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Chapter 1

Introduction

The progressively increasing demand for miniaturization, integration and conformability

in wireless applications has led to a substantial growth of the popularity of planar printed

antennas [1, 2]. Planar antennas, compared to the complex and bulky three dimensional

antenna geometries, are not only light weight and simple to fabricate, but they can also

be designed to achieve very high performance. This renders them attractive not only for

commercial low-cost mobile devices, but also for the high-end applications such as military

radars and satellite communication.

Although planar antennas are simple to realize, their design presents multifaceted chal-

lenges to the radio frequency (RF) designers, mainly due to their low radiation efficiency

and narrow matching bandwidth. These two parameters are dominated by the dielectric

properties as well as the physical dimensions of the substrate on which an antenna is

printed i.e., permittivity and height respectively. For instance, antennas printed on elec-

trically thin dielectric layers radiate equal power in the upper and the lower half spaces.

Unidirectional radiation patterns on the one hand can be achieved by using electrically

thin grounded substrates instead of ungrounded slabs. On the other hand, such antennas

can be matched over a narrow bandwidths. An approach to improve the front-to-back

ratio and the matching bandwidth simultaneously is to use a dense and electrically thick

dielectric slab. However, increasing the height and the permittivity of the substrate leads

to a significant increase in the excitation of surface waves. For the hypothetical case of

infinitely extended dielectric slabs, the power launched into the surface waves constitutes

to a loss in radiation efficiency of the antenna. Whereas, for finite-size slabs, such waves

are diffracted from the edges the substrate degrading the quality of the radiation patterns.

This is because surface waves spreading is cylindrical thus they decay slow in comparison

to spherical spreading of space-wave. In antenna arrays, surface waves excitation results
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in undesired mutual coupling between the neighboring antenna elements which can further

lead to mismatch, scan-blindness and high cross-polarization levels.

The above highlighted problems are the fuel and the motivation for the investigation into

new planar antenna solutions, which can be fabricated using the commercial processes, e.g.,

printed circuit board (PCB) or monolithic microwave integrated circuit (MMIC) technol-

ogy. The focal point of this dissertation is centered around the design of planar electro-

magnetically engineered superstrates, which exhibit high surface-wave efficiency 1, over a

broad frequency band, as well as an enhanced front-to-back ratio for antennas/antenna

arrays radiating in their presence.

1.1 Planar Antennas: A Perspective

The driving force behind the rapid increase in the use of planar antennas in commercial

applications is the advancement of silicon system-on-a-chip (SoC) and system-in-a-package

(SiP) technologies. The latter are nowadays enabling the realization of inexpensive, light-

weight, portable and reliable consumer products. Some examples of such applications at

millimeter-wave frequencies are 60 GHz high data rate short-range communication [3–7]and

77 GHz automotive radars for safety and comfort [8–13]. Recently, sub-millimeter imaging

radars systems for security applications, designed at 94 GHz and integrated on a single chip,

are also gaining a lot of attention due to their low-profile and cost effectiveness [14–18].

The RF front-ends, in all these cases, are realized using MMIC technology [19–22] together

with an off-chip radiator. A simple, compact and a low-profile solution is to integrate the

antenna on the same platform/substrate on which the MMIC is mounted. The planarity

of the antenna or the antenna array is then crucial to achieve all-integrated miniaturized

sensors.

Planar integrated antennas have also found many applications in space instruments. A

recent example is a kilo-pixel dual-polarized array of the slots, which is realized using con-

ventional photo-lithographic techniques [23]. This array is used in an instrument called

BICEP2 to study the Cosmic Microwave Background (CMB) polarization [24]. The ad-

vantage of using planar antennas, when compared with the conventional high-performance

3D horns, is two-fold. Firstly, they are light-weight, secondly, due to the use of standard

lithography techniques, fabricating them is a straightforward process which makes them

suitable for large antenna arrays.

In satellite communication and military platforms such as unmanned aerial vehicle (UAV),

1The term high-surface wave efficiency herein refers to the minimal excitation of surface waves.
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a design of an efficient single wideband, wide-scan antenna array is of paramount impor-

tance. Since space, weight and conformability are major constraints in these scenarios, it is

beneficial to combine several functions in a single antenna aperture. Furthermore, to sup-

port communication services, polarization purity is an important aspect to be accounted

for. In most of the state-of-the-art designs of dual-polarized (wideband and wide-scan)

arrays [25–27], a complicate egg-crate configuration is implemented, which is not only

bulky but also costly to realize. To achieve comparable performances using completely

planar antenna topologies, a few alternative concepts have been also proposed in the liter-

ature [28–30].

1.2 Surface Waves: State-of-Art Solutions

Figure 1.1 shows an example of a planar antenna, realized by etching a slot on a grounded

dielectric slab of permittivity εr1 and height h. The slab is typically characterized by a

high relative permittivity, so that most of the power is radiated towards this medium, to

achieve good front-to-back ratio. Furthermore, to feed the antenna and to reduce the back

radiation, a microstrip line printed on an electrically thin slab with a lower permittivity

εr2 is usually employed. Such an antenna, despite its simplicity, is inefficient due to the

excitation of surface waves inside the dielectric slab for εr1 > 1, which is an undesired

phenomenon. The surface waves are the transverse electric (TE) and the transverse mag-

netic (TM) modes of the dielectric slab, whose intensity, regardless of the nature of planar

sources, i.e., electric or magnetic, increases as the height and/or the permittivity of the

dielectric slab increase. They are also referred in literature as slow waves, since their phase

velocity is lower than that of free space [31].

As depicted in Fig. 1.2, surface waves propagate along a zigzag path inside the substrate.

These waves, which are bound by the substrate, are essentially the ones generated by the

source at angle between π/2 and sin−1(1/
√
εr). Since the propagation constant of the sur-

face waves is real, they do not exhibit exponential attenuation but only spatial spreading.

Thus their amplitude can be high when they reach the boundaries of the dielectric slab,

where they are reflected or diffracted from the edges, interfering with the space wave radi-

ated by the antenna. Consequently, not only the antenna radiation efficiency is degraded,

but this effect also results in deterioration of the far-field patterns and the polarization

purity. A detail investigation of the surface wave in the homogeneous slabs is presented

in [32–34].

One effective way to solve the issue of surface waves and to obtain simultaneously high
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Dense dielectric superstrate 
(high 𝜀𝜀𝑟𝑟𝑟) 

Slot antenna 

Feed substrate (low 
𝜀𝜀𝑟𝑟𝑟) 

h 

Figure 1.1: A slot etched on the ground plane, radiating in the presence of a dielectric slab.

Figure 1.2: Surface waves in a finite height dielectric slab. The parameter ρ denotes the radial distance

from the feed.

radiation efficiency and good front-to-back ratio is to use the antenna as a feed of a dielectric

lens. A widely used solution in mm and sub-mm wave domain that works over about 15%

bandwidth is to feed a dielectric lens with a planar double-slot antenna [35] (see Fig.

1.3). Matching layers can then be used on the lens surface to minimize the effect of

multiple reflections inside the lens [36, 37]. Another approach is to feed dielectric lenses

with non-dispersive leaky-wave feeds, to achieve very high performances over a decade

(1:10) bandwidth [38–40]. However, dielectric lenses are non-planar, bulky and large in

terms of wavelength. Therefore their inclusion is not always possible and depends on the

frequency and the front-end architecture. This thesis will focus on planar solutions and

even of a couple of cases in which they are used as a lens feed are discussed.
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Double Slot 
antenna 

Dielectric lens 
(high permittivity) 

𝜀r 

Figure 1.3: A double slot antenna radiating in the presence of a dielectric lens [35].

1.2.1 Planar Solutions

A plethora of planar techniques have been published in the last three decades, aimed at

mitigating surface-wave excitation. Although a comprehensive summary including all the

scientific contributions would be difficult, this subsection gives a brief overview in terms of

performance of a few key antenna concepts typically employed for planar designs.

A planar antenna design that can achieve a very good front-to-back ratio without surface-

wave excitation is the aperture-coupled stacked patch antenna (ASP) [41]. An ASP an-

tenna, depicted in Tab. 1.1, consists of a resonant aperture, coupled electromagnetically to

a multilayer stack of parasitic elements, such as resonant patches. The parasitic elements

are typically printed on a foam substrate (i.e. εr = 1) to avoid surface wave modes. This

antenna can achieve more than an octave impedance matching bandwidth by tuning the

resonance of feeding aperture and the parasitic element simultaneously. ASP antennas are

also used in linearly polarized phased array design, which are capable of scanning to 45◦ in

all the azimuth planes while maintaining a very good polarization purity [28,30]. However,

their efficiency drops if one is constrained to use higher permittivity dielectric substrates

(εr > 1) instead of foam to host the antennas [42].

The efficiency of an antenna can also be improved by using so-called Fabry-Perot type

resonant cavities [43–45] (see Tab. 1.1). In such configurations, the antenna is loaded with

a single or multiple layers of electrically thin homogenous dense dielectric superstrates. To

support a strong leaky wave, the source and the superstrate are separated by a distance of

half-wavelength along the longitudinal axis. These type of antennas typically work over a

narrow frequency band because of the use of resonant cavities.

