of the measured frequency scanning properties of the conformal
tapered SIW LWA is presented, including gain, input matching, radiation patterns,
and scanning angle. The SIW LWA described in Fig. 4.19 has been used, which
has an antenna length of L, = 200 mm and a radiation angle of 45° for the design
frequency of 15 GHz when is conformed over a cylindrical surface of radius R =
300 mm.

First, the normalized radiation patterns measured at several frequencies are
shown in polar form in Fig. 4.28. A frequency range from 14 GHz to 18 GHz has
been chosen to cover the complete operational band of the SIW LWA. As shown,
at 14 GHz the radiation pattern (in dashed blue line) is pointing at 20° while for

increasing frequency the angle moves towards endfire, in accordance with the
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typical frequency scanning response presented by LWAs [91]. It is further im-
portant to note that the radiation pattern is kept similar in term of beamwidth
Ad for the different frequencies, mainly from 14.5 GHz. This effect is explained
by the quasi-linear dependence on the propagation constant with the frequency,
which also increases the pointing angle (4.12) in a similar way for all the sections
of the antenna. Therefore, the antenna can radiate with similar performances at
several frequencies. However, the leakage rate typically decreases with the fre-
quency which provides lower radiation efficiency and lower gain. This frequency
scanning operation could be interesting for applications which require performing

spatial and frequency scanning like automotive radars.

Figure 4.28: Measured radiation patterns for the conformal tapered SIW LWA for
a range of frequencies from 14 GHz to 18 GHz.

The behavior of the radiation angle with the frequency is summarized in Fig. 4.29.
It can be seen how Ograp moves from 20° at 14 GHz to 90° at 18 GHz, whereas for
the design frequency of 15 GHz the aforementioned angle of 45° has been ob-
tained. Moreover, measured results are compared with simulations, obtaining a

good agreement between them.
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Figure 4.29: Measured and simulated frequency scanning response of the radia-
tion angle fgap for the conformal tapered SIW LWA.

Fig. 4.30 shows the simulated (continuous line) and measured (circles) gain
for the normalized radiations patterns represented in Fig.4.28. As shown, the
maximum gain is obtained at the design frequency of 15 GHz with a value of
13dB. It can be also observed that the gain decreases around 14 GHz for an
angle of 20°. This gain reduction is mainly due to the leaky mode is now closer
to the "reactive mode" region [82], which causes a fast decay of the leaky wave
along the transmission line and thus a smaller illuminated length of the SIW LWA.
From 15 GHz the radiation efficiency begins to decrease, which is translated into
a lower gain. However, a gain value around 10dB is kept until a frequency of
18 GHz, which provides an angle close to endfire.

Finally, the measured S-parameters (continuous line) of the SIW LWA are
compared with simulations (dashed line) in Fig.4.31. A good input matching
S11 = —25dB is observed at the design frequency of 15 GHz, with a low trans-
mission coefficient Sa; = —15dB, as consequence of the high designed radiation
efficiency [91]. The input matching is kept below —10dB for the range from
14.5 GHz to 18 GHz, which ensures low reflection losses for the complete opera-

tional band of the antenna. On the other hand, the increasing value of the Sy; with
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Figure 4.30: Measured and simulated frequency dispersion of the peak gain for
the conformal tapered SIW LWA.

the frequency indicates that the radiation efficiency decreases, which is results to

lower values of gain shown in Fig. 4.30.
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Figure 4.31: Measured and simulated S-parameters for the range of frequencies
from 12 GHz to 18 GHz for the conformal tapered SIW LWA.
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4.2.5 Conclusion

The design of a conformal substrate integrated waveguide leaky-wave antenna
(SIW LWA), which exhibits the capability to taper the amplitude and phase of the
fields radiated at the antenna aperture, has been shown in this section. The tapered
SIW LWA has been compared with other planar conformal alternative such as the
half-mode LWA (HMLWA), which lacks the capability to control the leakage rate.
As a result, the flexibility to taper leaky mode in the proposed conformal SIW
LWA has allowed obtaining higher illumination efficiency and restoring the high-
gain frequency scanning response despite the curved surface. The necessity to
perform a tapered design for conformal antennas has been demonstrated by com-
paring the radiation pattern of a conformal non-tapered HMLWA with the tapered
designs of the HMLWA and the SIW LWA. Three antenna prototypes operating at
15 GHz have been manufactured and measured: 1. Conventional HMLWA, 2. Ta-
pered HMLWA, and 3. Tapered SIW LWA . Theoretical, simulated and measured
radiation patterns have been compared obtaining good agreement between them,
which assures the good quality of the prototypes and the set-up used in the far-
field measurements. Finally, an analysis of the frequency scanning response of

the SIW LWA has been performed in the range from 14 GHz to 18 GHz.

4.3 Quasi-Elliptic Angular Bandpass Filter Using a
Single-Layer Modulated SIW Travelling-Wave
Line

The design of a novel compact planar angular bandpass filter that integrates in a
single-layer SIW device the radiating and filtering functionalities in both angular
and frequency domains is reported in this section. The synthesis of the sharpened
quasi-elliptic angular response is based on the proper tapering of the leaky wave

that propagates through the modulated SIW line. The theory is proven with ex-
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periments performed on fabricated prototypes, demonstrating an improvement of
17 dB in the angular rejection for a 20 \y-long filter covering the range [20°, 40°] at
15 GHz. The bandpass filtering mechanism is also demonstrated, showing a band-
width of 700 MHz which results from the inherent spatial-frequency dispersion of

the leaky wave propagating through the designed SIW filter.

4.3.1 Introduction

Frequency and angular filtering capabilities have been traditionally obtained on
frequency-selective surfaces (FSS) [144], which combine radiation and spatial/
frequency filtering functionalities by using at least two different subsystems (the
antenna and the FSS). The shaping of the FSS angular/frequency response is typi-
cally based on cavity-filter synthesis techniques, so that more selective patterns are
normally obtained by stacking a higher number of resonant FSS layers to increase
the filter order [144]-[152]. Based on this concept, several technologies such as
layered dielectrics [144], multilayered coupled printed circuits [145] (including
cascaded substrate integrated waveguide (SIW) cavities [146], [147]), metal strip/
patch gratings [148], [149], or metal grids [150], have been proposed. In all cases,
the filter volume and complexity increase as more demanding specifications are
added in spatial and frequency domains, resulting in an increased number of cas-
caded resonant FSS layers [144]—[152].

With the purpose of reducing the complexity and volume of these previous
designs, a simple, compact, planar SIW angular bandpass filter, which integrates
in one single-layer travelling-wave line the radiating and the angular/frequency
filtering mechanisms, is proposed. An schematic view of the proposed filtering
system is shown in Fig.4.32, illustrating the design scanning angle 6, and the
signal operating frequency fy. This single-layer SIW is in charge of generating
an angular width Af around 6, in the space domain, and a pass bandwidth BW
around fj in the frequency domain.

The design is based on the synthesis of a selective angular pattern cover-
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Figure 4.32: Scheme of the single-layer filter scanning at a prescribed angular 6,
and operating at a given central frequency fy.

ing a specified wide angular region, and with high angular rejection out from
it. First designs were conceived from curved leaky-wave antennas (LWAs) by
Ohtera [153]. Later, Burghignoli et al.[121] proposed a technique to obtain an-
gular shaping by modulating the leaky-wave (LW) complex propagation constant
along a rectilinear aperture. However, here the ability to obtain a broadbeam radi-
ation pattern with one single radiation null proposed in [154], has been widened
to generate for the first time selective angular patterns by using a tapered substrate
integrated waveguide (SIW) [91], [141], which can be directly scalable at mil-
limeter bands [155]-[157]. Moreover, the angular selectivity has been combined
with its frequency dispersion characteristic in order to demonstrate theoretical and
experimentally the design of a novel single-layer device with both spatial and fre-
quency filtering functionalities.

Some of the main applications of these spatial/frequency filtering functionali-
ties can be found in the design of analog signal processing (ASP) circuits [158]—
[166], due to the necessity to obtain low-cost circuits at microwave/millimeter-
wave frequencies and avoid unaffordable over-Gbps/Tbps sampling [166]. Many

of these proposals are based on the spatial-frequency decomposition inherent to
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surface and leaky waves [161]-[163]. In all these cases, a dispersion engineering
approach is used to control the coupled frequency-angular response of the modes
propagating in textured engineered materials, with the aim to integrate different

functionalities in one single device [161]-[165].

The section is distributed as follows: Section 4.3.2 describes the theoretical
concepts for the angular synthesis of Chebyshev and quasi-elliptic angular re-
sponses, which are based on the modulation of a travelling leaky wave [123].
In Section 4.3.3, this is applied to the practical modulation of a substrate inte-
grated waveguide (SIW) [91] operating at 15 GHz, showing experimental data
which confirms the theory. Section 4.3.4 demonstrates that a bandpass frequency
response is inherently obtained from this simple device. Finally, Section 4.3.5

summarizes the conclusions of the section.

4.3.2 Synthesis of Quasi-Elliptic Angular Response

The design of Chebyshev angular filters from a modulated leaky wave was theo-
retically proposed in [121]. Likewise, the required variations of the leaky mode

along the SIW need to be related with its complex aperture field distribution:
ERRERT(2) = M(z) - €90 (4.16)

whose amplitude M (z) and phase ¢(z) terms can be respectively obtained as func-

tion of the LW leakage rate a(z) and pointing angle Oxp by [82]:

alz) = 1 |M(Z)|2 4.17
& ST MR — Iy P i
ﬁ(Z) = ]{70 sin GRAD(Z) = —8¢(Z) (418)

0z

where 7 is the radiation efficiency. Therefore, the modulated complex aperture

distribution (4.16) can now be synthesized from the tapered values of the complex
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wavenumber k, along the SIW length:
kW (2) = kosinfgap(2) — ja(2) (4.19)

Fig. 4.33 illustrates the angular responses obtained when applying this modu-
lation technique [121] with different filter lengths L, for the synthesis of a broad-
beam centered at an angle § = 30° with a —3 dB beamwidth of Af = 25°.
Clearly, one needs to enlarge L to synthesize a more selective Chebyshev angular
response while keeping the same angular width. This is summarized in Table 4.1,
which illustrates the rejection (measured as the linear slope in dB/° to fall from
—3dB to —10dB), as a function of L.
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Figure 4.33: Chebyshev angular filtering response as a function of filter length L.

Table 4.1: Relation between angular rejection and filter length.

Length L 5/\0 10/\0 20/\0 30)\0 40A0
RejectiondB/° || 0.5 || 0.7 1 1.5 2.4

The standard modulation technique proposed in [121] can be modified with the

addition of more demanding specifications to the synthesis, so that a quasi-elliptic
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filter response with increased angular rejection can be obtained without the need
of increasing the filter length [123]. This process has been summarized in the
flowchart shown in Fig. 4.34. First, the initial values of the leaky mode (g, Bint)
for obtaining a Chebyshev response with a prescribed 6 and Af are determined
by using the technique described in [121]. Then, the calculated radiation pattern
for (a1, PAini) is modified according to the required specifications (in terms of
the angular region for the main broad-beam and its two surrounding transmission
nulls) for a more selective response [123]. Afterwards, the quasi-elliptic angular
response is expressed as function of a complex aperture field distribution (4.16),
which can be related from (4.17) and (4.18) with its corresponding values for the
leaky mode. Finally, the required modulated values of a and 3 must be translated
to a suitable geometry with enough flexibility to follow the variations of the leaky

mode along the length of the angular filter [91].

— 1)
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Angular Filter
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Figure 4.34: Flowchart for the synthesis of a quasi-elliptic bandpass filter.

3)

Tapered Geometry
(W,P)

An example of the previous design process is illustrated in Fig.4.35, where
the theoretical angular pattern obtained for a 20\¢-long filter is plotted in magenta
with the following specifications: a main broad-beam with a —3 dB width cov-
ering the angular range # = [20°, 40°], and two surrounding transmission nulls

below —20dB in the angular regions § = [0°, 15°] and # = [45°, 60°] (these
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specs are plotted with green dashed lines in Fig. 4.35). This angular response has
been created using the numerical technique for the synthesis of radiation nulls
in rectilinear tapered LWAs proposed in [123]. It can be seen how the designed
quasi-elliptic 20\p-long angular filter has the same rejection (2.4dB/°) than a
Chebyshev-type 40)g-long one (plotted in blue line) because of the addition of
the null specs. As a result, the rejection has been improved by 17 dB compared
to the Chebyshev angular filter with the same length L = 20)y. Out from these
null regions, the quasi-elliptic 20 filter follows the same radiation profile of the
conventional Chebyshev 20\,-long filter (plotted in dashed red line), as it can be
also seen in Fig. 4.35 for § < 0°. This is due to the fact that our design is based
on a Chebyshev 20 in which null specs have been added only to the prescribed

angular regions.
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Figure 4.35: Synthesis of radiation nulls to increase the angular rejection.

The requested simultaneous tapering functions for the leaky-wave pointing
angle fgap(z) and normalized leakage rate a(2)/kq to synthesize the two 20¢-
long filter designs of Fig. 4.35 are shown in Fig.4.36. The standard Chebyshev

tapering is plotted with continuous lines and it is compared to the proposed novel
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tapering (plotted with dashed lines) with addition of radiation nulls for quasi-
elliptic response synthesis. The Chebyshev-type tapering [121] involves a quasi-
linear increase in the locally-tapered pointing angle covering the angular region
Orap(z) = [10°, 50°] as shown in Fig.4.36a, and a tapered modulation of the
leakage rate shown in Fig.4.36b, which provides uniform radiated power per
unit angle in the aforementioned interval. As it can be seen in Fig.4.36, these
smooth tapering functions are modified with abrupt variations in both Orap(2)
and «(z)/ko to synthesize the requested radiation nulls for the quasi-elliptic an-
gular filter, wherein stronger variations are needed for wider and deeper null specs

as explained in [123].

4.3.3 Design of an Angular Bandpass Filter With Modulated
SIW LWA

The final stage of the design process in order to obtain an angular bandpass re-
sponse with higher angular selectivity, consists in translating the electrical mod-
ulations of the leaky-wave complex propagation constant into their geometrical
modulations of the filter cross section along its length z. For this, it is required a
leaky-wave transmission line topology that possesses enough degrees of freedom
to simultaneously and independently control fgap and «/ky. The microstrip line
[167] and the slotted waveguide [122] have been theoretically proposed with this
objective in mind, but no experimental data has been reported so far to demon-
strate this possibility. Here it proposes the use of a modified SIW, which has re-
cently shown the capability to flexibly control fgap and o/ kg by properly design-
ing the STW width W and the separation between vias P [91], [141], as sketched
in Fig. 4.37a.