In the design of planar antennas on single dielectric slabs, a high surface-wave efficiency

can also be obtained by shaping the antenna elements themselves or their immediate sur-
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Table 1.1: State-of-art planar antenna solution to address the surface wave problem.

roundings. For instance, in [46] authors show that a radiation efficiency of 99.9% can be

achieved over a narrow band by using a twin arc slot antenna, where the slots generate

equal and opposite surface wave in every radial direction. This antenna, as depicted in

Tab. 1.1, also needs to be backed by a cavity to obtain a uni-directional pattern and works

efficiently only over a narrow band.

Another narrow-band planar antenna approach to avoid surface-wave modes is to synthe-

size the substrate by drilling holes in the vicinity of the antenna such that it emulates
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permittivity close to that of free-space [47–49].

A technique which has gained a lot of popularity is to introduce periodic loading in a host

dielectric slab to realize frequency bandgaps. At those bandgap frequencies, the substrate

does not permit the propagation of surface waves. These periodic inclusions are referred

to as electromagnetic band gaps (EBGs) in literature. A practical realization in PCB

technology, shown in Tab. 1.1, is obtained by introducing periodic mushroom structures

inside the dielectric substrate, which forbids the coupling of power to surface wave modes

over 50% of relative bandwidth [50]. Note that, in table only one rings that surrounds

the antennas is shown, however, in practical designs, multiple rings of EBGs are required

to minimize the loss of power incurred due to the surface wave excitation. The resulting

structure is electrically large, thus it would generate grating lobes if used in an array

configuration.

A completely planar version of EBG for synthetic aperture radar application is reported

in [51,52] (see also Tab. 1.1). In this concept, the frequency bandgap is realized by printing

periodic resonant dipoles on the top of the substrate in the form of periodic circular rings.

This design works over a bandwidth in the order of 20%. However, usage of the EBGs in

array configuration restricts the scanning potential to only one plane because of the large

radius of the proposed EBG rings [53].

1.3 Research Objective

In the previous sections, it has been highlighted that the performance of the planar an-

tennas is mostly limited due to the undesired phenomena of the surface waves, inherent of

dielectric slabs. All dielectric materials present in nature trade-off surface-wave efficiency

for larger bandwidth and enhanced front-to-back ratio.

The goal of this thesis is to design artificial dielectric slabs that present high dielectric con-

stants for the waves propagating orthogonally to slab itself, whereas the dielectric constants

are low for the waves that propagates towards grazing direction. Thus the front-to-back

ratio of the antenna is enhanced while surface waves due to multiple reflections at the

dielectric air interface are not strongly excited.

1.3.1 Electromagnetically Engineered Substrate

Artificial dielectrics (ADs), as widely known in the literature, is an approach to realize

dense dielectric (εr > 1) on a low-permittivity substrate, such as foam (εr ≈ 1). They

were proposed in late 1940’s by W. E. Kock [54] as an alternative to homogeneous bulky
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(a)     (b) 

   (c) 

Host 
dielectric 𝜀𝜀𝑟𝑟   

Metallic 
cylinders Metallic 

spheres 

Metallic strips 

Figure 1.4: Artificial dielectric layer embedded in a host dielectric. (a) Three dimensional sphere and (b)

cylinders and (c) planar two dimensional metallic strips.

substrate to design low-loss and light-weight dielectrics for realizing lens antennas. After

their introduction, ADs have been extensively studied and used for decades for radar

development.

ADs can be considered as a large-scale model of an actual dielectric, realized by embedding

periodic metallic obstacles in a host in order to enhance its equivalent relative permittiv-

ity [55]. A physical realization of AD includes embedding of metallic spheres, cylinder

and stripes inside a dielectric in a regular arrangement as shown is Fig. 1.4. In all these

scenarios, the field scattered by the metallic inclusions, when added to the incident field,

creates an effective equivalent delay [54–56]. The overall field can then be seen as propa-

gation of the incident field in a new homogeneous material. This material is characterized

by an effective dielectric constant, which can be much larger than the host substrate. The

effect of the enhancement in the dielectric constant of the host medium is not frequency

independent. It is determined by the size and spacing of the metallic inclusions. However,

a constant improvement of the dielectric constant over a broadband can be achieved, pro-

vided that the size and spacing between the element is less than quarter wavelength at the

highest frequency of the operation [54].
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The equivalent medium in case of spherically symmetric obstacles, as shown in Fig. 1.4(a)

and (b) is isotropic, since the effect of the impressed field on the geometry is independent

of the polarization and incidence angle. However, it is anisotropic for the two dimensional

artificial dielectrics, such as stripes (see Fig. 1.4(c)), which are suited for planar multi-

layer slab designs. This is because the polarization and the angle of the incidence of the

external electric field significantly impacts the equivalent properties of the structure. For

instance, the enhancement of the dielectric constant εr of the host media is possible only

if the electric field is orthogonal to the orientation of the stripes. In such case, the increase

in the dielectric constant is maximum for the normally incident wave and it decreases as

the the angle of the incidence starts to increase. However, this geometry reflects entirely

the incident wave in which the electric field is parallel to the stripes.

Recently, the growing demand for silicon integrated front-ends is driving a renewed in-

terest for planar strip-type ADs to improve the performance of passive components by

miniaturization. In [57], ADs are implemented in commercial complementary metal oxide

semiconductor (CMOS) technology to decrease the length of on-chip passive components,

thus significantly reducing ohmic losses.

1.3.2 Planar ADL for Efficient Antenna Design

It is well-known that the near-field radiated by a generic source can be represented as an

infinite spectrum of TE and TM plane waves [58]. Therefore, an AD should be simulta-

neously sensible to TE and TM modes when illuminated by a source located in its close

proximity.

In this thesis, artificial dielectric layers (ADLs) are proposed to be realized in a planar

topology with the goal of enhancing the antenna efficiency over a broadband. They are

composed of multiple layers of periodic patches, as depicted in Fig. 1.5, with dimensions

and the period of the patches as well the inter-layer distances that are small compared to

the wavelength. Although this geometry presents different anisotropic characteristics for

TE and TM incidence, it supports the propagation of waves with both polarizations, unlike

ADs made of strips. At the frequencies for which the periodic unit cell is much smaller

than the wavelength, ADL slabs can be assigned parameters that describe an equivalent

homogeneous dielectric.

This concept is exploited to improve the front-to-back ratio efficiency and enhance the

gain of integrated antennas, without supporting surface waves. An attractive feature of

this solution is that the ADL can be designed independently of the antenna. This is not the

case, e.g., of the ASP antenna [41], for which the resonance of the multi-patch antennas
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Figure 1.5: Artificial dielectric layer structure and equivalent anisotropic medium.

have to be tuned together. Also, the ADL can be manufactured and placed above the

antenna without ensuring a fine alignment between the two. Moreover, this approach can

be easily extended to built two dimensional arrays for scanning in both the planes, without

incurring into scan blindness introduced by large periodicity or surface waves. Finally, the

ohmic losses due to the metallic inclusions are very low, thanks to the non-resonant nature

of the patches.

1.4 Scientific Contribution in this Thesis

This thesis deals with the theoretical analysis and the design of artificially dielectric layers

(ADLs). The analysis of such structures is based on a spectral Green’s function method,

which not only gives an insight into the physics of artificial dielectric, but also leads to

closed-form expressions to design ADL superstrates. The formalism is then exploited to

design efficient unidirectional antennas/antenna arrays. Numerical results are verified from

the measurements of prototype antennas at X-band and also at 0.3 THz. The key novel

aspects addressed in this thesis are summarized as follows:

• An analytical method for the characterization of ADLs of finite height, under arbitrary

field illumination: a rigorous equivalent circuit is derived and can be used to calculate,

on one hand, the effective parameters of the ADL and, on the other hand, the spectral

Green’s function (GF) of the ADL. The exploitation of the equivalent circuit and the

spectral GF allows to evaluate the dispersion characteristic of finite slabs, and the

patterns of a generic antenna in the presence of the ADL.

• Experimental demonstration in X-band of the performance enhancement of an an-

tenna by loading it with an ADL superstrate: the slab consists of a thin isotropic

dielectric hosting the ADLs and has been proved to be capable of increasing the di-
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rectivity and achieving high front-to-back ratio. Although a similar effect would be

obtained with a thick standard dielectric slab with high permittivity, such a material

also supports strong surface-wave propagation, while an artificial dielectric slab of

the same equivalent permittivity does not.

• Design, fabrication and testing of an antenna prototype at 0.3 THz: on-chip inte-

grated antennas typically radiate in the presence of a lossy silicon substrate or an

electrically thin grounded slab. This leads to either high dielectric losses or very nar-

row bandwidths of operation. To increase the radiation efficiency, an antenna loaded

with ADL has been fabricated using in-house integrated circuits (IC) process and

tested to demonstrate the effectiveness of AD superstrates also at THz frequencies.