In this way, the requested leaky-wave modulation of Fig.4.36 is transformed
into the SIW geometry modulation functions W (z) and P(z) shown in Fig. 4.37b,
for both 20\, tapered designs (Chebyshev and quasi-elliptic). The design fre-
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Figure 4.36: Tapering of leaky wave a) local pointing angle and b) local leakage
rate for the synthesis of Chebyshev and quasi-elliptic angular responses.

quency is 15GHz (A = 20mm), and commercial Taconic TLP-5 substrate with
€ = 2.2, tand = 0.0009 and h = 0.508 mm is used for the SIW. The other
fixed parameters are: posts’ diameter d = 1 mm, non-radiative posts’ distance
Py = 2mm, and radiating strip width Wy = 1.5 mm (see Fig.4.37a). As it can
be seen in Fig. 4.37b, the Chebyshev tapered design requests a smooth modula-
tion of the SIW width W and the distance between posts P. On the contrary, the
proposed addition of radiation nulls is translated into more abrupt modulations in
W (z) and P(z), which follow the variations in the leaky-wave tapering functions

Orap(2) and a(2)/ko shown in Fig. 4.36.
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Figure 4.37: a) Scheme of modulated SIW filter with L = 20)\¢ = 400 mm.

b) Modulation of SIW dimensions to synthesize Chebyshev and quasi-elliptic an-
gular responses.

A photograph of a fabricated modulated SIW prototype of length L = 20)\y =
400 mm is shown in Fig. 4.38a. In addition, Fig. 4.38b shows the corresponding
simulated (HFSS) leaky-mode propagating-fields inside this modulated SIW line.
As it can be seen, the guided wavelength \,(z) varies along the 20\ length of
the device, showing longer ), at the radiating STW input and shorter \,(z) at the
end. Recalling the well-known relation between A, (2) and the locally modulated
leaky-wave pointing angle frap(2)[82]:

A
sin frap (2) ~ A—("z) (4.20)
g
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Figure 4.38: a) Manufactured modulated SIW quasi-elliptic filter. b) Simulated
propagating leaky-mode electric field. c) Measured far-field angular pattern at

15 GHz. d) Measured input matching and return loss.
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It can readily see from the simulations of Fig.4.38b that the designed tapered
SIW does effectively modulate the local scanning angle along the longitudinal z-
direction to obtain an increasing function of fxp(2) as the one shown in Fig. 4.36a.
The measured angular pattern at the design frequency of 15 GHz for the quasi-
elliptic design (dashed red line) is compared with theory (continuous blue line)
in Fig. 4.38c. As it can be seen, the agreement between experiments and the ob-
jective pattern is very good, showing the successful synthesis of a very selective
main shaped beam covering the prescribed —3 dB angular region 6 = [20°, 40°],
and with the desired sharp angular decay. Some discrepancies are observed at
the angular range in the backward quadrant § = [—20°, —40°], due to the leaky
wave reflected at the far end of the SIW line (which emits energy at mirrored
angles with respect to the main beam). The SIW is directly fed by a microstrip
transmission line, which has been tapered to reduce the mismatch [91]. The mea-
sured input matching S;; and transmission S5; coefficients are also reported in
Fig.4.38d, showing good matching S1; ~ —20dB at the design frequency of
15GHz, and a low S;; = —10dB as a result of the high designed radiation effi-
ciency (n =1 — [Su1|* — S |*) [91].

Simulated radiated fields in the elevation zy-plane (/-plane, in an area of
50Xg x50)\g) are represented in Fig. 4.39 to give more physical insight into the syn-
thesis of the angular selective response. Both Chebyshev (Fig.4.39a) and quasi-
elliptic (Fig.4.39b) SIW filter designs have been analyzed to illustratively show
the similarities and differences in their respective radiated-field angular patterns.
As it can be seen, both cases show the synthesis of a diverging radiated field that
covers the specified angular region [20°, 40°] with quasi-uniform radiated power
per unit angle. However, the transition from light to shadow is more abrupt and
discernible in the quasi-elliptic case, due to the higher rejection created by destruc-
tive interference of radiated fields at directions which are immediately adjacent to
the light zone. To stress this difference, white dashed lines mark radiation direc-

tions of 10° and 50°, showing a stronger reduction in the near-field intensity level
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Figure 4.39: Simulated near-field patterns in the zy-plane radiated by the modu-
lated SIW filters: a) Chebyshev design. b) Quasi-elliptic design.

(20dB below) for the quasi-elliptic filter than for the the Chebyshev design.

This reduction in the near-field pattern is in coherence with the far-field pat-
terns shown in Fig. 4.40. Clearly, the introduction of radiation null specifications
for the quasi-elliptic filter has increased the roll off from 1 dB/° to 2.5dB/° com-
pared to the Chebyshev design, while using the same filter length (L = 20)\).

From these results, the synthesis of a selective angular response from a practi-
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cal modulated rectilinear SIW device and the increase in the angular rejection by

using leaky-wave selective null synthesis techniques have been demonstrated.
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Figure 4.40: Measured far-field patterns at 15 GHz for Chebyshev and quasi-
elliptic angular responses.

4.3.4 Frequency Bandpass Filter Response

The frequency response of angular filters is also of key importance to permit a
desired bandwidth and to reject unwanted signals. Design of filters on both an-
gular and frequency domains is not a simple task, and only a few works have
treated the simultaneous synthesis of angular bandpass filters [148], [152]. Leaky
modes scan the direction of the main beam towards endfire as frequency is in-
creased as a result of their inherent frequency-spatial dispersion [82]. This prop-
erty has been exploited in some recent works to conceive integrated circuits that
perform spatial-spectral filtering for analog signal processing [161]-[165]. This
is a general aspect that also applies to this SIW leaky-wave angular filter. This
can be seen in Fig.4.41, which plots the measured gain patterns as frequency is

varied from 15 GHz to 18 GHz for the quasi-elliptic angular filter design. Below
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14.8 GHz the SIW presents cutoff as it can be observed by the high input mismatch
(S11 > —1.5dB) in Fig. 4.38d, resulting in a rapid drop of the overall filter an-
gular gain. As frequency is increased, the synthesized selective angular response
at 15 GHz emerges, and then the central angle is scanned towards endfire with a

scanning ratio of 15 °/GHz as shown in Fig. 4.41.

15 GHz
= = 16 GHz [~

= mm = 18 GHz
90°

Figure 4.41: Measured angular gain patterns at different frequencies for the quasi-
elliptic SIW filter design.

As a result of this scanning behavior, the electromagnetic response for the
fixed design observation angle of 6, = 30° and around the design frequency of
15 GHz is of the type of a bandpass filter. This is demonstrated by the measured
gain at y = 30° for frequencies between 14 GHz and 17 GHz plotted in Fig. 4.42.
The gain has been measured in the far-field region by using a gain-comparison
method for the set-up shown in Fig.4.32. A well-defined bandpass response is
demonstrated, with a —3 dB bandwidth of 700 MHz centered at 15.25 GHz, which
is in agreement with the simulated results (red dashed line). The lower bandpass
frequency limit is determined by the aforementioned SIW cutoff, which rejects
frequencies below 14.8 GHz. Then, the pass band is originated by the transit of
the designed selective angular response of width Af = 20°, which scans half of its
angular width below 30° ( Af/2 = 10°) at the aforementioned scanning ratio (SR)
of 15°/GHz. In this way, the resulting bandwidth BW for the design observation
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angle of 6 = 30° can be approximated by:

AG/2
W~ _—— 4.
B R (4.21)

which provides a value of BW = 667 MHz in coherence with the measured band-
width reported in Fig. 4.42. Moreover, it can be seen that the out-of-band rejection
is weaker for the upper band than for the lower band. This asymmetry is due to
the different nature on the rejection mechanism for these two bands: clearly the
lower stopband due to the SIW cutoff provides higher rejection (G = —30dB
at 14 GHz) than the rejection due to the scanning of the angular response at high
frequencies (G = —12dB at 16 GHz).
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Figure 4.42: Measured and simulated bandpass filtering responses (gain versus
frequency) for the quasi-elliptic SIW filter designed at 15 GHz and 6, = 30°.

Nevertheless, it is worth noting that the bandwidth, BW, of the synthesized
bandpass response can be controlled once the angular width Af has been chosen,

by proper selection of the leaky-mode scanning ratio (SR) according to (4.21).
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The scanning ratio, SR, (also known as frequency sensitivity [82]) is given by
the angular dispersion curve 6(f) of the leaky mode propagating on the stud-
ied transmission medium. With the purpose of showing the flexibility to choose
different scanning ratios, and thus, to control the BW, the leaky-mode disper-
sion curves for the designed SIW filter and three different substrate’s permit-
tivities (¢, = 2.2, 4.5 and 10) are shown in Fig.4.43. The modal scanning re-
sponses have been obtained using the modal tool developed in [118] for the cen-
tral section of the filter, which scans at the central design angle of 6, = 30°
for the operating frequency of 15 GHz. From the derivative of 6(f) at 15 GHz,
three different leaky-mode scanning ratios are obtained depending on the sub-
strate used (¢, = 2.2, SR ~ 15°/GHz), (¢, = 4.5, SR =~ 30°/GHz) and
(e, = 10, SR =~ 80°/GHz). This relationship between the SR and the BW
has been experimentally demonstrated for the designed SIW filter with ¢, = 2.2,

which agrees with the measured result shown in Fig. 4.42.

90 ! T T T
SR-80'/GHz: l
o( f) 4 SR=30'/GHz ,/

/ R 4 :
; R P
: ¥ SR=15/GHz. |

eRAD(degrees)

(%4 145 15 15.5 16 16.5 17
Frequency(GHz)

Figure 4.43: Angular-frequency dispersion curve of the leaky mode propagating
in the designed SIW angular bandpass filter for the three different substrate’s per-
mittivities (¢, = 2.2, 4.5 and 10).
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Therefore, dispersion engineering techniques can be used to tune the leaky-
mode scanning ratio, and thus modify the frequency bandwidth BW for a given
angular width A6 according the design equation (4.21). By simply choosing the
SIW dielectric permittivity, one can strongly control the scanning ratio as demon-
strated in [143]. Also, the addition of high impedance surface (HIS) sheets [168]
can further increase the SR to reduce the filter BW. Conversely, the SR can be
decreased by means of novel passive [169]—[171] or active [172] artificial trans-
mission lines with reduced beam squint, so that the resulting BW could be notably
increased. However, it is also important to note that in order to obtain the same an-
gular response at the design frequency, the iterative process followed in Fig. 4.34

needs to be applied for each scanning ratio.

To finalize, Fig. 4.44 summarizes the performance of the proposed SIW de-
vice covering the whole angular and frequency ranges. It shows the measured
gain with a colorbar as a function of frequency (y-axis), and for different far-field
observation angles 6 (z-axis). The frequency scanning response which couples
the frequency and the angular filtering behaviors becomes evident in this figure: it
is readily observed the wide red-colored trace of angular width Af = 20° which
moves from central § = 30° at 15 GHz to 8 = 60° at 17 GHz, in coherence with
Fig.4.41. This figure also helps to geometrically relate the magnitudes involved
in (4.21); namely the angular width A#, the scanning ratio SR, and the resulting
bandwidth BW. It is also graphically observed how the Af = 20° angular-wide
main beam synthesized around ¢ = 30° at 15 GHz moves towards endfire at a
ratio SR = 15°/GHz as frequency is increased, creating for §# = 30° a pass band
with frequency bandwidth BW = 700 MHz. Moreover, it must be pointed out
that it can be observed in Fig. 4.44 a reflected lobe created by the filter far-end
discontinuity which emits energy at mirrored angles from the main spatial direc-
tion. However its level is well 10 dB below the main angle for all frequencies (as

it can be also seen in Fig.4.41).
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Figure 4.44: Measured angular bandpass filtering performance for the quasi-
elliptic SIW filter design. Gain is represented by an intensity colorbar, # (degrees)
is in z-axis, and frequency (GHz) is in y-axis.

4.3.5 Conclusion

The synthesis of a quasi-elliptic angular bandpass filter in a single-layer low-
profile modulated SIW transmission line has been presented in this section. Mea-
sured results on a fabricated 400 mm-long filter prototype operating at 15 GHz
with 20° angular width and 700 MHz bandwidth have validated the theory. It has
been shown an improvement in the angular rejection of 17 dB due to the insertion
of nulls in the angular domain. Moreover, it has been shown that a well-shaped
bandpass filtering in the frequency domain is simply produced as a consequence of
the leaky-mode scanning sensitivity. It has been demonstrated that the resulting
bandwidth of 700 MHz is directly related to the angular width and the spatial-
frequency dispersion of the leaky mode propagating on the SIW filter. As a result,
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the selectivity in both angular and frequency domains can be independently tuned
by means of dispersion engineering over the leaky-mode scanning ratio. Com-
pared to previous angular bandpass filter technologies based on cascaded resonant
FSS, this travelling-wave SIW device integrates in one single planar substrate the
radiating and the filtering properties in both angular and frequency domains. This
device is thus an important contribution to integrate different functionalities in one
single device, thus reducing complexity and volume for analog signal processing
circuits. Moreover, this SIW technology can be directly scalable at millimeter
bands, where novel simple alternatives for low-loss filtering/multiplexing are re-

quested.