• Novel concept of wideband wide-scanning phased array designs: the proposed struc-

ture, based on connected arrays of slots loaded with ADL superstrates, has two main

advantages with respect to the existing solutions. Firstly, it is completely planar

and realized with a single multi-layer PCB, with consequent reduction of the cost

and the complexity of the array. Secondly, ADLs are used in place of real dielectric

superstrates, to achieve much better efficiency in terms of surface-wave losses.

1.5 Outline of the Thesis

The thesis is organized in seven chapters, which address several aspects of the the analysis,

the design and the experimental validation of ADLs. A brief summary about the contents

of each chapter is as following:

In chapter 22, a closed-form expression is derived to calculate the transverse propagation

constant of a plane-wave impressed on a two dimensional artificial dielectric. A two-

dimensional method of moment (MoM) tool has then been developed in the framework

of this project to show that, although ADL presents the equivalent properties of dense

dielectric slabs, they do not support surface waves.

In chapter 33, a spectral domain analytical formulation to model a single layer for arbitrary

plane-wave incidence is presented. The results of the analysis are useful to highlight the

characteristic properties of ADLs and their frequency range of validity. A closed-form

solution is derived for the magnetic current distribution, including the reactive near field on

2This chapter is an extended version of the article [J1] (a list of the author’s publications is included

at the end of this dissertation, p. 159)
3The content of this chapter is published in [J2] (see p. 159)
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the crossing slots, by expanding the total current with ad-hoc entire-domain basis functions.

Simple analytical expressions are also derived for the equivalent sheet impedance of the

layer.

Chapter 44 extends the method developed in Ch. 3 for a single layer to the multi-layer

case, by including the higher-order interaction between parallel sheets in analytical form.

From the equivalent impedance of the layers, a transmission line model is constructed that

provides the spectral Green’s function of ADLs in closed form. This allows to characterize

the propagation through finite ADLs and to study the dispersion characteristics from the

investigation of the Green’s function singularities. Finally, by integrating the responses of

a continuous set of plane waves, sources at small distances from the ADL slab are treated.

Chapter 55 describes the use of ADLs as a means to enhance front-to-back radiation ratio

in printed, planar antennas. A simple qualitative description of this concept is followed by

an experimental validation which clearly highlights the advantages of the proposed ADL

for antenna applications.

Chapter 66 presents the development and the experimental test of an antenna loaded

with ADLs at 300 GHz. The effectiveness of the ADLs to enhance the front-to-back

ratio, demonstrated at microwave frequencies and using PCB technology in Ch. 5, is

in this chapter proved also at THz frequencies. The artificial material is now realized

with integrated technology, by introducing non-resonant metallic inclusions in a silicon

dioxide host material. A prototype antenna was built using an in-house complementary

metal-oxide-semiconductor (CMOS) back-end compatible integrated circuits (IC) process.

Measured results from the antenna are presented and show a good agreement with the

predicted results.

In chapter 77, a planar solution for wideband wide-scan phased array is proposed, which

is realized with a single multi-layer PCB, with consequent reduction of the cost and com-

plexity of the array. ADLs are used in place of real dielectric superstrates, as they are

characterized by very high surface-wave efficiency. The presence of the ADL superstrate

allows using slot elements in the array without exciting parallel plate waveguide modes

between the array plane and the backing reflector. For the design of the total structure

(array loaded with ADL) we used an in-house developed analysis tool, which is based on

closed-form expressions and thus resorts to minimal computational resources. The pro-

posed structure achieves in simulations about an octave bandwidth (7 to 14 GHz) for both

4The content of this chapter is published in [J3] (see p. 159)
5The content of this chapter is published in [J1] (see p. 159)
6The content of this chapter is published in [J4] (see p. 159)
7The content of this chapter has been submitted for publication in [J5] (see p. 159)
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the single- and dual-polarized cases, within a scanning volume of 50◦ in all azimuth planes.

The simulated radiation efficiency of the array is 95%. The maximum cross-polarization

level of the dual-polarized array is −10 dB for scanning to 50◦ in the diagonal plane.

Chapter 8 provides concluding remarks about the results achieved in the project and pos-

sible indications about the future research directions.
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Chapter 2

Analysis of Two Dimensional

Strip-Type Artificial Dielectric

Layers

In late 1940’s, W. E. Kock proposed artificial dielectrics (ADs) to design low-loss and

light-weight lens antennas [54]. An AD consists of non-resonant periodic metallic obstacles

embedded in a host material to increase its equivalent relative permittivity. A three dimen-

sional approach for obtaining a high dielectric constant is to introduce identical metallic

spheres inside a low-permittivity dielectric medium, such as foam.

A completely planar approach to realize ADs is to embed periodic strips or patches in a

host dielectric and they are referred to as artificial dielectric layers (ADLs). The resulting

medium simulates a homogeneous anisotropic substrate. Under plane-wave incidence, the

effective permittivity depends upon the polarization and the angle of the incidence. In this

chapter, a Green’s function (GF) based formalism is presented, which allows the analysis of

strip-type infinite ADL. The equivalent propagation constant and the enhanced equivalent

permittivity are analytically derived for a generic plane-wave incidence by solving the

dispersion equation. This discussion is followed by a study of finite ADLs in the presence

of a near-source (e.g. a dipole) using method of moments (MoM). The presented numerical

results show that the ADL is characterize by high surface-wave efficiency.

This chapter only deals with two-dimensional problems, whereas the three-dimensional

case of patch-type ADLs will be discussed in detail in Ch. 3 and 4.
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Figure 2.1: (a). Metallic strip-type artificial dielectric medium, and (b) a cross-sectional view of two-

dimensional doubly periodic geometry under the plane wave incidence.

2.1 Infinite Strip-Type Artificial Dielectrics

In Fig. 2.1(a), a three-dimensional (3D) illustration of the metallic strip-type artificial

dielectric medium is shown. It consists of an infinite array of y-oriented metallic strips,

periodically arranged with spacing dx and dz along the x- and z-directions. The strips are

assumed to be narrow with respect to the wavelength and the periods along x and z are

also considered to be electrically small. The metal strips, characterized by width lx, are

invariant along y, perfectly conducting and infinitely thin. The structure is embedded in

an infinite lossless dielectric of relative permittivity εr.

The geometry under investigation simulates a medium with an enhanced effective dielectric

constant εr,eff > εr for a transverse magnetic (TM) incident plane wave, with the electric

field polarized on the x-z plane. The effective relative permittivity is dependent on the

angle of incidence of the plane wave traveling inside the medium, thus the effective material

is anisotropic. Unlike for the TM incidence, this geometry, for electrically small separation

between the strips, is totally reflecting for a transverse electric (TE) plane wave. There-

fore, a simplified two-dimensional (2D) geometry is investigated, as the one depicted in

Fig. 2.1(b). The aim of the study is to obtain a close form expression of the unknown

propagation constant along the z-direction in the homogenized material.
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Figure 2.2: The equivalent electric currents oriented along x on each metal strip.

2.1.1 Integral Equation

The integral equation can be set up by applying the equivalence theorem and defining

equivalent electric currents on the surface of the strips along the x-direction. These equiv-

alent currents satisfy the boundary conditions of the tangential component of the magnetic

field

ẑ × (h+ − h−) = j s(x, z = nzdz) (2.1)

where h+ and h− represent the magnetic field above and below each layer at z = nzdz ±
ε, with ε vanishingly small. The equivalent problem involves electric surface currents

js(x, nzdz)x̂, which are distributed over the area occupied by each strip, as shown in Fig.

2.2. The integers nx and nz are used to indicate the indexes of the layer and the strip,

respectively. Once the equivalent currents are defined, the electric field integral equation

(EFIE) can be formulated by enforcing the vanishing of the total (incident + scattered)

tangential electric field on the strips:

scattered field︷ ︸︸ ︷
∞∑

nz=−∞

∞∑
nx=−∞

nxdx+ lx
2∫

nxdx− lx2

gejxx(x− x′, z − nzdz)js(x′, z′ = nzdz)dx
′ = −eix(x, z)︸ ︷︷ ︸

incident field

. (2.2)

where (x,z) refer to the observation point, whereas (x′, z′) indicate the point of the local cur-

rent density. The left hand side (LHS) of Eq. (2.2) represents the electric field scattered by

the infinite doubly-periodic metallic strips. The kernel of the convolution integral contains

the term gejxx, which represents the xx-component of the spatial dyadic Green’s function,

that describes the electric field radiated by an elementary electric dipole. The incident

field, on the right hand side (RHS), is assumed to be a plane wave eix = Eie−jkx0xejkz0z,
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characterized by propagation constant kz0 = kdcosθ and kx0 = kdsinθ along z and x, respec-

tively. The incident angle θ is defined as in Fig. 2.1(b) and kd refers to the wavenumber in

the dielectric. It can be related to the free-space propagation constant k0 by kd = k0
√
εr.