4.4 Properties of Microwave Near-Field Focusing of

Width-Tapered Microstrip LWAs

The possibility of microwave near-field focusing using a simple width-tapered
microstrip leaky-wave antenna is theoretically and experimentally proven in this
section. The design procedure to obtain the modulation of the microstrip width
along the antenna length is described, illustrating the conditions and limitations
for optimum focusing at a certain focal point and using a given substrate. A 7.5\¢-
long microstrip lens is designed to operate at 15 GHz, and its focusing properties
are studied. An array of two in-phase microstrip lenses located front-to-front is
proposed to obtain a symmetric focusing pattern with higher spatial resolution.
Theoretical and experimental results demonstrate the optimum synthesis of a fo-
cusing region with focal length of 3\, presenting focal width of only 0.33)¢ , and
focal depth of 1.25). Finally, it is reported the frequency focus-scanning perfor-
mance in the range 14-17 GHz. All these features make the proposed microstrip

lens a simpler alternative solution to focused planar phased-arrays.
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4.4.1 Introduction

Near-Field focusing leaky-wave antennas (LWAs), also known as leaky-wave lenses
(LWLs), have recently been proposed [121], [124], [167], [173]-[175]. The main
advantage of LWLs when compared with conventional focused phased-array aper-
tures [176]-[181], is its simple feeding mechanism, avoiding costly and lossy dis-
tribution networks. The first approaches of LWL made use of curved LWAs to ob-
tain a converging phase front [173], [174]. Later [121], a rectilinear configuration
of LWL based on the appropriated tapering of the leaky-mode pointing angle was
proposed. Different LWAs technologies have been tentatively proposed to con-
ceive rectilinear LWLs, such as the composite right/left handed microstrip [175],
the microstrip line [167], or the slotted waveguide LWA [124]. These rectilin-
ear versions of LWL avoid the need to curve the leaky structure, which can be
complicated and even undesired for certain applications. However, the synthe-
sis of rectilinear LWLs is more demanding than for the conformal LWL case,
in the sense that one needs to properly taper the leaky-mode complex propaga-
tion constant along the length of the LWA [121], [124]. It must be noticed the
similarities between the proposed half-width microstrip line, and the slotted di-
electric waveguide [124]. Certainly, from an electromagnetic point of view, the
half-width microstrip can be seen as a limiting case of the slot line in which one
of its metallic fins tends to zero. As a result, the same leaky-mode analysis tool
used in [124] can be used in the present case to study a microstrip line embedded
in parallel plates. On the other hand, the capability to demonstrate the near-field
focusing performance of planar microstrip lines have been extensively pursued
[121], [124], [167], [173]-[175], due to its simplicity, low-cost, low-profile, easy
adjustment, and direct feeding and integration with other planar circuits (when
compared, for instance, with more bulky dielectric waveguides as [124]). There-
fore, the proposed structure provides a systematic and robust design of near-field
focusing from a simple width-modulated microstrip line, which is demonstrated

by experimental results.
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Figure 4.45: Scheme of width-tapered microstrip leaky-wave lens (MLWL).

The section is distributed as follows. In Section 4.4.2, it is theoretically de-
scribed how a microstrip leaky-wave lens (MLWL) can be conceived by appro-
priately modulating the strip width W along the microstrip length as shown in
Fig. 4.45. The limitations of microstrip technology in implementing near-field fo-
cusing through leaky waves are also explained in this section, together with the
conditions that assure optimum focusing for a certain focal point and a given pla-
nar substrate. In Section 4.4.3, the synthesis technique is applied to the design of
a practical MLWL using commercial substrate and operating at 15 GHz, showing
experimental results that confirm the theory. Particularly, Section 4.4.3 describes
the near-field measurement set-up, which makes use of a parallel-plate medium.
Fig. 4.51 reports the results obtained for a single MLWL, while Fig. 4.53 illus-
trates how the arrangement of two MLWL located front-to-front allows to obtain
a symmetrical near-field pattern with increased focusing resolution. In Fig. 4.59, it
is studied the scanning of the focused region when frequency is varied in the range

14 GHz-16 GHz, showing how the focal length can be tuned by simply changing
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the operating frequency. Finally, Section 4.4.4 summarizes the conclusions of this

work.

4.4.2 Focusing Conditions in a Microstrip LWA

The theory needed to analyze and design a tapered rectilinear LWL was intro-
duced in [121] using some approximate ray-optics expressions, and lately more
accurately derived in [124]. The leaky-wave complex propagation constant must
be varied along the longitudinal position of the rectilinear antenna (z-axis in
Fig.4.45), so that both the pointing angle 6gap and the normalized leakage rate

a(z)/ko are z-dependent functions:
]{?(Z)/k‘o ~ sinHRAD(z) —jOz(Z)/]{?O (422)

For a given LWL length L, radiation efficiency 7rap, optimum aperture distri-
bution, and focal point (2, yr), the functions Orap(z) and «(z)/ko are derived
using closed-form expressions [121], [124]. For instance, Fig. 4.46 shows the re-
quested tapering for a rectilinear LWL of length L. = 20\, with a focal point at
(zr = 25N, yr = 25)g) and nrap = 90%. As the leaky-wave advances along
the LWL length, Orap is decreased and «(z)/ky is increased, as indicated by the
arrows in Fig. 4.46.

As explained in [124], the most difficult part to conceive a practical rectilinear
LWL is the design of the modulated dimensions of the LWA which synthesize the
requested variation of frap(z) and a(z)/ky. This step relies on the choice of a
LWA technology that has enough geometrical degrees of freedom to simultaneous
and independent control fgap and a/ky in a sufficient large range of values [121],
[124]. For instance, a slotted leaky waveguide was chosen in [124] to theoretically
design a rectilinear LWL due to this property. On the contrary, it is well-known the
lack of simultaneous control over phase and attenuation constants of the operating

EH; leaky mode in microstrip leaky-wave antennas (MLWAs) [60]—-[63]. This
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Figure 4.46: Tapering of leaky mode to synthesize a rectilinear LWL.

is due to its simplicity, since only a geometrical parameter can be tapered using
printed-circuit techniques, namely the microstrip width IW. The same occurs for
the half-width MLWA [71], [72], [182], which is a simplification of the original
MLWA by inserting a metallic wall in one side of the strip. Fig. 4.47 show results
for the EH; leaky mode of a half-width MLWA, in a substrate with height H =
0.254 mm and relative dielectric constant €, = 2.2. The strip width W values are
in the range W = [3 mm — 5 mm] for leaky-mode operation in the 15 GHz band.
These leaky-mode frequency dispersion results were obtained from a simple but
accurate transverse equivalent network (TEN) extensively used in the analysis and

design of MLWAs [62], [63], [71], [72], [182].

As it can be seen in Fig. 4.47a, the MLWA provides a simple mechanism to
control the pointing directions fgap of the leaky mode by simply modifying the
printed-strip width W. At a fixed design frequency, wider strips provide higher
values of Orap (up to endfire radiation) while narrower strips radiate at lower Ogap
(near broadside). On the other hand, the variation of «/kq with W follows the
common dispersion relation of a leaky mode [62], i.e. lower Ogap provide higher

«/ ko, while higher Ogap offer lower a/ky (which ultimately provides a/ky = 0
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Figure 4.47: a) Microstrip leaky-mode dispersion with strip width 1" at 15 GHz.
b) Characteristic curve a/ko-Orap(W) for substrate with H = 0.254 mm and

€ = 2.2.

when Orap = 90°, see Fig.4.47). Due to the lack of more geometrical variables,
Orap and o/ kg cannot be independently adjusted for a given dielectric substrate.
This dependence is represented by the characteristic curve that relates the couple

of values (frap, /kq) obtained for each strip width W, as shown in Fig. 4.47b.
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This curve is characteristic of the microstrip EH; leaky mode in a particular sub-
strate (H, ¢,) and frequency of operation. For any substrate, this curve always
represents that decreasing values of W provide decreasing values of Ogap and
increasing values of «/ky, as highlighted by the direction of the red arrow plot-
ted in Fig.4.47b. On the other hand, the tapering of Orap and «/kq requested
in a LWL design is always characterized by decreasing Orap(z) and increasing
a(z)/ko functions, as also indicated by the arrows drawn in Fig. 4.46. Therefore,
by decreasing the strip width I as the leaky wave advances along the longitudi-
nal direction of the MLWA 2z, it can decrease frap and increase «/kg, which is
in consistency with the synthesis of a near-field focused aperture. The question is
whether the tapering of width W can exactly match the requested coupled varia-
tions of Orap and «/ kg for any LWL design. The response is negative in a general

case.

To clarify this point, Fig. 4.48 repeats the characteristic curve of our MLWA
in the selected substrate (Fig. 4.47b), but with the addition of the o/ kq-Orap char-
acteristic curves for different LWL designs. For instance, for the tapering of the
LWL shown in Fig.4.46 (L = 20\, nrap = 90%, zr = 25)\g, yr = 25)g), it is
obtained the «/ko-Orap characteristic curve plotted with magenta dashed-dotted
line (LWL1) in Fig.4.48. As it can be seen, this characteristic curve does not
match the curve for our MLWA (shown in black continuous line in Fig. 4.48).
However, by changing the LWL design specifications (lens length L and the focal
position zp, yr) while keeping optimum radiation and aperture efficiencies, one
can obtain different characteristic curves, as shown in Fig. 4.48 for two new LWL

designs.

Particularly, LWL3 design (L = 7.5\g, lrap = 90%, 2 = 9.3\, yr = 4.3\
shown with red dotted line in Fig. 4.48) requests a o/ ko-Orap function which over-
laps the a/ky-Orap characteristic curve of our MLWA. In this way, the MLWA
strip width W can be tapered to synthesize a LWL with the specifications of
LWL3. This is illustrated in Fig.4.49, where the theoretical optimum taper-
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Figure 4.48: Characteristic curves for MLWA (f = 15GHz, H = 0.254 mm,
€, = 2.2) and different designed leaky-wave lenses (LWL1 L = 20\, zr = 25\,
Yyrp = 25)\0, LWL2 L = 7.5/\0, Zrp = 8.8)\0, Yr = 6.2)\0, LWL3 L = 7.5/\0,

ing functions frap(z) and a(z)/ky of LWL3, are compared with the tapered
leaky-mode functions obtained by modifying the strip width W (z) in the stud-
ied MLWA. As it can be seen, IV (z) must be varied from W = 4.1 mm at the
input of the MLWA to W = 3.2mm at the far end (L = 7.5)¢) so that Orap(2)
is successfully modulated from Orap = 65° to Orap = 22°, while «(z)/ky is ta-
pered from «/ky = 0.01 to a/kg = 0.1 to provide 90% radiation efficiency and
optimum aperture distribution. Therefore it is concluded that a width-modulated
microstrip line printed on a given substrate can only provide optimum focusing
(with optimal radiation and aperture efficiencies) for certain design specification
(Iens length and focal position). Obviously, different values of /1 and €, give two
more degrees of freedom to choose the more appropriate substrate for other design

specifications. Probably due to these restrictions, width-tapered microstrip lines
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have been used for the synthesis of broadbeam, broadband MLWAs [129], [167],
[183], but no practical designs of MLWLs have been demonstrated so far.
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Figure 4.49: Tapering of MLWA width W (z) (f = 15GHz, H = 0.254 mm,
€, = 2.2) to synthesize a LWL with L = 7.5\, zp = 9.3\, yr = 4.3 ).

4.4.3 Experimental Demonstration
Measurement set-up: MLWL inside Parallel Plates

The proposed analysis and design theory is confirmed in this section by fabricat-
ing the rectilinear MLWL and then measuring the radiated near fields. To this
end, metallic parallel plates surrounding the tapered MLWL and separated at a
distance S = 8 mm have been used. The parallel-plate waveguide (PPW) is es-
sential to prevent radiated fields from spreading laterally (towards the x-direction),

which would degrade the focusing efficiency of the synthesized two-dimensional
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(2D) near-field pattern. A 1D LWA is a line source that provides focusing in one
plane (2D focusing) [62], [63], no matter this focusing is created in the near- or
far-field regime (a fan-beam is created in the latter case). A more practical mi-
crowave lens with 3D free space near-field focusing pattern can be obtained from
the arrangement of several width-tapered microstrip lines in a conventional paral-
lel phased-array fashion [62], [71], [72], [182], as done in recent designs of planar
microwave lenses [176]-[178]. Besides, the use of the PPW has practical inter-
est in certain applications such as hyperthermia [184] and heating [185], where
a confined environment is required for safety reasons (so that the metallic walls
prevent from uncontrolled high-power lateral radiation). Moreover, in some cur-
ing applications it is needed an uniform field pattern in the vertical direction, so
that the samples are carried by a horizontal conveyor belt which passes through
a PPW, as done in the present work. Nevertheless, this work does not intend to
show the applicability of focusing inside parallel plates, but aims to demonstrate
the near-field focusing characteristics of a single modulated microstrip line. The
PPW medium is quite convenient to this end. The scheme of the laterally-shielded
MLWL is shown in Fig. 4.50a, together with an outline of the EH; leaky electric
field inside the half-width MLWA and radiating into the parallel-plate waveguide
(PPW), as shown in Fig. 4.50b. The accurate leaky fields in this laterally-shielded
microstrip structure can be analyzed using the Method of Moment (MoM) code

developed in [186], and are represented in Fig. 4.50c.

The EH; leaky-mode electric field lines shown in Fig. 4.50c confirm the draft
of Fig.4.50b. The vertical (y-directed) lines of the EH; microstrip mode (res-
onating below the strip and inside the dielectric slab and shown with continu-
ous red lines in Fig.4.50b) transform into a weak horizontal (z-directed) quasi-
TEM leaky-wave propagating inside the PPW air region (dashed red lines in
Fig. 4.50b), due to the fringed fields created at the strip open-end (dotted red lines
in Fig.4.50b). If the distance between the parallel-plates satisfies S < Ao/2,
only this TEM fields are above cutoff in the PPW, obtaining pure horizontal ra-
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Figure 4.50: a) MLWL embedded in parallel plates. b) Leaky-mode electric field
lines. c) Field plot [186] for S = 8mm, W = 4.5mm, f = 15GHz, H =
0.254 mm, €, = 2.2.
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diated leaky-fields with no variation in x. Therefore, the parallel plates create a
non-dispersive medium for the radiated leaky fields, which become invariant with
respect to x, so that a pure 2D focusing pattern in the zy-plane can be obtained.
Moreover, the dispersion of the EH; leaky mode in this hybrid microstrip-PPW
structure computed with [186] is plotted in Fig.4.50a with dotted lines, showing
similar results than in the absence of the PPW. Therefore, the effect of the paral-
lel plates in the width-tapering of the leaky-mode is negligible, and the synthesis
technique of Section 4.4.2 can be used for the design of the MLWL embedded in
the PPW.

Moreover, the parallel plates will be used as a supporting structure for measur-
ing the near fields, as shown in the pictures of Fig. 4.51. For this purpose, holes of

diameter D = 4.2mm = 0.21), and separated a distance d = 6.35 mm = 0.32)
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Figure 4.51: Photograph of fabricated width-modulated MLWL and parallel plates
near-field measurement set-up.

are drilled in one of the plates. A coaxial probe is manually inserted in the holes
to sample the near fields in the zy-plane. Since the coaxial probe penetrates a sub-
wavelength length [ = 2.9 mm = 0.15), (see Fig.4.51c) and the holes have sub-
wavelength diameter, it is assured that the perturbation of the holes and the probe
have minimum impact in the focusing pattern created by the MLWL inside the
PPW. Also, it is worth noting that the sampling distance satisfies the Nyquist con-
dition d < Ag/2. The width-tapered microstrip lens was fabricated on commercial
substrate Rogers RT/duroid 5880 (H = 0.254mm, ¢, = 2.2, tand = 0.0009),
using metallic vias of 1 mm diameter and separated 2 mm to create the half-width
metallic side. Fig.4.51b and Fig.4.51c shows photos of the fabricated MLWL
prototype inside the PPW. It can be observed the input SMA connector and the
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matching load. A Vector Network Analyzer (VNA) is used to feed the MLWL at
its input port and measure the sampled near fields from the coaxial probe. This
system allows accurate and stable positioning of the sampling probe, providing
precise measurement of the near-fields amplitude and phase distribution in the

zy-plane, as it will be shown next.

Single MLWL

If a single rectilinear MLWL is embedded in the PPW, a tilted 2D focusing pattern
must be obtained as illustrated in Fig. 4.45. Fig. 4.52 shows the near-field pattern
in the zy-plane with —10dB scale, for the MLWL designed in Section 4.4.2 at
the frequency of 15 GHz. Leaky-mode theory [124] (Fig. 4.52a), full-wave HFSS
simulations [90] (Fig. 4.52b), and measured results (Fig. 4.52c), show good agree-
ment. It is demonstrated that the designed 7.5)\-long width-tapered MLWA cre-
ates an ellipsoidal tilted focal region in the vicinity of the specified focal point
zrp = 9.3\, yr = 4.3)\¢. The focal point (9.3, 4.3)\¢) is marked with a red cir-
cle in Fig. 4.52a. The well-known focal shift effect [124] can be observed, result-
ing in a maximum field intensity point (marked with a green circle in Fig. 4.52a)
located at (8 \g, 3\g), which is closer to the radiator than the expected focal point.
The 3 dB focal region covers a tilted ellipsoid with approximate depth of focus 3\,
and focus width 1)\y. The simulated and measured input matching of the MLWL
embedded in the PPW is represented in Fig.4.53, showing S1; below —10dB in
the 12 GHz to 20 GHz frequency band.

Using amplitude and phase information, one can obtain the time-varying near
fields [187], so that the phase fronts can be represented at a given moment. Fig. 4.54
shows the theoretical, HFSS simulated, and measured time-varying near fields, il-
lustrating how the fields emanate from the MLWL and converge at the focal point.

Again, good agreement is observed between theory and experiments.
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Figure 4.52: a) Theoretical, b) simulated (HFSS) and c¢) measured focusing pattern
for the single MLWL at 15 GHz.
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Figure 4.53: Simulated and measured matching for single lens and array of two
MLWLs.

Front-to-Front In-Phase Array of MLWLs

In order to obtain a symmetric (non tilted) focal region with increased resolution,
two identical MLWLs are arranged front-to-front as shown in Fig.4.55. They
are separated at a distance D = 1) so that by in-phase feeding each MLWL, a
mirrored focusing pattern with constructive interference at z = 8\, y = 3¢ must
be created.

This array set-up is represented in the photograph of Fig. 4.56, where it is ob-
served the power divider and the coaxial cables which feed in-phase the two ML-
WLs. The array input matching measured by the VNA is represented in Fig. 4.53,
showing a different response to the one of the single MLWL (S;; < —10dB from
10 GHz to 18 GHz) due to the divider. The theoretical, simulated and measured
near fields at 15 GHz are shown in Fig. 4.57 with —20 dB scale. The agreement be-
tween leaky-mode theory, full-wave HFSS results, and experiments is very good.

A symmetrical focusing pattern is successfully generated by the array, ob-
serving cylindrical phase-fronts converging at a focal point located at the middle
between the two MLWLs 2 = 8, and with the expected focal length yr = 3.

The array configuration provides higher focusing resolution (lower size of the fo-
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Figure 4.54: a) Theoretical, b) simulated (HFSS) and c¢) measured time-varying
near fields for the single MLWL at 15 GHz.
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Figure 4.55: Scheme of two MLWLs placed front-to-front.

cal region) than the single lens, as it corresponds to a focused aperture with double
length. This improvement is illustrated in Fig. 4.58, where the focusing patterns
of the single MLWL and the array of two in-phase MLWLs are superimposed.
As it can be seen, the size of the focal region has been substantially reduced. It
also becomes evident the symmetry of the focusing pattern when compared to the

tilted field distribution generated by the single MLWL.

To compare theoretical and measured results in a more quantitative way, axial
cuts (y-line at z = zp = 8)\¢) and transverse cuts (z-line at y = yrp = 3)\g) of
the array focusing pattern are plotted in Fig.4.59a and Fig. 4.59b, respectively.
Again, very good agreement is observed in both cuts between experiments, full-
wave simulations, and leaky-mode theory. The discrepancies with leaky-mode
theory are due to radiation by discontinuities which are only taken into account in
the full-wave simulations of the complete 3D CAD model of the lenses performed
with HFSS. Nevertheless, excellent agreement is observed at the points close
to the focal region, confirming the design of a MLWL with optimized aperture
efficiency. Due to this success in the synthesis of the desired amplitude and phase

aperture distributions, it is obtained 3 dB focal width of only Az = 0.33)\; =
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Figure 4.56: Measurement set-up for the array configuration.

6.7mm and 3dB focal depth Ay = 1.25)\g = 25mm. Sidelobe level in the
transverse cut is —3 dB, while the forelobe and aftlobe levels in the axial cut are

approximately —9 dB.

Frequency-scanning of the Focal Region

As it is well known [60]-[63], [71], [72], [182], microstrip leaky-wave antennas
(MLWAS) vary the far-field radiation pattern with frequency due to the strongly
dispersive nature of the EH; leaky mode, showing a scanning of the main radiated
beam from broadside to endfire direction as frequency is increased. Similarly, it

was theoretically demonstrated in [124] that a focused LWL creates a frequency-
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Figure 4.57: a) Theoretical, b) simulated (HFSS) and ¢) measured focusing pat-
tern and corresponding time-varying near-fields for the array of two MLWLs at
15 GHz.

Single
MLWL
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Figure 4.58: Comparison between theoretical focusing patterns of single and array
of two MLWLs at 15 GHz, obtained from leaky-mode theory.
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Figure 4.59: Theoretical and measured a) axial and b) transverse cuts at 15 GHz.

steerable focusing region which is scanned in the near-field towards the aperture
as frequency is increased. Here it presents experimental results that confirm this
general theory for the case of our MLWL. Fig. 4.60a shows with —6 dB scale the
variation of the measured focusing pattern of the single MLWL for three frequen-
cies around the design frequency: 14 GHz, 15 GHz and 16 GHz. As it can be seen,
the tilted focal region moves in the zy-plane from (140 mm, 80 mm) at 14 GHz, to
the design focal point (160 mm, 60 mm) at 15 GHz, and then to (160 mm, 40 mm)
for 16 GHz. Fig.4.60b shows the resulting near-field pattern for the array of two
MLWLs. As it can be seen, for 15 GHz and 16 GHz a single main focused region
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Figure 4.60: Measured frequency scanning of the focusing region around the de-
sign frequency a) single MLWL b) array of two MLWLs.

is obtained at the middle point between the two lenses z = 160 mm, and with
decreasing focal height from y = 60 mm at 15 GHz to y = 40 mm at 16 GHz, as a
result of the coalescence of the two beams at the same point. However, at 14 GHz
there are two main focal regions at the same focal height (y = 100 mm) but sepa-
rated at two different transverse positions, z; = 152 mm and z, = 168 mm. This
is due to the fact that the two beams created by each MLWL do not merge at the
same transverse point, creating two focal points instead of a single focus. This

phenomenon is general for any array of focused LWLs, and it is the equivalent
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in the near-field regime to the splitting-condition occurring in LWAs radiating at

broadside in the far field [188]. As a result, scanning bandwidth with a single

focus is limited, in our case to the range from 14.2 GHz to 17 GHz.
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Figure 4.61: Measured a) axial and b) transverse cuts as frequency is varied for

the array of two MLWLs.

The measured axial and transverse near-field cuts as frequency is varied from

14 GHz to 17 GHz are plotted in Fig. 4.61a and Fig. 4.61b, respectively. The axial

cuts clearly show the aforementioned decrease in the focal height from yr =

100 mm at 14 GHz to yr = 26 mm at 17 GHz. It is also evident from Fig.4.61a

the corresponding well-known [189] decrease of the focal depths for lower focal

lengths, obtaining a change from Ay = 39mm at 14 GHz to Ay = 17.5mm at
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17 GHz. The transverse cuts along the z-direction in Fig. 4.61b are obtained at the
respective focal heights yx for each frequency. From Fig. 4.61b, it can be readily
seen that a single focal region at the central longitudinal point 2z = 160 mm 1is
obtained for frequencies between 15 GHz and 17 GHz, presenting a focal width
which also decreases as frequency increases (from Az = 6.9mm at 15 GHz to
Az = 5.4mm at 17 GHz). At 14 GHz, it is certainly observed the aforementioned
splitting from one single focus to two focal regions located at z; = 152 mm and
29 = 168 mm, and a local field minimum is obtained at the central position z =

160 mm.

Finally, Fig.4.62 represents the variation with frequency of the focal height
yr, focal depth Ay, and focal width Az, highlighting the single-focus bandwidth.
Measured results are consistent with EH; leaky-mode dispersion theory, showing
the continuous scanning of the focal height y from 100 mm to 26 mm in the range
14 GHz-17 GHz, and the corresponding decrease in the focal depth Ay and width
Az.
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Figure 4.62: Variation of focal length, depth and width with frequency for the
array of two MLWLs.
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The tuning of the focal length a frequency is varied by simply using the disper-
sive properties of the EH; microstrip leaky mode, is an alternative solution to
more complicated fixed-frequency tuning schemes used in printed-circuit focused
arrays. For instance in [180], a RFID tunable near-field focused phased-array
antenna operating at 5.8 GHz was proposed using three circular arrays of eight
printed dipoles. The corporate distribution network of phased-array solutions is
clearly a much more complex subsystem (formed in the case of [180] by two
phase shifters, one 1:4 power divider, and four 1:8 power divider), than the sim-
ple feeding system needed by frequency-scanned MLWLs. In [179], a focus-
scanning strip-grating LWA was proposed to steer the focus at 2.4 GHz by using
FET switches connected to each strip of the array. Also in this case, a complex
electronic system is required to control the bias of each FET. Again, frequency-
scanned MLWLs offer a much simpler approach since there is no need to use ac-
tive circuits, being this difference more obvious as the size of the focused aperture
increases (which is needed for higher focusing resolution, as in the case studied
in this work with a total length of 16\q = 32 cm, see Fig. 4.55).

However, the frequency-scanning of the focal distance is useful only for those
applications in which it is not crucial to keep constant the operating frequency.
This might include microwave hyperthermia applicators [184], non-contact (re-
mote) sensors [185], or wireless power transmission systems [190]. Moreover,
this focusing frequency response can be a desirable feature for new emerging ap-
plications, such as electrical prisms operating as spectral-spatial demultiplexers

[191], or microwave analog real-time spectrum analyzers [163].

4.4.4 Conclusion

In this section, it has been demonstrated the ability of a width tapered microstrip
leaky-wave antennas to synthesize a near-field focusing pattern. The interest re-
lies in its simplicity: by only decreasing the width of a microstrip line along its

length, a leaky wave can be tapered to provide an aperture-field distribution with
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converging quadratic phase and equiangular amplitude illumination. An efficient
synthesis technique for the modulation of the strip width has been developed by
using dispersion results of the EH; microstrip leaky mode. It has been explic-
itly illustrated the limitations of microstrip technology in implementing near-field
focusing through leaky waves as a result of the lack of simultaneous and inde-
pendent control over phase and attenuation constants. In this way, the optimum
focusing pattern is determined by the characteristic dispersion curve of the EH;

leaky mode in the selected substrate.

An optimum near-field focused pattern with focal height 3\ = 60 mm has
been synthesized at 15 GHz using commercial substrate with A = 0.254 mm and
€, = 2.2, and using two 7.5\p-long microstrip lines arranged front-to-front and
separated a distance of 1), (total length 320 mm). The width-tapered microstrip
lenses have been fabricated, and parallel plates have been located at both lateral
sides to avoid dispersion of the radiated fields in the transverse direction, and to
help in the near-field measurement campaign. The near-field patterns have been
measured using a coaxial probe that samples the zy-plane through subwavelength
holes which have been drilled in one of the plates. Very good agreement has
been obtained between the theoretical focusing pattern and experimental results,
obtaining at 15 GHz a focal width of only 0.33)\y = 6.7mm, and focal depth
of 1.25\¢ = 25 mm, thus indicating the success in the synthesis of an optimum
focusing pattern. Finally, the frequency-scanning behavior of the microstrip lens
has been studied, showing a decrease of the focal length from yr = 100 mm at
14 GHz to yr = 26 mm at 17 GHz, which is in coherence with the dispersion of
the EH; tapered leaky mode.

The proposed width-tapered microstrip leaky-wave lens avoids the use of com-
plex and lossy distribution networks associated to focused phased-arrays. It is also
a much simpler solution compared to previous curved leaky lenses, and it presents
lower profile and easier fabrication if compared to leaky lenses based on modu-

lated waveguides. Also, the design methodology and fabrication simplicity is bet-
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ter than leaky lenses based on metamaterial concepts. Finally, it is also remarkable
that the scanning of the focus by just varying the frequency is a much simpler tun-
ing technique than the use of active tuning components, when the application is

not restricted to a fixed operation frequency.

4.5 Quasi-Optical Multiplexing Using Leaky-Wave
Near-Field Focusing Techniques in Substrate In-

tegrated Waveguide Technology

This section describes a quasi-optical multiplexing technique in substrate inte-
grated waveguide (SIW) technology. It is based on the frequency dispersion
response (spectral-spatial decomposition) of the fundamental SIW leaky mode,
which emanates from the SIW and radiates inside the host dielectric substrate.
Full-wave simulations in the 10 GHz-20 GHz band demonstrate that the rejection
between channels can be increased and the insertion losses reduced by using near-

field focusing techniques.