Due to the infinite periodicity, the surface current density js can be written as:

js(x
′, nzdz) = js(x

′ − nxdx)ejkzsnzdze−jkx0nxdx . (2.3)

The unknown wavenumber kzs represents the linear phase progression of the plane wave

traveling along z in the equivalent medium. Including the definition of the current given

in Eq. (2.3) in (2.2) and introducing the change of variable x′ = x′ − nxdx, we obtain the

following expression:

∞∑
nz=−∞

∞∑
nx=−∞

lx
2∫

− lx
2

gejxx(x− x′ − nxdx,−nzdz)js(x′)e−jkx0nxdxejkzsnzdzdx′ = −eix(x, z = 0) .

(2.4)

where, for simplicity, the observation point is fixed at z = 0. Under the hypothesis of elec-

trically small strips, the current distribution can be expressed with a single basis function,

weighted by an unknown coefficient (i.e., js = I0jb). This basis function is selected so as

to verify the boundary conditions at the edge of the strips [59]:

jb =
2

πlx

√
1−

(
x

lx/2

)2

. (2.5)

For the determination of the unknown coefficient I0, Galerkin projection can be applied.

This consists of multiplying LHS and RHS of Eq. (2.4) by a test function, which is taken

equal to the basis function, and integrating over the region of the strip centered in the

origin:

I0

∞∑
nz=−∞

∞∑
nx=−∞

lx
2∫

− lx
2

jb(x)

lx
2∫

− lx
2

jb(x
′)gejxx(x− x′ − nxdx,−nzdz)e−jkx0nxdxejkzsnzdzdx′dxdkx

= −

lx
2∫

− lx
2

jb(x)eix(x)dx (2.6)
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Spectral Domain Expression of I0

The closed-form expression of the GF is only known in spectral domain. Thus, it is

convenient to express the integral equation (2.6) in the spectral domain. The relation

between the spatial and the spectral dyadic Green’s functions is defined as the following

inverse Fourier transform:

gejxx(x, z;x
′, z′) =

1

2π

∞∫
−∞

GEJ
xx (kx, z, z

′)e−jkx(x−x′)dkx . (2.7)

Substituting Eq. (2.7) in (2.6), and grouping the terms that depend on the integration

variable x and x′ to identify two Fourier transforms, one can write:

I0
1

2π

∞∫
−∞

∞∑
nz=−∞

∞∑
nx=−∞


lx
2∫

− lx
2

jb(x)e−jkxxdx




lx
2∫

− lx
2

jb(x
′)ejkxx

′
dx′



GEJ
xx (kx)e

j(kx−kx0)nxdxejkzsnzdze−jkz |nzdz |dkx = −

lx
2∫

− lx
2

jb(x)eix(x)dx (2.8)

where kz =
√
k2
d − k2

x. The Poisson’s summation formula can be used to write the infinite

summation on indexes nx as follows [55]:

∞∑
nx=−∞

ej(kx−kx0)nxdx =
2π

dx

∞∑
mx=−∞

δ(kx − kxm) (2.9)

where kxm = kx0 + 2πmx
dx

is the m-th Floquet mode wavenumber. Furthermore, by sub-

stituting Eq. (2.9) in (2.8) and using the property of the Dirac δ-function, the infinite

integration in kx reduces to a sum over the discrete spectral Floquet wavenumbers:

I0
1

dx

∞∑
nz=−∞

∞∑
mx=−∞

Jb(−kxm)GEJ
xx (kxm)Jb(kxm)ejkzsnzdze−jkzm|nzdz | = −Jb(−kx0)Ei . (2.10)

Here, the Fourier transform of jb(x), indicated as Jb(kx), is given by [59]

Jb(kx) =
1

2

(
J0

(
kx
lx
2

)
+ J2

(
kx
lx
2

))
(2.11)
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where J0 and J2 are the Bessel function of order 0 and 2, respectively. The unknown weight

I0 can be computed finally using

I0 = −E
iJb(−kx0)

D(kx0)
. (2.12)

The function D(kx0) in the denominator is defined as

D(kx0) =
1

dx

∞∑
nz=−∞

∞∑
mx=−∞

Jb(−kxm)GEJ
xx (kxm)Jb(kxm)ejkzsnzdze−jkzm|nzdz | . (2.13)

By splitting the spatial summation in nz = 0 and nz 6= 0, the function D(kx0) can be

written as

D(kx0) = Zself + Zmutual,nz 6=0 (2.14)

where the term Zself can be identified as the self impedance, meaning that it refers to the

impedance of a single layer alone. It is given by

Zself =
1

dx

∞∑
mx=−∞

|Jb(kxm)|2GEJ
xx (kxm) . (2.15)

Whereas, the presence of infinite layers above and below can be associated with Zmutual,nz .

This parameter can be referred to as mutual impedance as it accounts for the higher-order-

mode coupling between the layers.

Zmutual,nz 6=0 =
1

dx

∞∑
mx=−∞

|Jb(kxm)|2GEJ
xx (kxm)

(∑
nz 6=0

ejkzsnzdze−jkzm|nzdz |

)
. (2.16)

To calculate I0 using Eq. (2.12), the unknown kzs is required, which is not known a priori.

This quantity relates the currents in the entire infinite structure to the current in the

nx = 0, nz = 0 unit cell (see Eq. (2.3)).

Mutual Impedance

With the aim of deriving an analytical expression of kzs, the Floquet mode summation

in Eq. (2.16) can be split in fundamental (mx = 0) and the higher order Floquet modes

(mx 6= 0).
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Zmutual,nz 6=0 ≈
1

dx
|Jb(kx0)|2GEJ

xx (kx0)

(∑
nz 6=0

ejkzsnzdze−jkz0|nzdz |

)

+
∑
mx 6=0

|Jb(kxm)|2GEJ
xx (kxm)

(∑
nz 6=0

ejkzsnzdze−jkzm|nzdz |

)
. (2.17)

The square root defining kzm = ±
√
k2
d − k2

xm is associated with a first-order branch point

with two possible values. For higher order Floquet modes, |kxm| � kd, thus one can

approximate kzm ≈ ±
√
−k2

xm = ±jkxm. These modes are characterized by a purely

imaginary propagation constant. Also, since kzm � kzs, the summation in nz for mx 6= 0

can be approximated as
∑

nz 6=0 e
−jkzm|nzdz | .

To verify the radiation condition, the only physical solution for mx 6= 0 is represented by

evanescent waves along z, for which Im{kzm} < 0. As a consequence, the sum in nz includes

very fast decaying terms e−|kxm||nzdz |, that can be neglected for inter-layer distances that

are not too small compared to the transverse period dx. Note that the error introduced by

this approximation increases for very small separations along z. A more accurate solution

is formulated for three-dimensional structures in Ch. 3 and Ch. 4, where the validity of

the method is not limited by the inter-layer distance.

The propagation along z direction can possibly be described by the the fundamental Flo-

quet mode, for which the summation in nz can be expressed in a closed-form as [55]:

∑
nz 6=0

ejkzsnzdze−jkz0|nzdz | =
∞∑

nz=1

e−j(kzs+kz0)nzdz +
∞∑

nz=1

ej(kzs−kz0)nzdz

= −1− j

2
cot

(
(kzs + kz0)

dz
2

)
+
j

2
cot

(
(kzs − kz0)

dz
2

)
(2.18)

which can be simplified further by exploiting the polar representation of the cotangent [55]

j

2
cotx = −1

2
+

1

e−jx − 1
. (2.19)

Simplifying Eq. (2.18) using the identity in Eq. (2.19) leads to∑
nz 6=0

ejkzsnzdze−jkz0|nzdz | = −1 + j
sin(kz0dz)

cos(kzsdz)− cos(kz0dz)
. (2.20)

Consequently, Eq. (2.17) can be expressed as follows:

Zm,nz 6=0 '
1

dx
|Jb(kx0)|2GEJ

xx (kx0)

(
−1 + j

sin(kz0dz)

cos(kzsdz)− cos(kz0dz)

)
. (2.21)
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2.1.2 Dispersion Equation

As mentioned earlier, the calculation of the unknown coefficient I0 requires a prior evalu-

ation of kzs. A unique solutions can be obtained only if, for a distinct value of kx0, exists

a single value of kzs. Once it is calculated, the ADL loaded dielectric can be described as

an effective homogeneous medium with certain constitutive parameters e.g., effective per-

mittivity. In literature, the procedure for obtaining the description of a periodic structure

with effective parameters is referred to as “homogenization process” [60–63].