4.5.1 Introduction

Recently, an increased interest over the use of artificial dispersion-engineered 1D
and 2D transmission mediums with application to microwave near-field focus-
ing [161], diplexing [192], analog Fourier transform [162], multiplexing [191],
or real-time spectrum analyzer [163] has been given. All these designs are based
on the spatial-spectral decomposition which results from the frequency-dispersive
propagation constant along the studied medium. By suitably engineering the dis-
persion of the transmission line, a specified spatial filtering response can be ob-
tained in which each frequency is routed to a different spatial direction. This type
of device has also been recalled as an electrical prism [191], due to the analogy

with optical prisms. All previous designs [161]-[163], [191], [192] are based on
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the use of artificial metamaterial transmission lines, where the dispersion of the
propagating modes is controlled by the components which constitute the lattice

unit cell.

In this work, it is proposed the use of a simpler substrate integrated waveguide
(SIW) transmission line to conceive a planar microwave multiplexer based on the
dispersion of the fundamental leaky mode [193]. As it is shown in Fig.4.63a, the
SIW can radiate inside the host substrate if the distance between posts P of one
of its side walls is large enough, as originally proposed in [45] to conceive SIW
leaky-wave antennas. This radiation is in the form of a TE surface leaky wave
(polarized along x according to Fig. 4.63a), which propagates through the dielec-
tric substrate at a given angle 6, (given by [3/kq =~ sinf; where kg = ko /€, is
the substrate wavenumber and 3 is the leaky-mode phase constant along the z-
axis), and with a given leakage rate & (Np/m). Also, it was demonstrated in [91]
that the variation of the SIW width W and posts’ distance P provides simultane-
ous control over f; and «, thus allowing flexible design of the far-field radiation

pattern.

Figure 4.63: Scheme of leaky SIW radiating inside the integrated substrate:
a) Uniform SIW and b) Modulated SIW with near-field focusing.
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The section is distributed as follows. Section 4.5.2 describes the working
mechanism of the proposed multiplexer, illustrating with simulations the design
of a uniform SIW leaky-wave multiplexer operating in the 10 GHz to 20 GHz mi-
crowave band. Section 4.5.3 presents a variation of this first uniform design, by
modulating the W and P of the SIW along its length as shown in Fig. 4.63b. The
modulation is needed to synthesize a focusing two-dimensional wave [194], which
near-field focus can be steered with frequency as proposed in [124]. Moreover,
the required geometrical variations are obtained by using a transverse equivalent
network of the structure, which allows an efficient computation of the leaky mode
as function of the main parameters of the SIW. Finally, full-wave simulated re-
sults for both uniform and non-uniform SIW multiplexers are compared, and in
this way, it is theoretically proven that the modulated SIW provides higher rejec-
tion between channels and reduced losses than the uniform design, for a similar

operational bandwidth and size.

4.5.2 Uniform SIW Multiplexer

First it studies the case of a uniform SIW with the following parameters according
to Fig.4.63a: h = 0.508mm, ¢, = 2.2, L = 100mm, W = 85mm, P =
6.5 mm, and diameter of vias d = 1 mm. As shown in Fig. 4.64, the fundamental
mode of the SIW radiates in the substrate with a frequency-scanned angle varying
from 0, = 5° at 11 GHz to 6; = 52° at 17 GHz. Thus, this SIW structure behaves
as a spectral-spatial decomposer [161]-[163], [191], [192] which splits different
frequencies to separate angular regions in the zy-plane, as illustrated in the near-
field plots obtained with HFSS in Fig. 4.65a for 11 GHz, 14 GHz and 17 GHz.
For the design of a practical multiplexer, one must choose the location of the
output ports to extract the signals for each frequency channel. First, one must
decide the distance D measured along the y-axis from the SIW radiating wall, see
Fig.4.65a. Obviously, shorter values of D provide more compact devices. How-

ever, a minimum distance D is needed to obtain sufficient separation between
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Figure 4.64: Frequency-dispersion of the leaky mode for a uniform SIW.

channels (spatial resolution) for a given angular scanning. As a practical exam-
ple, Fig.4.68a shows the near-field patterns (magnitude of electric field (V/m)
expressed in dB) obtained along the z-axis for y = D = 60 mm (see horizontal
line in Fig. 4.65a), as frequency is varied from 11 GHz to 17 GHz. The near fields
concentrate in a spatial region which is shifted towards the right side as frequency
rises, due to the frequency-scanning mechanism demonstrated in Fig. 4.65a. From
the longitudinal position where the maximum near-field intensity occurs at each
frequency, one can obtain the longitudinal location z, of the output ports for the

different channels, as shown with arrows in Fig. 4.68a.

Finally, the frequency variation of the near-field measured at each 2 position
is plotted in Fig. 4.69a for the range from 10 GHz to 20 GHz. As it can be seen,
the SIW acts as an electrical prism which provides a bandpass response for each
output port 2o with a maximum level at its corresponding frequency, in coher-
ence with Fig.4.68a. However, the rejection between channels is quite poor, and
the shape of the bandpass responses strongly degrade as frequency is increased,

limiting its performance as a practical multiplexer.
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Figure 4.65: Near-field distributions in the zy-plane for 11 GHz, 14 GHz and
17 GHz: a) Uniform SIW and b) Modulated STW.

4.5.3 Modulated SIW Multiplexer

The multiplexing performance can be improved by properly modulating the SIW
width W (z) and posts distance P(z) along the leaky SIW length to obtain a
near-field focus (see Fig.4.63b), as originally demonstrated in [124] (the radi-
ating length is kept unchanged to L = 100 mm). The modulated SIW dimensions
to synthesize a focus at zp = 100 mm, yr = 66 mm for the design frequency of
15 GHz were obtained by applying the procedure described in [124] to the partic-
ular case of a leaky SIW [91]. To this aim, the SIW LWA has been modified in
order to only radiate inside of the host substrate. Moreover, this SIW multiplexer
can be analyzed by using a similar TEN to the one described in Section 3.2, but ex-
pressing the row of metallic posts as an equivalent impedance, Zp, formed by the
combination of the T-model equivalent circuit for the row of posts (see Fig. 3.2b)

with the characteristic impedance, Zj, for the dielectric-filled PPW. As a result,
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Figure 4.66: Scheme of the proposed TEN for the SIW multiplexer.

the transverse equivalent network (TEN) can be represented in the form showed
in Fig. 4.66, and its corresponding transverse resonance equation (TRE) can be
expressed as

T(k:) - Tr(k:) =1 (4.23)

which must be solved for the unknown leaky-mode complex longitudinal wavenum-
ber k. in order to obtain the geometrical variation for W(z) and P(z). The
required modulations of the SIW in order to synthesize the prescribed focusing

pattern are represented in Fig. 4.67.
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Figure 4.67: Tapered dimensions (W and P) as function of the radiating length
for the modulated SIW multiplexer.



4.5 Multiplexing Using LW Near-Field Focusing Techniques in SIW Technology 151

Fig. 4.65b shows the simulated near-fields, observing the appearance of a fo-
cused region which is scanned in the zy-plane as frequency is varied as first re-
ported in [124]. Fig. 4.68b shows the resulting field cut in the y = D = 60 mm
horizontal line. If it compares the field plots of Fig. 4.68a and Fig. 4.68b, two key
differences can be appreciated. First, the field distributions are more concentrated
in the space for Fig. 4.68b, resulting in lower beam widths and thus higher spatial
isolation. One might think that larger apertures L provide increased directivity and
reduced main beam width without the need of modulating the SIW line, as it is
commonly done in the design of leaky-wave antennas [45], [91], [163]. However,
since the radiation pattern is obtained in the far-field, a much higher far-field dis-
tance D is needed to obtain the focused pattern as L is increased (the Fraunhofer

limit is 2L2/)\, which in our case would lead to D = 50\ =~ 1.5m at 15 GHz).
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Figure 4.68: Near-field distributions along the z-axis for y = D = 60 mm as
frequency is varied: a) Uniform SIW and b) Modulated SIW.

It is worth mentioning that the modulated SIW design creates a focused distri-
bution similar to the one obtained with a uniform SIW leaky-wave antenna which
is focused at infinity, but at a much shorter focal distance D = yr = 66 mm
at 15GHz, as shown in Fig.4.65. The second effect is that the field density
(V/m) level increases in the order of 2 dB due to this higher concentration of the
near fields, reducing the insertion losses due to spherical-wave spreading. Conse-
quently in Fig. 4.69b, the frequency responses at the sampling output ports show

more defined bandpass shapes, with higher rejection between channels and in-
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creased peak field levels. Therefore, this simple modulated SIW structure presents
a promising solution to conceive a new type of multiplexers, especially at high fre-

quencies were conventional cavity-based filtering devices are not affordable due

to losses.
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Figure 4.69: Near-field frequency response for y = D = 60 mm at the sampling
positions 2y: a) Uniform SIW and b) Modulated SIW.



Chapter 5

Radial Arrays

In this chapter, two different types of radial array configurations are presented.
The first design is composed of eight 1-D SIW LWAs which have been radially
arranged around a central feeding. Each of these 1-D SIW LWAs is designed to
operate at the splitting point (o« = [3) of the leaky mode and, as a result of it, all the
individual beams from each 1-D SIW LWA can merge into one providing a pencil
beam radiation pattern at broadside direction, as will be shown in Section 5.1.
The second design employs the same radial configuration with a single central
feeding, but sinusoidally modulated half-mode LWAs are used instead of SIW
LWAs. Due to the excitation of space harmonics caused by the periodic geometry
of the antenna, the proposed structure can exhibit backward radiation. To this
aim, the n = —1 space harmonic is chosen and by means of a suitable modulation
both in amplitude and phase, a near-field focusing over the center of the array is
obtained, as demonstrated in Section 5.2. Both designs have been manufactured
and measured, providing an experimental validation of the theoretical concepts

exposed.
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5.1 Pencil Beam Radiation Pattern From a Single

Layer SIW LWA With Simple Feeding

A central feeding array radiating at broadside and manufactured in substrate in-
tegrated waveguide (SIW) technology is shown in this section. The single layer
array consists of /N = 8 line-source leaky-wave antennas (LWAs), which are de-
signed to satisfy the splitting condition (o« = () of the leaky mode. The LWAs
are arranged in a radial configuration, in this manner, by properly designing the
SIW width W and the spacing between SIW vias P for each SIW LWA, the leaky
mode can be independently controlled to fulfill the splitting condition, and all the
individual beams from each SIW LWA can merge into one at broadside direction
(6 = 0°) for a given design frequency. The two dimensional radiating surface
allows obtaining a pencil beam radiation pattern, which is linearly polarized due
to the radial arrangement. A prototype with a radiating length of L4 = 60 mm for
each SIW LWA, and a total radius of R = 73 mm has been manufactured for a de-
sign frequency of 15 GHz. Input matching, gain, and radiation patterns at several
planes have been measured and compared with full-wave simulations, obtaining

good agreement between them.

5.1.1 Introduction

The capability to radiate at broadside direction with leaky-wave antennas (LWAs),
has been widely used due to their easy feeding mechanism and high gain [82].
Principally, three different ways to obtain this broadside radiation (f = 0°) can
be distinguished: I- With uniform-type LWAs satisfying the splitting condition
(B = ) [188], [195], [196], II- Using the Ist high-order harmonic in periodic
configurations [133], [197]-[201], and more recently III- By means of metamate-
rials [76], [202], [203]. Typically, most of these configurations have been based

on one-dimensional (1D) LWAs, which provide a fan-beam radiation pattern [82].
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However, a pencil beam radiation pattern can also be obtained when several LWAs
line-sources are suitably arranged in a 2D plane and fed symmetrically [82], [133],
[196], [200], [201], [204].

In this section, it uses the 2D configuration presented in [205], which by means
of the flexible control of the leaky mode (k = 3 — ja) allows that the splitting
condition (f = «) can be satisfied while keeping a high radiation efficiency in-
dependently of the antenna length L4 (type I [188]). The design is formed by
arranging eight LWAs around a circumference of radius Rz, in a radial fashion,
which allows that all elements are fed in-phase, see Fig.5.1a. The array is com-
patible with substrate integrated waveguide (SIW) technology, which assures the
low-cost and low-profile of the complete structure [1]. Moreover, to keep a simple
feeding of the array, and thus, avoiding corporate feeding networks [82], [196],
[200], a through coaxial probe placed in the center of the array has been used.
In this manner, its manufacture is simpler and more robust compared with blind
probes [125].

Each element of the array can be considered as an independent 1D STW LWA
(see Fig. 5.1b), which by means of the control over its main geometrical parame-
ters (W and P) presents the capability to independently determine the phase and
leakage constants of the leaky mode travelling along the structure [91]. As a re-
sult, an effective control over the leaky-mode components of amplitude and phase
is obtained, which allows the determination of the radiation properties of the LWA
[82]:

sin Orap =~ 5/ ko (5.1

where kq is the free-space wavenumber and frap the angle of maximum radia-
tion. Therefore, all the elements of the radial array can be designed to operate at
the splitting point and radiate broadside. On the other hand, the use of the radial
configuration allows that a pencil beam radiation pattern can be obtained. These
radial configurations have been intensely employed in the literature for different

applications, due to their capability to obtain large aperture illuminations [82],
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[133], [196], [201], [204]. However, it is the first time to the author’s knowledge
that this flexible control of the splitting point, and thus, over the effective illumi-
nated length of the antenna, has been obtained over a single-substrate, low-cost,

low-profile and simple feeding SIW radial array.
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Figure 5.1: Scheme of a) radial array. b) SIW LWA element.

The rest of the section is organized as follows. Section 5.1.2 describes the
design of the radial array, which is performed by an analysis of the leaky mode
dispersion as function of the main geometrical parameters of the 1D SIW LWA.
Section 5.1.3 shows the manufactured prototype for a radial array with N = 8
SIW LWAs with a radiating length each of Ly = 3\ and a total radius of
R = Ry + Ly = 73mm for the design frequency of 15GHz (see Fig.5.1).
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Moreover, the reflection coefficient, the realized gain and the radiation patterns
for different planes have been measured and compared with simulations obtained
with commercial full-wave software. Finally, the conclusions of the work are

summarized in Section 5.1.4.