To find analytically the constitutive parameters, that define strip-type periodic ADLs, at

first the pole kzs is needed to be derived in a closed-form. To achieve this goal, one needs

to solve the dispersion equation, which implies equating the denominator of Eq. (2.12) to

zero:

D(kx0) = 0 (2.22)

or

Zself + Zmutual,nz 6=0 = 0 . (2.23)

By substituting Eq. (2.21) and (2.15) in (2.23), we obtain, after some algebraic steps, the

following analytical expression of kzs:

kzs =
1

dz
cos−1

(
Gxx(kx0)|J(kx0)|2∑

mx 6=0Gxx(kxm)|J(kxm)|2
j sin(kz0dz) + cos(kz0dz)

)
. (2.24)

The free-space spectral Green’s function is given by (Gxx(kxm) = − ζ0
2
kzm
k0

), where the con-

stant ζ0 = 120π is the impedance of free-space. In the case of a hosting medium with

a relative permittivity εr, the impedance modifies to ζ = ζ0/
√
εr. The summation given

in Eq. (2.24) converges very fast, since it contains only the sum of strongly attenuated

evanescent modes (i.e mx 6= 0). Finally, the effective permittivity can be calculated from

the propagation constant by equating kzs to
√
k2
eq − k2

x0, where keq = k0
√
εr,eff. The effec-

tive dielectric constant is then given by

εreff =
k2
zs + k2

x0

k2
0

. (2.25)

2.1.3 Results and Discussion

Figure 2.3 reports the effective dielectric constant εreff for the different values of the pa-

rameters lx and dx, as a function of θ. In this graph, dz is kept constant to 0.01λd, λd

being the wavelength inside the host dielectric, which is taken to be free space εr = 1.
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Figure 2.3: Effective dielectric constant εreff as a function of the incidence angle.

These curves show that for the broadside incidence (i.e. θ = 0◦), the εreff increases by in-

crementing the values of lx and dx. This is expected, since arranging these metallic strips

in a dense configuration would increase the capacitive coupling between the neighboring

cells. Consequently, higher enhancement of the relative permittivity of the host substrate

is obtained.

This figure also shows that the dielectric enhancement factor changes as a function of

the angle of incidence (i.e. εreff(θ)) [55]. That is, εreff decreases for increasing values

of the angle of incidence. Eventually, when the electric field is orthogonal to the metal

strips, the equivalent dielectric approaches the dielectric constant of the host substrate.

This anisotropic property renders the ADL advantageous to be located in the proximity

of antennas, when compared to the homogeneous dielectric slabs. In fact, an important

problem in dielectric loaded antennas occurs when a significant amount of power can be

coupled to surface waves, via those rays that are radiated by the antenna at angles larger

than the critical angle θc (see Fig. 2.4(a)). Since θc is associated with the dielectric constant

of the dielectric slab via Snell’s law, the lower values of εreff characterizing the ADL for

larger angles imply that total internal reflection occurs at higher angles for ADL enhanced

slabs (see Fig. 2.4(b)). Since εreff remains large for the waves radiated by the antenna

in direction orthogonal to the ADL slab, thus a good front-to-back ratio can be achieved

while preserving high surface-wave efficiency.

In order to validate the analytical results, full wave simulations are carried out with a

commercial EM software [64]. Infinite periodic boundary conditions are imposed in the x-

and y-directions only. The periodicity along z is accounted for by cascading 4 elements

along this direction. Simulations have shown that cascading more unit cells do not effect
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Figure 2.4: A near source radiating in; (a) bare dielectric slab of εr = 4 and; (b) ADL enhanced slab of

εreff = 4.

the results. A series of two port S-parameter simulations are carried out for TM incidence

by varying the incidence angle between 0 and 80 degrees. After that, εreff is retrieved using

S-parameter based extraction technique discussed in [65, 66] (see also Appendix B). For

dx = 0.04λ0, a good agreement can be observed in Fig. 2.3, between the results obtained

by the numerical and the analytical tool. However, a small error can be seen as dx is

increased from 0.04λ0 to 0.07λ0. This is because we have neglected the higher-order-mode

contribution (i.e., mx 6= 0) along the z-direction to obtain a simplified expression of the

mutual impedance (see Eq. (2.21)). To account for the higher order mode interaction

along z accurately, spectral GF based analytical formulation for a three dimensional ADL

is presented in Ch. 3 and Ch. 4.

2.2 Near-Source Excitation of the Finite ADL (TM

Case)

In this section, the effect of a source placed in the near field of a finite ADL slab is

investigated using an in-house method of moments (MoM) tool. The geometry is depicted

in Fig. 2.5, it consists of Nx × Nz metallic strips and is invariant along y. A lossless

dielectric slab with relative permittivity εr, height h and infinitely extended along x is

considered as a host medium. To realize a near source, an electric dipole of length ls,

oriented along x-axis, is located at the height h.

2.2.1 The Integral Equation

The field scattered by the ADL inclusion in the presence of a source at an observation

point (x, z) can be derived by finding the actual electric current distribution j(x, nzdz)x̂

on all the metallic strips. Accordingly, an EFIE can be formulated by enforcing to zero
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Figure 2.5: Finite ADL in the presence of a near source.

the component of the electric field tangent to the surface of the metal.

es(x, z) = −ei(x, z) (2.26)

where the incident and the scattered electric fields can be identified by the subscripts i and

s, respectively. They can also be represented as a convolution between the spatial domain

Green’s function and the current as follows:

g ∗ js = −g ∗ ji . (2.27)

The LHS of Eq. (2.27) is the scattered field, which is expressed in terms of the unknown

surface electric current density denoted by js. The latter can be expanded in terms of an

appropriate set of basis functions. Under the assumption that the strips are electrically

small, an entire domain basis function jb given in Eq. (2.5) can be used to describes the

distribution of the current density on each metallic obstacle. Finally, js can be written as:

js(x
′, z′) =

Nx/2∑
n′
x=−Nx/2

Nz/2∑
nz=−Nz/2

In′
x,n

′
z
jb(x

′ − n′xdx)δ(z′ − n′zdz) (2.28)

where In′
x,n

′
z

are the unknown coefficients, with the subscript (n′x, n
′
z) referring to the index

of the inclusion. The RHS of Eq. (2.27) refers to the incident electric field radiated in

absence of the metallic inclusions by the electric dipole source. The current distribution ji

is a known quantity, it can be expressed in terms of piecewise sinusoidal function [67]:

ji(x) =
sin (keq(ls/2− |x|))

sin (keq(ls/2))
|x| ≤ ls/2 (2.29)
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where keq = k0

√
εr+1

2
is the average wavenumber. Conventional Galerkin-MoM procedure

can now be applied to Eq. (2.26) in order to determine the unknown expansion coefficients

In′
x,n

′
z
. Projecting LHS and RHS of Eq. (2.27) onto test functions which are taken equal

to the basis functions, we obtain a set of equations such as

N/2∑
n′=−N/2

In′ < jt,n, g ∗ jb,n′ >= − < jt,n, g ∗ ji > ∀n . (2.30)

The integer n′ and n indicate the pairs of indexes (n′x, n
′
z) and (nx, nz), respectively, refer-

ring to the basis and the test function. In Eq. (2.30), a reaction operator is also introduced

< f1, f2 >=

∞∫
−∞

f1(x)f ∗2 (x)dx (2.31)

where f1 and f2 are functions of x. The reaction integral on the LHS of Eq. (2.30) can

be associated with an impedance Zn,n′ , whereas the integral on the RHS represents the

forcing term which can be identified as a voltage. A convenient way to solve the integrals

of the MoM matrix elements is to use the spectral domain representation, since the GF of

a stratified media is known in closed-form in this domain. Therefore, the impedance can

be written as

Z(nx,nz),(n′
x,n

′
z) =

1

2π

Nz/2∑
n′
z=−Nz/2

Nx/2∑
n′
x=−Nx/2
∞∫

−∞

|Jb(kx)|2GEJ
xx (kx)e

−jkx(nx−n′
x)dxe−jkz |nz−n

′
z |dzdkx . (2.32)

The forcing term can be written in spectral domain as follows:

V(nx,nz) =
1

2π

∞∫
−∞

Ji(kx)G
EJ
xx (kx)Jb(−kx)e−jkx(nxdx)e−jkz |nzdz−h|dkx (2.33)

where the Fourier transform of ji(x), indicated as Ji(kx), is given as follows:

Ji(kx) = 2

(
keq

ls
2

)2

keqsin
(
keq

ls
2

) cos
(
kx

ls
2

)
− cos

(
keq

ls
2

)(
keq

ls
2

)2 −
(
kx

ls
2

)2 (2.34)

Equation (2.30) can be then expressed as
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N/2∑
n′=−N/2

In′Zn,n′ = Vn ∀n (2.35)

or, more compactly in matrix form, as

ZI = V . (2.36)

The unknown vector of the coefficients can be calculated as I = Z−1V. Once the current

weights are known, the field scattered by the ADL in the presence of the source can be

found by numerically solving the following integral equation:

esx(x, z) =
1

2π

Nz/2∑
n′
z=−Nz/2

Nx/2∑
n′
x=−Nx/2

In′
x,n

′
z

∞∫
−∞

GEJ
xx (kx, z, n

′
zdz)Jb(kx)e

−jkx(x−n′
xdx)dkx . (2.37)

2.2.2 Numerical Results and Discussion

For the design of planar printed antennas, grounded dielectric slabs are usually employed,

which suffers from the excitation of surface waves. In this section, we use the MoM for-

mulation introduced in the previous section to assess the performance of ADLs in terms

of surface waves. Comparison with homogeneous dielectric slabs is also made, to highlight

the advantages of using ADL slabs. Note that this study is limited to 2D cases for a TM

polarized electric field. To calculate the electric field, the Green’s function of a grounded

dielectric slab is needed, the detailed derivation of which is given in Appendix A of [34,68].

ADL Slab Hosted by Free Space

To understand the effectiveness of the ADL slab, at first a homogenous slab is analyzed.

The geometry consists of a source of length ls = λ0/5, positioned at the height h = λ0/8 on

the top of a grounded dielectric slab with εr = 4. Also, an ADL slab is designed by using

free-space as a host medium by means of Eq. (2.24) and (2.25). The geometrical parameters

of the ADL are adjusted such that for a normal incident plane wave, the permittivity of the

free-space is enhanced by a factor 4. These dimensions are given in Tab. 2.1 in terms of

the free-space wavelength λ0. The number of layers along the z-direction (Nz) are chosen

to be 3, thus realizing a λeff/4 dielectric slab which has a physical height of λ0/8.
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Table 2.1: ADL dimensions in term of wavelength

ls dx dz wx Nx Nz

0.2λ0 0.16λ0 0.05λ0 0.135λ0 11 3

Figure 2.6: The normalized electric field scattered along x by a small electric dipole inside, a homogeneous

dielectric slab of relative permittivity 4; (a) absolute value and; (b) real and imaginary part, and a ADL

loaded slab in free space having εreff = 4; (c) absolute value and; (d) real and imaginary part. (The

observation point along z is fixed at zobs = λ0/10 for both the slabs (refer to inset).

Figure 2.6 reports the predicted normalized electric field for the ADL and the homogeneous

substrate, respectively, each of them having the same, real or equivalent, dielectric constant.

It can be observed in Fig. 2.6(a) and (b) that the homogeneous slab supports a propagating

surface wave. However, in case of the ADL loaded slab, the electric field intensity which is

depicted in Fig. 2.6(c) and (d), decays to zero with a certain geometrical distribution when

moving away from the center. The ADL is hosted by air (e.g., foam in a practical design)

and thus it does not support surface waves. It can be also noticed that the amplitude of
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Figure 2.7: The normalized absolute electric field scattered along x by a small electric dipole inside a

homogeneous dielectric slab of dielectric constant 2; (a) without and; (b) with the ADL inclusions. The

scan is performed at zobs = λ0/10 above the ground plane.

the electric field goes to lower values for observation points close to the metal and peaks in

the gaps between metal strips. The absence of surface waves in ADL slabs is a consequence

of the angular dependence of the effective dielectric constant (refer to Fig. 2.3).

Simulation results of the precise geometry using the commercial EM solver [69] are also

shown in Fig. 2.6, they show a fair agreement with the MoM tool.

ADL Slab in a Homogeneous Dielectric

ADL can also be introduced in a uniform dielectric slab with relative permittivity higher

than 1. The slab itself supports a certain amount of surface waves, which depends on its

thickness in terms of the wavelength in the dielectric. Accordingly, another simulation is

carried out assuming a host with permittivity εr = 2 with the aim of obtaining εreff = 4.

To achieve this goal, the width of the metallic strips (lx) is selected as 0.09λ0. In Fig.

2.7(a) and (b), we compare the absolute value of a near field inside a homogeneous slab

of εr = 2 with that of an ADL loaded slab hosted by a substrate with εr = 2 of the same

height (h = 0.175λ0) respectively. It can be observed from both figures that the intensity

of the surface waves launched in the artificial dielectric slab is the same with or without

metallic inclusions.

It should be highlighted that Fig. 2.6 and 2.7 describe the TM surface-wave characteristics

of the ADL slab. The exploitation of ADL for improving the front-to-back ratio of planar

antennas will be addressed in subsequent chapters (Ch. 5 and 6).
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2.3 Conclusions

In this chapter an analytic formula is presented, which is derived for the case of two-

dimensional strip type ADLs. The closed-form expression allows to estimate analytically

the effective dielectric constant as a function of the ADL geometrical parameters. Al-

though the expression is only valid for the transverse magnetic (TM) polarized incident

wave, it highlights an important physical mechanism: ADL is an equivalent dense material

for the plane waves incident in directions close to the normal, whereas it exhibits lower

effective permittivity for the waves that are incident close to the grazing angle. This pecu-

liar anisotropy, characteristic of ADLs, is a key property for the design of high-efficiency

superstrates.

To study the effect of a near-source radiating in the presence of a finite ADL slab, an

in-house method of moments tool is built. The numerical results confirm that the ADL in-

clusions do not support additional surface waves, with respect to the hosting homogeneous

dielectric slab.



Chapter 3

Closed-Form Analysis of Patch-Type

Artificial Dielectric Layers Part−I:

Properties of a Single Layer Under

Plane-Wave Incidence

3.1 Introduction

The scattering from a single layer of periodic square patches has been extensively treated in

the literature, for example in [70–75]. Some of these methods provide analytical formulas

for the equivalent reactance of the layer under generic plane-wave incidence. However, they

do not give a description or explanation of the typical properties of these structure, such

as the transverse electric (TE) and transverse magnetic (TM) modal decoupling and the

azimuthal independence of the equivalent layer impedance. These properties have been

empirically observed for rectangular grids and meshes and they are typically assumed to

be true in the literature [70–75].

In this chapter, we propose a novel analytical method to describe the scattering from a

single rectangular mesh under generic plane-wave incidence. This method allows to derive

not only a simple analytical formula for the equivalent layer reactance, but also a closed-

form expression for the magnetic current distribution on the array plane. The solution is

found in closed form by expanding the total current with appropriate entire-domain basis

functions. The accurate description of the current distribution in the structure allows to

develop an equivalent circuital model that clarifies and demonstrates the main peculiar

properties of the structure, as well as the frequency range in which the circuit model is
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valid.

This chapter is the first part of a two-chapter sequence. The closed-form expressions derived

for the single layer are then extended to the multi-layer case in the Ch. 4, accounting for

the reactive coupling between parallel layers in analytical form. In Ch. 4, we focus more

on the use of the models for the real designs of artificial dielectric slabs with finite height,

possibly illuminated by a near source.

This chapter is organized as follows. In Sec. 3.2 the magnetic current distribution on

the array plane is calculated with a method of moments based on entire domain basis

functions. The frequency range of validity of the chosen current expansion is investigated.

In Sec. 3.3 we present an analytical solution for the admittance matrix and the unknown

weights of the current expansion. The closed-form expressions are used to demonstrate the

decoupling properties and the azimuthal independence of the structure for well-sampled

arrays. Equivalent circuital representations are given to describe the plane wave scattering

mechanism and the low-frequency behavior. A validation of the method is reported in Sec.

3.4, where comparison with commercial electromagnetic solvers are presented. Finally,

conclusions are drawn in Sec. 3.5.

3.2 Magnetic Current Solution for a Single Layer

Let us consider the geometry shown in Fig. 3.1. It consists of an infinite doubly-periodic

array of patches or, equivalently, of a combination of two orthogonal periodic arrays of

infinitely long slots. We assume that the slots (gaps between adjacent patches) are electri-

cally narrow. The periods along x and y are indicated by dx and dy, respectively, while wy

and wx represent the width of the slots oriented along x and y, respectively. Regardless

of the fact that in ADLs the dimensions of the patches are typically small with respect to

the wavelength, we will subsequently quantify the validity of the proposed method as a

function of the electrical size of the unit cell.

An integral equation can be set up as in [76,77], where the unknown is the equivalent mag-

netic current distribution on the slot region. By using the equivalence principle, magnetic

current densities are introduced above and below an infinitely thin metallic layer covering

the slot aperture, as shown in Fig. 3.2. These currents are equal and opposite (±m(x, y))

to ensure the continuity of the tangential electric field on the slot aperture. The discon-

tinuity of the scattered magnetic field at the slot plane can be expressed in terms of the

equivalent magnetic current density as a convolution integral:
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m(ρ) ∗ g(ρ) =

∞∫
−∞

∞∫
−∞

g(ρ− ρ′) ·m(ρ′)dρ′ = hi(ρ) (3.1)

where ρ ≡ (x, y) and ρ′ ≡ (x′, y′). The dyadic Green’s function g is related to the free-space

Green’s function gfs by the condition g = 4gfs, where gfs represents the magnetic field

radiated by an elementary magnetic dipole in free space. A factor 2 comes from the image

theorem, since the magnetic currents radiate in the presence of a perfect electric conductor.