5.1.2 Design of the Radial Array

The proposed structure is formed by an array of N = 8 1D SIW LWAs arranged
in a radial fashion and fed by a single coaxial probe. In this manner, when all
the elements of the array fulfill the splitting condition, only one beam pointing
at broadside is present in the radiation pattern [188]. To design the antenna to
operate at this point, suitable values for the geometrical parameters of the 1D
LWA must be chosen. Specifically, the TE,y-like mode propagating along the SIW
becomes leaky due to one of the rows of metallic posts having a separation, P,
large enough to allow the leakage of energy through these metalized vias. Hence,
by controlling the separation between posts, P, a control over « is obtained, and
similarly, by varying the SIW width W/, a main control over /3 is achieved. The
complex propagation constant of the SIW LWA can be efficiently computed by
analyzing a transverse section of the 1D SIW LWA by means of a modal tool based
on the transverse resonance technique developed in [118]. This modal analysis
allows the computation of the leaky mode as function of the main geometrical

parameters of the structure (see Fig. 5.1b).

Moreover, in order to keep a high radiation efficiency (nrap ~ 0.90) for a
given element length L 4, an effective control of the leaky mode and therefore of

the geometrical parameters is required. Since the radiation efficiency is ultimately

o L
given by ngap = 1 — 674W%T104, the leaky mode needs to satisfy the following

condition for broadside radiation with high (90%) radiation efficiency:

a B 0184
I 5.2)
o ko Lalho (
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Therefore, the flexible control over the leaky mode needs to be performed both
in the real and in the imaginary parts of the propagation constant, if we want to
efficiently illuminate a given element length L 4 and satisfy the splitting condition
for broadside radiation. This control over the illuminated length of each element

will allow us to choose the directivity of the array as function of L 4 [205].

Next, in order to obtain the geometrical dimensions (W and P) which pro-
vide the requested value of & = [ for a given element length L 4, the dispersion
characteristics of the leaky mode will be studied for the case of the 1D SIW LWA
showed in Fig. 5.1b. All the figures are shown for the design frequency of 15 GHz

and a substrate with thickness 4 = 0.508 mm and relative permittivity €, = 2.2.

Fig. 5.2 shows the dispersion of the leaky mode, for three different separation
between posts P = [4mm, 5mm and 5.5 mm] and as function of W in a range
from 6 mm to 8 mm. As shown, the normalized phase constant 3/ kg (blue dashed
line) increases and the leakage rate «/kq (red solid line) decreases for larger WV,
which is related with a larger radiation angle fgap (5.1) [91]. Moreover, it is also
observed that larger values of P provide higher leakage rates « at the splitting
point (v = f3), passing from a; /ky = 0.03 for P = 4mm to ag/kg = 0.12 for
P = 5.5mm. It is important to notice that this flexible control of the splitting
point allows the design of passive LWAs radiating at broadside while keeping a
high radiation efficiency independently of the antenna length according to (5.2).
Although in some previous works certain control over the leakage rate or phase
constant has been obtained [117], [133], [202], this capability to control the split-
ting point is the main contribution of the presented SIW LWA configuration, if
compared to all previous planar radial-arrays of LWAs which lacked of such si-
multaneous and independent control over « and [ at broadside [82], [117], [133],

[196], [201], [202], [204].

The final step in the design of the radial array antenna involves the election of
the SIW LWAs dimensions W and P for any requested value of L, which will
define the array directivity D4 [205]. This step is illustrated in Fig.5.3, which
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Figure 5.2: Leaky mode dispersion (3/ko and a/ko) as function of W and differ-
ent values of P.

represents the corresponding values of W and P that satisfy the splitting condition
(o = ), as a function of the antenna length L, according to (5.2). The values
of L, are represented in the horizontal axis as a function of \g = 20mm at
the design frequency of 15 GHz, and the physical dimensions for W and P are
shown in mm in the left vertical axis. Moreover, the simulated values for the
array directivity as function of L 4 are represented with a dashed line at the right
vertical axis. As expected, the array directivity D, increases for larger illuminated
lengths L. The corresponding values of a/ky = [3/ko are also highlighted for
several cases of L 4. In general, longer L 4 requires lower leakage rates which are
obtained with a smaller separation between SIW posts (lower values of P [91]).
Likewise, W needs to be increased as P is decreased to keep the splitting point
(o = B). In particular, a design with directivity of D4 = 14.6 dB requires an
antenna with length of Ly = 3)g = 60mm, W = 6.75mm and P = 4.45mm
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which corresponds to a value of 3/ky = a/ky = 0.061. On the other hand, an

antenna with Ly = 6 A\p = 120mm, W = 7mm and P = 3.66 mm provides
D, =17.28dB.
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Figure 5.3: Synthesis procedure for obtaining broadside radiation (a/ko = 3/ko),
as function of W and P, the 1D SIW LWA length L, and its associated array
directivity D 4.

5.1.3 Measured Results

A prototype based on the design procedure described in Section 5.1.2 has been
manufactured and measured. A commercial substrate Taconic TLY-5 with ¢, =
2.2, tand = 0.0009, and h = 0.508 mm thickness has been used. The element
length has been fixed at L4 = 3\, which corresponds to a theoretical array di-
rectivity D, = 14.6 dB for the main geometrical parameters W = 6.75 mm and
P = 4.45mm (see Fig.5.3). The rest of the SIW geometrical parameters [91]

are posts’ diameter d = 1 mm, non-radiative posts’ distance F = 2mm, and
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radiating strip width W, = 1.5mm. With the purpose of maximizing the ar-
ray directivity, the largest number of 1D SIW LWAs has been used (N = 8),
which has given a radius of Ry = 13mm. Thus, the total radius of the array is
R =Ry+ Ly = 13mm + 3\ = 73 mm at the design frequency of 15 GHz. A
photograph of the manufactured prototype in SIW technology is shown in Fig. 5.4,
where the 8 LWAs and the central feeding can be observed.

Figure 5.4: Top photographic view of the manufactured radial array for an antenna
length L4 = 3)\¢ = 60 mm and a total radius R = 73 mm.

The simulated 3D radiation pattern of the array is shown in Fig. 5.5 for the de-
sign frequency of 15 GHz, together with the coordinate system used. As a result
of the array configuration, a pencil beam radiation pattern pointing at broadside
direction (¢ = 0°) is obtained. However, some side lobes also appear in the 3D
pattern due to the non-uniformity along ¢ of the radial configuration. As illus-
trated by the red arrow in Fig. 5.6, the resulting array is linearly polarized along

the z-axis. This linear polarization is obtained by combining all the radiated fields
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of the 1D LWAs, which are linearly polarized (the radiated electric field is repre-
sented for each element in Fig. 5.6 in black (E)). Moreover, some of the elements
have been mirrored so that their radiated fields reinforce the linear polarization of
the array pattern E,. Due to all the 1D LWASs are not perfectly aligned to the z-
axis some gain reduction is expected as consequence of polarization mismatches.
It is important to note that this radial array arrangement allows for several polar-
izations, including circular or elliptical ones, to be obtained by adding a different
phase-shift at the feeding section of each 1D LWA. This control over the requested
phase-shift can be obtained e.g. by varying the distance of each 1D LWA respects

to the center of the array according to a prescribed polarization pattern.

Figure 5.5: Three dimensional view of the radiation pattern formed by N = 8
SIW LWAs of length L, = 3 for the design frequency of 15 GHz.

In order to support the theoretical approach given in Fig. 5.6 for determining
the polarization of the complete array, Fig. 5.7 shows the simulated electric field
vector, E(x,y,z) (V/m), on the surface of the air region that covers the array for
two different phase representations. Specifically, the electric field is represented

in Fig. 5.7a for a phase = 0°, and it can be seen how the electric field vectors are



5.1 Pencil Beam Radiation Pattern From a Radial Array of SIW LWAs

163

E-field polarization

o 50 100 (mm)

Figure 5.6: E field polarization arrangement for each element of the array (black
arrows), and resulting array polarization (red arrow).

oriented along the —x axis, whereas for phase = 180° the vectors are oriented in
opposite direction along the +z axis, as shown in Fig. 5.7b. Moreover, as a result
of the radial arrangement, the maximum intensity of the radiated fields is located
at the center of the array, as illustrated with red color vectors for both time phases

in Fig. 5.7.

Fig. 5.8a shows the measured radiation pattern for the co-pol component (E_"¢)
at ¢ = 90° (H-plane). The measured result is compared with full-wave simu-
lations obtained with HFSS. Good agreement is observed between both curves,
confirming the good quality of the measurements. Moreover, the radiation pattern
shows a main beam with a beamwidth at —3 dB of Af =~ 9°, and a side lobe level
(SLL) of —10dB. On the other hand, the X-pol component (Eg) is represented in
Fig. 5.8b for the same H-plane (¢ = 90°). It can be observed how the E:g compo-
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Figure 5.7: Simulated electric field vector, E(x,y,z) (V/m), over the array: a) time
phase = 0° and b) time phase = 180°.

nent is null at broadside due to radial configuration shown in Fig. 5.6, however the
X-pol increases reaching a maximum level of —10dB for the simulated radiation
pattern and —5 dB for the measured result, at an approximate angular direction
0 = +30°.
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Figure 5.8: Measured and simulated radiation patterns: a) co-pol component (Ey)
at H-plane (¢ = 90°), and b) X-pol component (Ep) at H-plane (¢ = 90°).

The E-plane radiation pattern (¢ = 0°) is also represented in Fig. 5.9 for both

components E}, (co-pol) and E¢ (X-pol). The measured result is represented in
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solid line and the simulation in dashed line. Both simulations and measurements
show a good agreement also for this plane. The E-plane radiation pattern presents
abeamwidth of Af ~ 13° and a SLL =~ —7 dB, which are higher compared to the
ones obtained for the H-plane, and they are due to the non-uniformity of the radial
array along ¢. Moreover, the X-pol component is below —35 dB compared to the
main component Ejy in the whole range of §. This low value for the X-pol com-
ponent can be explained with the polarization configuration used (see Fig. 5.6),
which provides a very low E:,, component at the F-plane. This measured broad-
side radiation pattern for Eg at ¢ = 0°, demonstrates that 3D broadside radiation

is obtained by using this radial configuration of 1D LWAs.
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Figure 5.9: Measured and simulated radiation patterns for the co-pol component
(E) and X-pol component (Ey) at E-plane (¢ = 0°).

The gain measured at broadside direction (§ = 0°) is represented in Fig.5.10
for the frequency range from 14.5 GHz to 15.5 GHz. The values of gain are com-

pared with simulated ones, confirming again the good agreement between sim-
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Figure 5.10: Measured and simulated gain values for the frequency range from
14.5 GHz to 15.5 GHz.

ulations and measurements. It can be observed how a maximum gain of 12dB
is obtained at the design frequency of 15 GHz, which if compared with the sim-
ulated values of the directivity in Fig. 5.3 provides an approximate value for the
radiation efficiency of the complete array of mgap =~ G/D, = 0.55. This dif-
ference between the radiation efficiency of each LWA and the obtained for the
total array can be mainly attributed to polarization losses caused by the mismatch
between the resulting polarization of the array and the polarization of each LWA,
as illustrated in Fig. 5.6. The broadside gain is narrowband as it corresponds to
most LWAs due to their strongly dispersive nature [82]. Below 15 GHz the SIW
leaky line is below cutoff, as it can also be seen in the magnitude of the Si; pa-
rameter shown in Fig. 5.11. This makes the gain to rapidly drop below the design
frequency. On the other hand, for frequencies above the splitting condition point,

the radiation pattern of each 1D LWA scan forward and the pencil beam radiating
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at broadside is lost [188], [204]. At this regime, the array can be used to provide a
conical beam [204], but with a drop of the gain compared to broadside. Therefore,
by only considering the radiation at broadside the proposed radial array provides
a —3 dB gain bandwidth from 14.85 GHz to 15.15 GHz (=~ 2%), which is smaller
than the typical bandwidth of a single 1D LWA (=~ 5%).

Finally, the magnitude of the measured reflection coefficient (solid line) is
shown in Fig.5.11 and compared with simulations (dashed line). As previously
mentioned, one of the advantages of this radial configuration is the simple feed-
ing of the structure compared to more complex array distribution networks [196],
[200]. In the proposed design, the feeding is done by a coaxial line placed in the
center of the array. The inner conductor of the coaxial passes through the substrate
and then is soldered with the metal top layer. The resulting feeding mechanism
acts as a resonant cavity with eight output ports formed by the inputs of each 1D
LWA. Due to this resonant feature of the feeding cavity, the input matching is
narrowband as illustrated by the response of the reflection coefficient magnitude
in Fig. 5.11. This narrow matching band of the structure is also related with the
reduced gain bandwidth shown in Fig. 5.10. However, the measured result for the
|S11] is still below —20dB at 15 GHz, which provides a good input matching and

allows a maximum gain at broadside.

5.1.4 Conclusion

The capability to obtain controllable broadside radiation from a radial array con-
figuration of substrate integrated waveguide (SIW) leaky-wave antennas (LWAs)
has been demonstrated in this section. An example is employed that comprises an
array formed by N = 8 line-sources LWAs, which are arranged in an array fash-
ion and are simply fed by a single coaxial line placed in the center of the array. In
this manner, complex feeding networks are avoided to excite the array elements.
The broadside radiation is achieved by fulfilling the splitting condition, which is

based on having equal phase and leakage constants (5 = «) for the leaky mode
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Figure 5.11: Measured and simulated |Sy; |-parameter for the radial array of SIW
LWAs, radiating broadside at the design frequency of 15 GHz.

propagating along the each SIW LWA (k = 8 — ja). Likewise, all beams merge
into one at broadside direction (f = 0°) at a given design frequency. Besides, the
flexibility to control the splitting point allows the efficient illumination of each
SIW line, and thus obtaining high radiation efficiency and optimized gain inde-
pendently of the selected antenna radius. A prototype with N = 8 SIW LWAs
with a length of L, = 3)\¢ = 60mm and a total radius of R = 73 mm for the
design frequency of 15 GHz, has been manufactured. The reflection coefficient
and the radiation patterns for different planes have been measured and compared
with simulations, obtaining good agreement and showing a peak gain of 12 dB at
15GHz, and a —3 dB gain bandwidth of 2%. Despite its narrowband, this tech-
nology offers a low-profile, low-cost, easy feeding solution for directive radiation
which can be easily integrated with planar circuits and used in higher frequency

bands.
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5.2 Non-Uniform Sinusoidally Modulated Half-Mode
Leaky-Wave Lines for Near-Field Focusing Pat-

tern Synthesis

A novel non-uniform sinusoidally modulated half-mode microstrip structure with
application to near-field focused leaky-wave radiation in the backward Fresnel
zone is proposed. First, it is presented a dispersion analysis of the constituent
backward leaky wave in the sinusoidally modulated unit cell in half-width mi-
crostrip technology. This information is then used to design the finite non-uniform
line that focuses the radiated fields at the desired point. Finally, eight similar line
sources are arranged in a radial array to generate a three-dimensional focused
spot located at the desired focal length over the simple central coaxial feeding.
Simulated and experimental results are presented to validate the proposed simple

approach.

5.2.1 Introduction

Sinusoidally modulated (SM) reactance surfaces were first proposed by Oliner
and Hessel in 1959 as an elegant and canonical way to control the propagation of
surface and leaky waves in periodic transmission media [113]. This seminal the-
oretical work assumed a sinusoidal variation of the equivalent surface reactance
along the propagation direction that was soon applied to a variety of practical cases
[206]-[211]. Recently, renewed interest is given to SM circuits in printed/planar
technology due to their ability to control the propagation and radiation properties
in low-cost artificial planar guides, arising the area of planar metamaterial disper-
sion engineering also referred to as metasurfing [108], [212], [213]. In this way,
sinusoidally and linearly-chirped width-modulated microstrip lines have been pro-
posed for enhanced control of the stopbands in microwave filters [114], [214], and

to synthesize dispersive linear group delays with application to real-time analog
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signal processing [215]. On the other hand, printed SM metasurfaces have also
been proposed to control the radiation from leaky waves with application to direc-
tive holographic antennas [107], [110]-[112], [116], [117], [133], [134], [216],
[217]. In all cases, it is essential to determine how to control the guiding and radi-
ation characteristics of the constituent surface and leaky modes for each selected

metasurface technology.

Some previous designs based on sinusoidally modulated microstrip lines [113],
[117], [133], [217], metamaterial transmission lines [202] as well as periodic half-
mode leaky-wave antennas (HMLWASs) [74], [218], [219] have shown the capa-
bility to radiate backward and to perform certain control over the phase or the
amplitude of the radiated fields. As is well known [113], if the period of the struc-
ture is adequately chosen, the backward radiation comes from the existence of a
backward leaky wave (negative scanning angle fgap) associated with the n = —1
space harmonic [the rest of harmonics are in the invisible spectrum (non radiat-
ing)]. The uniform value of the leaky-wave phase constant and leakage rate of
an uniform SM LWA generates a linear-phase and exponential-amplitude aperture
distribution that results in a plane-wave focusing at a given scanning angle fgap in
the far-field zone (all sections of the LWA radiate at the same angle Ogap). All re-
ported holographic SM microstrip LWAs [107], [110]-[112], [116], [117], [133],
[134], [216], [217] have this uniform modulation and thus provide scanned beams

focused in the far field.

In this work, a simultaneous control of both the phase constant and the leak-
age rate is employed to design a tapered illumination function, which is applied
to obtain near-field focusing from an array of 1-D leaky-wave antennas (LWAs).
Specifically, we propose the use of non-uniform (NU) SM LWAs to generate ar-
bitrary aperture field distribution (magnitude and phase) that can synthesize near-
field focused beams in the backward quadrant, as sketched in Fig.5.12. To this
aim, the uniform SM topology must be modified so that non-uniform SM unit cells

scatter the electromagnetic waves with a defined non-uniform negative phase de-
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lay in order to produce constructive interference at the desired point in the Fresnel
zone, and with equalized amplitude for optimum aperture efficiency and side-lobe
level. In particular, it is considered the case of NU SM microstrip half-width
LWAs (HWLWAs) to taper the amplitude and phase of backward radiating leaky
waves. The necessity of such tapering is illustrated with the design of a practical
leaky-wave lens focused in the backward quadrant, which can thus be arranged
in a radial-array fashion to obtain 3-D focusing using a simple central feeding as

proposed in [220].

INPUT, X

metallized vias /

Figure 5.12: Scheme of the sinusoidally modulated HMLWA with a non-uniform
taper performed to control in amplitude and phase the backward radiated waves.

The section is distributed as follows: Section 5.2.2 presents the dispersion
analysis of the proposed SM half-width microstrip line and the design of the NU
SM HWLWA to focus at a desired point in the backward region. Then, a central-
fed radial-array of such NU SM HWLWAs is described in Section 5.2.3 to produce
a 3-D near-field focused planar microwave lens. Section 5.2.4 reports the exper-
imental results, showing the ability to create a 3-D focused beam at the desired
location with the expected focal depth and focal width, and demonstrating the
utility of NU SM microstrip lines for that purpose. Finally, the conclusions of this

section are summarized in Section 5.2.5.
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5.2.2 Analysis of the Sinusoidally Modulated HMLWA

With the aim of obtaining a radiating element with capability to radiate backward
and with flexibility to control its complex illumination function, a conventional
HMLWA with a sinusoidal modulation is proposed. The HMLWA is based on a
microstrip line with one of its sides short-circuited by a perfect electric conductor
(PEC) (see top view in Fig.5.13a). In this manner, the first higher order leaky
mode of the conventional microstrip line becomes the fundamental one in the
HMLWA [62], [72]. The complex wavenumber of this fundamental leaky mode

can be expressed as
ky(y) = By(y) — Jay(y) (5.3)

with 3, being the phase constant and «,, the radiation rate, which are in general
dependent on the local source coordinate (y) along the LWA radiating length.
From the value of 3, and its relation with the free-space wavenumber k, the

radiation angle of the leaky mode can be determined [82] (assuming o, < f3,) as

sin Orap(y) =~ By(y)/ko - (5.4)

As it is observed in (5.4), the angle Orap takes positive values as long as 3, >
0. However, in the case of periodic structures, the phase constant (3, of each

space harmonic (SH) comprising the Floquet expansion of the fields is given by

2nm

Byn(y) = By(y) + - (5.5)

where P is the period of the structure and thus each n-th SH could radiate with a

different angle given by

sin Orap, (y) ~ Byn(y) _ By(y) i 2nm

. 5.6
ko ko ko P (56)

Therefore, by choosing a suitable value for P, some of the n = —1, —2, ... space
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harmonics can radiate backward (|f3,,,/ko| < 1) with the angle defined by (5.6),
while the rest of harmonics lie in the slow-wave regime (|3, /ko| > 1) and do not
contribute to leaky radiation. Typically, only the n = —1 harmonic is desired for
radiation, and this single-harmonic radiation condition can be satisfied by a proper
choice of the period P (A\o/2 < P < )¢ for single n = —1 backward leaky-wave
radiation [113]).

According to the previous discussion, the conventional HMLWA (see Fig. 5.13a)

can be modulated with a periodic function of period P in order to make it radiate
only with the n = —1 space harmonic. To this aim, the strip width 1 is locally

modulated along the antenna length by the following sinusoidal function:

2T

W(y) = Wn(y) [1 + M(y) Sin<Py>] (5.7)

where W,,(y) is the average value of the strip width 1 (y) at the longitudinal
position y, and M (y) is the modulation index of the sine function. The resulting
sinusoidally modulated HMLWA is shown in Fig. 5.13b, where it can be seen the

sinusoidal variation that has been performed along the PEC wall side.

It is important to note that in order to design a tapered illumination function
along the HMLWA length, the radiated fields must be properly controlled both
in phase and amplitude [141]. Thus, the sinusoidal modulation of the HMLWA
width cannot be uniform anymore, but it must be further modulated leading to a
non-uniform SM structure. Specifically, the average strip width W,,, is varied to
control the phase constant of the fundamental mode 3, and to avoid that it falls
within the fast-wave region (53,/ko < 1), while the uniform period P ~ \y/2
provides backward radiation from the n = —1 SH (|3, _, /ko| < 1). To this aim,
the minimum average width of the strip has been fixed to W,, = 5mm and a
modulated sine function with period P = 11.5mm has been used. For fixed
values of W,,,(y) and M (y), the corresponding value of the complex wavenumber

is now determined by applying the Bloch-Floquet theorem to extract the ABC' D
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Figure 5.13: Top view for two different variations of the HMLWA with their main
geometrical parameters: a) conventional HMLWA, and b) sinusoidally modulated
HMLWA.

parameters from a full-wave analysis of the HMLWA [221]. Varying W,,,(y) and
M (y) allows then for a control of the radiation angle and the leakage rate as
illustrated in Fig. 5.14 with a two-dimensional dispersion chart for the n = —1
SH. The values for frap and « plotted in this figure correspond to a range of
useful values of W,,, from 5 mm to 10 mm, and their corresponding variations in
width, AW,, = W,, M, from 0 mm to 7 mm [these variations in AW,,, = W,, M
come determined by the oscillating part in (5.7)].

In particular, it is observed that the leakage rate « increases with AW,,, for
a constant value of W,,, which can be explained by a higher excitation of the

n = —1 SH due to a deeper modulation index M, as commonly occurs in SM
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LWAs [113], [117], [133], [217]. On the other hand, increasing values of W,
provide decreasing radiation angles frap tending to broadside § = 0° (isocurves
plotted with dashed blue line), eventually entering the open stop band zone for

W, > 9mm and AW,,, < 4 mm.

Figure 5.14: Two-dimensional dispersion chart at the design frequency of 15 GHz

for the leakage rate o and the radiation angle frap of the n = —1 space harmonic
of the sinusoidally modulated HMLWA.

In order to show the capability to control both the amplitude and phase of
the radiated fields for the n = —1 space harmonic, a tapered illumination func-
tion has been synthesized to obtain a focused near-field pattern at the design fre-
quency of 15 GHz (see Fig.5.15). In this way, the focal height has been fixed at
zp = 5.5A0 = 110 mm and the longitudinal position of the focal point is set to
yr = —0.65)g = —13mm, which will allow that several 1-D LWAs can be ar-
ranged around a central point (y = 0) to obtain a 3-D near-field focus, as it will be

shown in the next sections. This prescribed focal position requests the variation
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for Orap(y) and a(y)/ko shown in Fig.5.15a, as described in [121]. The corre-
sponding theoretical near-field pattern obtained with an in-house code developed
in [124] is plotted in Fig. 5.15b, which shows that the fields have been suitably

focused at the focal position (2r, yYr).
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Figure 5.15: Synthesis of a near-field focusing pattern at a focal distance zrp =
5.5 0 = 110 mm for a 1-D HMLWA with length L4 = 6\p = 120mm at the
design frequency of 15 GHz. a) Tapering along the antenna length of fgap and
a/kg. b) Corresponding near-field pattern for the illustrated variation of the leaky
mode.

The variations of the tapered illumination function shown in Fig. 5.15a needs

to be translated into their corresponding geometrical non-uniform sinusoidal mod-
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ulation for W (y). Thus, the data obtained in the dispersion chart of Fig. 5.14 are
used as a look-up table in order to determine the requested values for W,,(y)
and AW, (y), as shown in Fig. 5.16. The total value for the strip width W along
the complete radiating length is also plotted in Fig. 5.16.
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Figure 5.16: Tapering along the antenna length of the width of the HMLWA to
synthesize a near-field focusing pattern at the design frequency of 15 GHz.

5.2.3 Design of the Radial Array Lens

From the design of the 1-D sinusoidally modulated HMLWA described in Sec-
tion 5.2.2, which shows the capability to radiate backward and to provide 2-D
near-field focusing, a radial array configuration has been conceived with the pur-
pose of obtaining a 3-D near-field focus over the center of the array. Convention-
ally, microwave near-field focusing lenses have been based on the ability to focus

the radiated electromagnetic fields within a prescribed region of the free space. To
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this aim two main approaches are found: i) to conform the radiating element so
that all sections point to the same focal region as proposed in [153], and ii) to taper
the radiated fields by changing the electrical properties along the device and thus
avoiding to curve it [121]. Based on this second approach, there have been pro-
posed several technologies and topologies such as focusing plates that require of
an external source [222], focusing systems inside parallel-plate waveguides [223],
or more integrated devices as in [125], [126]. Other possible designs have been
conceived from tapered far-field radiations patterns that make use of a quadratic
phase taper to approximate the radiated near-field pattern [224], or by using Bessel

beams [225], [226].
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Figure 5.17: Simulated near fields for two symmetrically fed HMLWAs with a
tapered illumination function at the design frequency of 15 GHz.

This work follows the second approach by making use of the structure pro-
posed in Section 5.2.2 with capability to simultaneously and flexibly taper both
the amplitude and phase of the radiated leaky-wave fields. Moreover, to keep a
simple central feeding of the structure as in [125], [126], [224] and to obtain a
single near-field focus over the central feeding point, the leaky wave must radiate
backward. In order to validate the approach for the proposed focusing system,

it is first considered a simpler design based on two symmetric 1-D HMLWAs.
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Fig. 5.17 shows the simulated fields for two symmetrically fed 1-D HMLWAs that
have been tapered along their lengths to produce the leaky-wave near fields shown
in Fig. 5.15. It can be seen that the focusing pattern is obtained at the center po-
sition (y = 0) and at the prescribed focal height zr = 5.5A¢ = 110mm. The
variation of the local pointing angle along the antenna length has been marked
with green lines to highlight the tapering of the local effective radiation angle
Orap(y) of the two corresponding leaky waves propagating at opposite directions.

The symmetric configuration with two HMLWASs can only provide 2-D near-
field focusing [223] in the zy-plane, in the form of a fan-focused beam in the
zz-plane (as usually happens with 1-D line source LWAs). In order to obtain
a 3-D focus, it is proposed an innovative configuration formed by N = 8 1-D
HMLWAS radially arranged around a central fed. The proposed design is shown
in Fig. 5.18 together with an illustrative view of the desired focal region and the

different contributions of all sections of the antennas.
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Figure 5.18: Scheme of the 3-D near-field focusing system consisting of a radial
array with 8 sinusoidally modulated HMLWAs.

As each HMLWA is polarized linearly with its radiated E-field contained

within the zy-plane [72], the polarization of the complete array is defined as the
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result of combining all the individual polarizations of each 1-D HMLWA. This re-
sulting polarization is illustrated in Fig.5.19, where the radiated E-field for each
HMLWA is represented with a red arrow and the resulting array polarization at

the focal point is represented with a black arrow.