Another factor 2 multiplies the free-space Green’s function, since the magnetic current

densities above and below the slot aperture must be equal and opposite to satisfy the

boundary conditions. The incident field hi represents the field in absence of the magnetic

current, but in the presence of the ground plane. Thus, it is related to the direct field hdir

by the condition hi = (1+Γ)hdir = 2hdir, being the reflection coefficient at the metal plane

Γ = 1:

m(ρ) ∗ g(ρ) = 2hdir(ρ) (3.2)

The structure is illuminated by an arbitrary plane wave, associated with a direct magnetic

field hdir whose tangential component is in general a superposition of transverse electric

(TE) and transverse magnetic (TM) modes:

hdir(ρ, z) = I+
TEhTE(ρ, z) + I+

TMhTM(ρ, z) (3.3)

where I+
TE and I+

TM are the complex weights of the plane-wave components, and the mag-

netic field mode functions are given by

hTE(ρ, z) =
1√
dxdy

k̂ρe
−jkρ·ρe−jkz0|z| (3.4)

hTM(ρ, z) =
1√
dxdy

α̂e−jkρ·ρe−jkz0|z| . (3.5)

Indicating with θ and φ the elevation and azimuth angles of incidence, respectively, the

propagation constant along x, y and z are given by kx0 = kρ0 cosφ, ky0 = kρ0 sinφ, kz0 =

k0 cos θ, with k0 being the free-space wavenumber and kρ0 = k0 sin θ. The vector kρ in the

exponential is equal to kx0x̂ + ky0ŷ and the unit vectors of the TE and TM components

are defined as

k̂ρ = cosφx̂ + sinφŷ =
kx0

kρ0

x̂ +
ky0

kρ0

ŷ (3.6)

α̂ = − sinφx̂ + cosφŷ = −ky0

kρ0

x̂ +
kx0

kρ0

ŷ . (3.7)
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Figure 3.1: Single layer of crossing slots with geometrical parameters.

Figure 3.2: Equivalent magnetic current densities on the slot aperture.

3.2.1 Representation of the Magnetic Current

To find a closed-form solution to the integral equation (3.1), we expand the unknown total

magnetic current into three basis functions, defined over the entire unit cell:

m(ρ) = aTEmTE(ρ) + aTMmTM(ρ) + admd(ρ) (3.8)

where aTE, aTM and ad are unknowns to be determined. The three basis functions are

defined as follows:

1. The first two contributions to the total magnetic current (mTE and mTM) represent

the magnetic current enforced by the incident plane wave on the slots, as if the junc-

tions between crossing slots had no effect. They can be expressed as the projections

of the incident field onto the slot axes:

mTE(ρ) = mpw,x(ρ) cosφx̂ +mpw,y(ρ) sinφŷ (3.9)

mTM(ρ) = −mpw,x(ρ) sinφx̂ +mpw,y(ρ) cosφŷ (3.10)

where we assume that the magnetic current is the product of separable functions of

x and y:

mpw,x(ρ) = e−jkx0xΠ[−wy/2,wy/2](y)

mpw,y(ρ) = e−jky0yΠ[−wx/2,wx/2](x) .
(3.11)
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Figure 3.3: Example of the magnetic current distribution associated with the ‘pw’ basis function in the

unit cell: (a) real part of the total magnetic current basis function and (b) real and imaginary part of the

projection mpw,x on the x-axis.

The longitudinal voltage distribution along the slots is a linearly progressive phase

term that accounts for the oblique angle of incidence, while the transverse distribution

is assumed to be uniform, i.e. the function ΠI(ξ) equals 1 for ξ ∈ I and 0 elsewhere.

The distributions associated with this basis functions are depending on the angle of

incidence and the polarization of the incoming plane wave. As an example, a possible

distribution is shown in Fig. 3.3 for incidence from θ = 60◦ and φ = 45◦: the real

part of the total vector magnetic current on the unit cell are reported in Fig. 3.3(a),

whereas Fig. 3.3(b) shows the real and imaginary parts of the x-oriented component.

2. The effects of the junction can be included by considering a third basis function

that describes the field distribution at the crossing. Since both the basis functions

mTE and mTM verify the Kirchoffs law individually at the crossing, the third basis

function must verify the Kirchoffs law too. An appropriate choice is thus a basis

function representing the electric field distribution as in Fig. 3.4(a). The current

distribution is solenoidal, with the overall magnetic current entering the junction

equal to zero.

The electric field distribution can be associated with two equivalent doublet exci-
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Figure 3.4: (a) Electric field and electric current distribution at the junction. (b) Doublet excitations to

represent the crossings of orthogonal slots and equivalent transmission line model.

Figure 3.5: Magnetic current distribution associated with the ‘doublet’ basis function: (a) real part of the

total magnetic current basis function and (b) of its projection along the x-axis.

tations, as shown in Figure 3.4(b). With the term ‘doublet’ we indicate the set of

two δ-currents, equal and opposite, spaced by a distance equal to the width of the

crossing slots. The magnetic current distribution associated with this basis function

is represented in Fig. 3.5: the longitudinal part is equivalent to the voltage solution

of a transmission line of length equal to the unit cell period, driven by two equal and

opposite generators and terminated with short circuits at x = ±dx/2 and y = ±dy/2.

Indeed, due to the symmetry, the voltage vanishes in the center as well as at the edges

of the unit cells, as shown in Fig. 3.5(b).
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We can express the basis function mathematically as follows:

md(ρ) = bd,x(x)Π[−wy/2,wy/2](y)x̂− bd,y(y)Π[−wx/2,wx/2](x)ŷ (3.12)

where the ‘−’ sign ensures that the two doublet sources along x and y satisfy the

voltage Kirchhoff law at the junction. We assume a constant transverse distribution

and we define the longitudinal voltage along x as

bd,x(x) = −(ejk0x + Γe−jk0x)Π[−dx/2,−wx/2)(x)

+ (e−jk0x + Γejk0x)Π(wx/2,dx/2](x) + CxΠ[−wx/2,wx/2](x) . (3.13)

and bd,y(y) in the same way by replacing x with y. In the expression (3.13), C is a

constant equal to (2/wx)(e
−jk0wx/2 + Γejk0wx/2) and Γ is the reflection coefficient at

the shorts (Γ = −e−jk0dx).

3.2.2 Solution

If one substitutes the expansion in (3.8) into the convolution (3.2) and applies a Galerkin

projection, the linear system of equations to be solved becomes the following:

aTEYTE,TE + aTMYTE,TM + adYTE,d = iTE

aTEYTM,TE + aTMYTM,TM + adYTM,d = iTM

aTEYd,TE + aTMYd,TM + adYd,d = id

(3.14)

where Yp,q = 〈g ∗mp,mq〉, iq = 〈2hdir,mq〉, and p and q can indicate any of the subscripts

‘TE’, ‘TM’ or ‘d’. A reaction operator has been introduced, which is defined as follows:

〈f1, f2〉 =

∞∫
−∞

∞∫
−∞

f1(x, y)f ∗2 (x, y)dxdy (3.15)

where f1 and f2 are generic functions of the variables x, y.

3.2.3 Frequency Range of Validity

The system in (3.14) associates only a limited degrees of freedom to the problem under

analysis. Accordingly in this section the validity of the expansion in (3.8), as a function

of the size of the unit cell, is investigated. By inverting the system of 3 equations in

(3.14), one can evaluate the unknown weights of the basis functions. In Fig. 3.6 the
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normalized voltages along the x- and y-oriented slots are reported, for different dimensions

of the array period. The results of the method of moments (MoM) using three entire

domain basis functions are compared with a commercial MoM code (Ansoft Designer [78]),

based on small domain basis functions. The incident plane wave is assumed to be TE and

incoming from θ = 60◦ and φ = 0◦, and the width of the slots is wx = wy = λ0/100.

It can be noted that the agreement is good for unit cells of dimensions up to about a

quarter wavelength and gets worse for larger periods. This is because resonant current

distributions are not represented by the chosen three basis functions. However, the defined

current expansion remains valid for all typical cases of ADL design, for which the array

period is well below a quarter wavelength.

A deviation between the two solutions is observed in the crossing region close to the

origin, when the junction dimensions are not much smaller than the period, for example

for dx = dy = λ0/15. Such discrepancy is due to the fact that we assume the transverse

current distribution to be constant also in the crossing region, where the actual current

widens at the junction (Fig. 3.7). However, this approximation of the current is not

limiting if one is interested to calculate the equivalent reactance of the layer, which is an

integrated quantity, as it will be shown in Sec. 3.4.

3.3 Decoupling Properties of the Structure

The system of equations in (3.14) can be solved for generic plane-wave incidence by invert-

ing the 3×3 admittance matrix to find the unknown weights. However, some considerations

can be made that allow the derivation of the solution in a simpler form and, at the same

time, provide physical insight.

For visible plane-wave sources, or for very well sampled array structures, the current term

id is approximately equal to zero because it represents the projection of the plane wave

onto the doublet function, which is an odd function, as shown in Fig. 3.5. One can then

find the expression of ad from the third equation of (3.14) and substitute it in the first two

equations, leading to a reduced system:

Yred ·

[
aTE

aTM

]
=

[
iTE

iTM

]
(3.16)

where

Yred =

[
YTE,TE − YTE,dYTE,d

Yd,d
YTE,TM − YTM,dYTE,d

Yd,d

YTE,TM − YTM,dYTE,d

Yd,d
YTM,TM − YTM,dYTM,d

Yd,d

]
. (3.17)



3.3. Decoupling Properties of the Structure 39

Figure 3.6: Comparison between our entire-domain-basis function MoM and Ansoft Designer [78], for

different sizes of the unit cell. TE incidence from θ = 60◦ and φ = 0◦ is assumed and the width of the

slots is wx = wy = λ0/100.