E-field polarization

" -
N J

Figure 5.19: E-field polarization arrangement for each element of the array (red
arrows), and resulting array polarization (black arrow).

To confirm the desired near-field focusing behavior of the designed radial ar-
ray, a full-wave simulation (HESS [90]) of the near fields in linear scale is plotted
in Fig. 5.20 at the design frequency of 15 GHz for the plane ¢ = 45°. This simu-
lation shows that the desired near-field focusing pattern can actually be obtained
by the arrangement of the N = 8 HMLWAs.

An important characteristic of the proposed radial array is that it can simply
be fed by a single coaxial probe. A detailed view of the employed feeding is
shown in Fig.5.21. Specifically, the inner conductor of the coaxial (highlighted

in pink color) passes through the substrate and then is soldered to the metal top
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Figure 5.20: Simulated near-fields for the designed radial array of 8 sinusoidally
modulated HMLWAs at the design frequency of 15 GHz.

layer (as can also be seen in Fig. 5.22). Moreover, it can be observed that the 1-D
HMLWAS are radially arranged around a radius Ry from the coaxial probe. As
seen in Fig.5.21, the PEC wall of the HMLWAs is formed by a row of metallic
via holes that are separated a distance s = 1 mm and have a diameter d = 0.5 mm
for the modulated HMLWA part and dy = 1mm for the matching vias at the

beginning of each antenna.

5.2.4 Measured Results

In this section measured results of the near-field focusing lens are shown for the
design frequency of 15 GHz. Moreover, several figures of merit such as focal
depth, focal width, and input matching have been obtained. The designed radial

array has been manufactured using the commercial substrate Taconic TLY-5 with
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Figure 5.21: Detailed view of the employed coaxial feeding with some of its
main geometrical parameters: Ry = 13mm, d = 0.5mm, dy = 1mm and h =
1.57 mm.

thickness h = 1.57 mm, relative permittivity €, = 2.2, and loss tangent tand =
0.0009. A photograph of the prototype is shown in Fig. 5.22, where it can be
observed the eight HMLWA s radially arranged around a central feeding.

Figure 5.22: Top photographic view of the manufactured prototype of the radial
array with N = 8 sinusoidally modulated HMLWAs.
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REAR VIEW,

Figure 5.23: Photographs of the near-field measurement setup used for the radial
array.

As explained in previous sections, the proposed radial array configuration pos-
sesses the capability to focus the radiated near fields into a prescribed 3-D fo-
cal region above the center of the array, acting as a microwave lens as schemed
in Fig.5.18. To experimentally validate this concept, the radial array has been
measured by means of a near-field measurement system equipped with a standard
rectangular waveguide WR62 as measurement probe. Fig.5.23 shows a photo-
graph of the setup employed to measure the radiated fields along a zy-plane for
an arbitrary distance z.

In order to obtain the real performance of the proposed structure and thus
its focusing capability, several cuts at the focal height = = 5.5)¢ = 110mm
for different azimuthal angles ¢ have been measured. Fig.5.24 shows the nor-
malized radiated F-field along a transverse plane at ¢ = 0° and a focal height
z = 5.5)\g = 110mm. Measured results (continuous blue line) are compared
with HFSS simulations (red line) obtaining good agreement. Particularly, the fo-

cal width Ap is correctly estimated, which at —3dB is Ap = 20 mm. However, it
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is observed a slight increment of the side-lobe levels around the focus, which can

be explained by the perturbation introduced by the measurement probe.

0 ! ! ! . ! ! !

¢=0° | === Simulated
: : : .. | m— Measured | |

Figure 5.24: Measured and simulated transverse cuts along p for the focal height
zrp = 110 mm at the plane ¢ = 0°.

The transverse cut for the E-field along ¢ = 45° at the prescribed focal height
of 2 = 5.50¢ = 110 mm is shown in Fig. 5.25. Measured results are compared
with simulations and the agreement for this cut is also good, showing a focal
width at —3 dB of Ap = 18 mm, similar to the one obtained at ¢ = 0° (the small
difference can be attributed to the lack of symmetry along ¢ as a result of the
necessary flip of the SM HMLWA to obtain linear polarization as explained with
Fig.5.19).

A transverse cut along ¢ = 90° is represented in Fig. 5.26 at the focal height
z = 5.5)¢ = 110mm. As in the previous cuts, the correspondence between
simulations and measurements is good. For this cut the focal width at —3dB is

Ap = 15 mm, comparable to the values obtained for other angles, which confirms
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Figure 5.25: Measured and simulated transverse cuts along p for the focal height
zrp = 110 mm at the plane ¢ = 45°.

the fairly good electromagnetic symmetry of the focal region along ¢, despite the

above mentioned geometrical asymmetry of the HMLWA branches.

Another important parameter to evaluate the performance of the proposed de-
vice as a microwave lens is the focal depth Az; i.e, the half-power width of the
focus along the z-axis. Fig.5.27 shows an axial cut for the normalized E-field
along the z-axis at the central position of p = 0. The comparison of measured re-
sults with simulations shows good correspondence between them. A focal depth
of Az = 60 mm is obtained, approximately three times larger than the focal width.
This ellipsoidal shape of the focal region (prolate spheroid) is common to all pla-
nar near-field focused lenses [125], [126], [220]-[224] as a result of their 2-D
(planar) aperture topology. The capability to focus the energy also along the axial
direction demonstrates that a 3-D focus is actually obtained at the prescribed focal

region of p = 0 and 2 = 5.5)¢ = 110 mm for the design frequency of 15 GHz.
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Figure 5.26: Measured and simulated transverse cuts along p for the focal height
zr = 110 mm at the plane ¢ = 90°.
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Figure 5.27: Measured and simulated axial cuts along z-axis at the center position
p=0.
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Figure 5.28: Near-field plane at the focal height zp = 110 mm for the design
frequency of 15 GHz: a) simulated and b) measured.

Transverse cuts in the zy-plane for the focal distance z = 2p = 110 mm
are represented in Fig.5.28, where measured near fields for the zy-plane at the

focal height z = 5.5)g = 110 mm are compared with simulated ones. A clearly
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Figure 5.29: Near-field plane at ¢ = 0° along the z-axis for the design frequency
of 15 GHz: a) simulated and b) measured.

symmetric (circular) focused spot in the zy-plane is obtained in coherence with
the represented values of the different transverse and axial cuts. Moreover, it can

be seen that the measured focusing pattern shown in Fig. 5.28b is slightly wider
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compared with the simulated one shown in Fig.5.28a. These differences can be
attributed to small discrepancies between the structure simulated in HESS and the
measured prototype as well as by the perturbation introduced by the measurement
probe.

Fig.5.29 shows the simulated and measured near-fields for the pz-plane at
¢ = 0°. It can be observed that the highest intensity (plotted in red color) is
obtained at the focal height zr = 110 mm. Both results show a similar focusing
pattern, demonstrating a good agreement and that a 3-D near-field focus above the
center of the array has been obtained.

Finally, the measured Sq; parameter is compared with simulations in Fig. 5.30.
Although some discrepancies are observed between both results, the key point is
that a good input matching (S7; < —15dB) is obtained at the design frequency
of 15 GHz and over a wide band (~ 0.5 GHz). It should be highlighted that this
type of leaky-wave lenses are strongly dispersive with frequency, so the near-field
focused beam can be scanned to higher focal distances as frequency is increased,
until it eventually breaks into a conical shaped focused spot (or several spots), as

shown in [126].
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Figure 5.30: Measured and simulated input matching for the radial array of N = 8
sinusoidally modulated HMLWAs.
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5.2.5 Conclusion

An innovative type of microwave lens conceived from an array of sinusoidally
modulated half-mode leaky-wave antennas (HMLWA ) has been presented in this
section. The array consists of eight HMLWAs radially arranged around a single
central feeding. The HMLWAs have been sinusoidally modulated in order to ex-
cite Floquet space harmonics that allow for backward radiation. Each HMLWA
has been designed only to radiate with the n = —1 space harmonic. In particu-
lar, by modifying the modulation index of the sinusoidal function and the width
of the HMLWA, a simultaneous control of both the amplitude and phase of the
radiated fields has been obtained, which has made possible the design of a shaped
near-field focusing pattern. This fact in combination with the radial arrangement
of the HMLWAs has allowed us to obtain a 3-D focus above the center of the
array. The proposed design of the microwave lens has been validated with near-
field measurements for the design frequency of 15 GHz. The present novel design
demonstrates the utility of non-uniform sinusoidally modulated leaky-wave anten-
nas in order to freely synthesize complex aperture distributions (in both amplitude

and phase).



Chapter 6
Conclusions

Finally, the main conclusions of this thesis have been summarized in this last chap-
ter. As stated along the Introduction of this thesis, the leaky-wave theory has been
thoroughly investigated over the last decades. As a result of it, a wide variety of
antennas and devices have been developed based on this radiation principle. More-
over, the constant emergence of new technologies has favoured that novel kind of
devices could be envisioned and implemented. An example of this has happened
with the technology of substrate integrated waveguide, which is characterized by
a low-profile, low-losses and easiness of manufacture. These advantageous prop-
erties have attracted an increasing interest in it, which has been accompanied with
the development of a large variety of SIW devices that were previously restricted
to other technologies, such as conventional rectangular waveguide.

In order to contribute to the development of new leaky-wave devices, several
designs have been conceived and implemented in SIW technology. Besides, the
most relevant aspects related to their design have been dealt along the different
chapters of this thesis. In particular, they can be summarized in the following
form:

Chapter 1 has covered the main bases of SIW technology, which has been
used to develop the different designs of this thesis. Concretely, the SIW equiva-

lent width compared to conventional rectangular waveguides and the computation
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of its material losses, have been described. The main methods used to analyze the
SIW devices have also been addressed, moreover, some of the most used transi-
tions between SIW and planar transmission lines, such as microstrip and coplanar,
have been outlined. Finally, some of the main applications and devices that have

already been reported in SIW technology have been discussed.

In Chapter 2 it has been described a new type of leaky-wave antenna (LWA)
implemented in SIW technology. Concretely, this antenna is based on a conven-
tional SIW structure with one of its rows of metallic posts sparse enough to allow
the leakage of energy through them. In this manner, the TE;, mode propagating
along the SIW becomes a leaky mode, whose phase constant and leakage rate can
be independently controlled by varying the separation between posts and the SIW
width. With the purpose of showing this capability to flexibly control the leaky

mode, several prototypes have been designed and measured.

In Chapter 3 a modal tool based on the transverse resonance analysis of the
SIW LWA cross section has been developed. To this aim, the rows of metallic
posts that delimit the width of the SIW have been characterized by an equivalent
impedance obtained from an analysis of TE plane wave incidence. On the other
hand, the radiation impedance has been considered from an electrically thin sub-
strate approximation of a dielectric filled parallel-plate waveguide with truncated
upper plate. By combining all these elements that constitute the SIW LWA cross
section, a transverse equivalent network has been used, and as a result, a modal
analysis has been performed to compute the leaky mode as function of the main

geometrical parameters of the antenna.

In Chapter 4 it has been performed the analysis and synthesis of several de-
signs of tapered leaky-wave devices radiating both in the free space and inside the
substrate. The modal tool developed in Chapter 3 has been used, which has al-
lowed an efficient calculation of the leaky mode as function of the main geometri-
cal parameters of the SIW. The design of conformal antennas has been presented

in Section 4.2, moreover, several applications such as an angular bandpass filter in
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Section 4.3, near-field focusing inside a parallel-plate waveguide in Section 4.4,
and a quasi-optical multiplexer in Section 4.5 have been developed, including the
manufacture and measure of the prototypes.

In Chapter 5 two designs of 1-D LWAs radially arranged around a central
feeding have been presented. The first radial array has been designed to provide a
pencil beam radiation pattern in the far-field region from an array of eight 1-D SIW
LWAs, which has been demonstrated with experimental results in Section 5.1. A
similar radial arrangement has been used in Section 5.2, but each arm of the array
has been formed by sinusoidally modulated half-mode LWAs instead of 1-D SIW
LWAs. In this manner, each arm of array can radiate backward thanks to the
excitation of space harmonics which has allowed the synthesis of 3-D near-field
focusing over the center of the array.

Finally, the main conclusions of this thesis have been summarized in this chap-
ter, and a list with the most relevant publications that have been generated during

this thesis has been added in the last section.






Appendix A

Radiated Fields by 1D LWAs

One dimensional leaky-wave antennas can be considered in terms of radiation as
a magnetic line source whose electric field at the aperture can be expressed as a
complex function

EQ}:ERT(Z) =M(z) - eI9(?) (A.1)

and its amplitude M (z) and phase ¢(z) terms can be respectively obtained as

function of the complex wavenumber k, along the line source:

k.(2) = kosinrap(z) — ja(2) (A.2)
by
1 M) N
) = ST N Rar — g (P (A3
_0¢(z)

B(Z’) = k’o sin QRAD(Z> = (A4)
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where k is the free-space wavenumber, 7 the radiation efficiency, «(z) the leaky-

wave leakage rate, and frap the pointing angle of the leaky wave [82].

Next, by taking the Fourier transform of the fields FgtERT(2) radiated at the
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aperture, the radiation pattern can be obtained for z > 0 [82]:
— / ERRERT (1, )emdhwve ke d,, (A.5)

Alternatively, for the case of line source antennas the radiated field can be
computed as the superposition of discrete point sources separated a distance dz —
0 [227]. In this manner, from the radiated field of an infinitesimal dipole, whose

electrical field components can be defined as [228]:

Iyl cos 6 1 ik
E, = 14+ ——| %" A.6
T omr [ * jkor] ‘ (A.6)
. kolplsin 6 1 1 o
E, — 1 — Jror A7
v [ + jkor (kOT)Q] c A7)
Ey=0 (A.8)

and in the far-field region (ko >> 1) can be simplified by

ko Iple3%or
By ~ jn% sin 6 (A.9)

E, ~E,=0 (A.10)

The total field radiated by a line source of length L4 can be obtained as the sum

of N point sources (with N > 10L4/\):

kol = j(kond sin 0
Ey = Jng sin@ Y el kondsin€on) (A.11)
n=0

From the previous equation, it can be extracted the array factor AF'(#), which

is defined as: Nod
AF(0) = Y I,,e/hondsintton) (A.12)
n=>0

and it can be used to determine the radiation pattern of the line source [228].
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