It is convenient to calculate all admittance elements in the spectral domain, since the

Fourier transforms of the basis functions mTE and mTM contain Kronecker δ functions

that only retain the fundamental mode in the Floquet series. As a consequence, all the

admittance terms can be calculated in a closed form, as shown in Appendix A.1 (Eq.

(A.53)). By substituting these expressions into (3.17), we can write the admittance matrix
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Figure 3.7: Vector magnetic current distribution in the slot crossing: (a) Ansoft Designer, (b) our approx-

imated model.

Yred as the sum of three contributions:

Yred = YTL + Ylayer + Ycou (3.18)

with

YTL =−

[
2

Z0TE
0

0 2
Z0TM

]
(3.19)

Ylayer =−

[
jBs(1− sin2θ

2
) 0

0 jBs

]
(3.20)

Ycou =

[
Yc

sin2θ cos2(2φ)
2

−Yc
sin2θ sin(2φ) cos(2φ)

2

−Yc
sin2θ sin(2φ) cos(2φ)

2
Yc

sin2θ sin2(2φ)
2

]
(3.21)

where we introduced the wave impedances of the TE and TM modes Z0TE and Z0TM, the

slot self-susceptance Bs and a coupling admittance term Yc, whose expression is given in

Appendix A.

We define the slot self-susceptance (capacitance) Bs as the following sum of higher order

Floquet modes:

Bs =
2k0

ζ0

∑
my 6=0

|sinc(kymwx/2)|2

|kym|
(3.22)

where kym ≈ 2πmy
dy

.

An equivalent circuit representation of the two-port admittance matrix in (3.18) is shown

in Fig. 3.8. The voltages and the total currents at the terminals A-A′ and B-B′ are the

unknowns and the known terms in the system of equations (3.16). The scattering into

free space is represented by TE and TM transmission lines, with characteristic impedances

Z0TE = ζ0k0/kz0, Z0TM = ζ0kz0/k0, with ζ0 being the free-space impedance. The transmis-

sion lines associated with the upper and lower half spaces are in parallel with the equivalent

reactances of the layer for TE and TM incidence, given by
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Figure 3.8: Equivalent circuit representation of the admittance matrix in Eqs. (3.18) to (3.21).

Zlayer,TM =
−j
Bs

, Zlayer,TE =
−j

Bs(1− sin2 θ
2

)
. (3.23)

The known terms iTE and iTM represent the projection of the direct incident field onto the

TE and TM basis functions, respectively:

iTE = 〈2hdir,mTE〉 = 2I+
TE(sinc(ky0wy/2) cos2 φ+ sinc(kx0wx/2) sin2 φ) (3.24)

iTM = 〈2hdir,mTM〉 = 2I+
TM(sinc(ky0wy/2) sin2 φ+ sinc(kx0wx/2) cos2 φ) . (3.25)

For small width of the slots such that sinc(kx0wx/2) ≈ sinc(ky0wy/2) ≈ 1, the currents

at A-A′ and B-B′ are obtained by multiplying by 2 the TE and TM currents of incident

plane wave evaluated at z = 0. This is a consequence of the image theory, and can be also

explained applying the Norton equivalence as shown in Fig. 3.9.



42 3. Closed-Form Analysis of Patch-Type Artificial Dielectric Layers Part−I

Figure 3.9: (a) Incident direct plane-wave current in the equivalent transmission line and (b) Norton

equivalent current generator at the plane z = 0.

Figure 3.10: Imaginary part of the coupling admittance Yc, compared with the real susceptance Bs, as a

function of the frequency and of the unit cell size.

The matrices Ylayer and YTL are diagonal and therefore do not account for any coupling

between TE and TM modes. The third contribution to the admittance matrix given by

(3.21) describes the interaction between TE and TM modes, as it contains also off-diagonal

elements. The equivalent circuit of this matrix can be represented as two transformer

defined as in Fig. 3.8. The definition of the coupling admittance in (A.56) is general

and describes the TE-TM coupling properties of the array of patches under investigation.

However, under the assumption of well sampled array, this term asymptotically tends to

zero (Yc ∼ 0). The demonstration of this condition involves a few algebraic steps that are

reported in Appendix A.2. We report in Fig. 3.10 the value of the coupling admittance

(Yc) as a function of the frequency, and thus of the unit cell size. We note that the value of
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Figure 3.11: Equivalent circuit representation of a single layer for electrically small unit cells.

Yc can be considered negligible only for cell sizes up to about a quarter wavelength. This

means that essentially whenever the representation with three basis function is adequate,

the TE and TM Floquet waves are decoupled.

Thus, for unit cells of the array that are small in terms of the wavelength, the coupling

term Yc is approximately an open circuit. Therefore, as shown in Fig. 3.11, no current is

flowing in the lower part of the circuit, so that the two equivalent transmission lines models

for the TE and TM scattering become decoupled. The resulting equivalent transmission-

line representation is depicted in Fig. 3.12, describing a generic plane wave illuminating

a patch array with electrically small periods. A similar circuit was developed in [79] for

singly polarized arrays of strips. In that case the TE and TM Floquet waves were coupled

one to another, unlike for the orthogonal crossing arrays.

The physical meaning of this condition is that a periodic electrically dense array of patches

can only scatter TM waves under TM incidence, and only TE waves under TE incidence.

It can be also pointed out that the expressions of the equivalent reactance in (3.23) are

non dependent on φ, which is a proof of the azimuthal invariance of the scattering from the

structure under analysis. These properties were previously observed or assumed in [71,75],
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Figure 3.12: Equivalent transmission lines of a patch array with electrically small periods, under generic

plane-wave illumination.

whereas the range of validity of the approximation is shown here.

Finally, it is straightforward from the expressions in (3.19) and (3.20) to calculate the

magnetic current distribution in analytical form. The weights of the basis functions are

given by

aTE = −iTE

(
2

Z0TE
+ jBs

(
1− sin2 θ

2

))−1

aTM = −iTM

(
2

Z0TM
+ jBs

)−1 (3.26)

and

ad =

aTE
jBs sin θ cos(2φ)

2Ỹ
for TE incidence

−aTM
jBs sin θ sin(2φ)

2Ỹ
for TM incidence

. (3.27)

3.4 Validation of the Method

The equivalent layer capacitance given by (3.23) for TE and TM incidence is shown in

Fig. 3.13, compared with Ansoft HFSS simulations [64]. The geometrical parameters are

wy = wx = 0.02λ0 and dy = dx = 0.15λ0, with λ0 being the free space wavelength at the

frequency f0, and the plane wave is incident from four different angles. A good agreement

can be observed between the analytical solution and the full-wave simulations performed

with the commercial solver.

The expressions (3.26) and (3.27), together with Eq. (3.8), define in analytical form the

voltage distribution on the slots for generic and arbitrarily polarized plane wave. As an

example, Fig. 3.14 shows the voltage along the x-oriented slot for normal incidence, while
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Figure 3.13: Equivalent capacitance of the single layer for transverse electric (TE) and transverse magnetic

(TM) incidence for (a) θi = 0◦, (b) θi = 45◦, (c) θi = 60◦ and, (d) θi = 80◦. The parameters are

wy = wx = 0.02λ and dy = dx = 0.15λ, with λ being the wavelength at the frequency f0.

Fig. 3.15 (a) and (b) refer to the voltage on the x- and y-oriented slots, respectively,

for transverse electric (TE) incidence from the direction θ = 60◦, φ = 0◦. Both voltages

are normalized to the maximum magnitude of the voltage on the x-oriented slot. This is

done in order to highlight the relative magnitude difference of the two components of the

magnetic current density. The geometrical parameters are set as wx = wy = 0.01λ0 and

dx = dy = 0.0785λ0 with λ0 being the wavelength at the calculation frequency. Figures 3.16

and 3.17 show the normalized voltages along the x and y slots, for TE and TM incidence,

respectively, when the incidence angle are φ = 40◦ and θ = 60◦, while the geometrical

parameters are wx = wy = 0.02λ0 and dx = dy = 0.15λ0.
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Figure 3.14: Voltage distribution on the slot axis for normal incidence. The geometrical parameters are set

as wx = wy = 0.01λ0 and dx = dy = 0.0785λ0 with λ0 being the wavelength at the calculation frequency.

Figure 3.15: Normalized voltage distribution for TE incidence at 60◦ and plane of incidence φ = 0◦: (a)

x-oriented slot, (b) y-oriented slot. The geometrical parameters are the same as in Fig. 3.14.

The results for the voltage are compared with simulation performed with the commercial

software Ansoft Designer [78], which is based on small domain method of moments. The

analytical expressions here derived agree well for all cases with the commercial solver.

The deviation in the crossing region was explained by Fig. 3.7. From Fig. 3.15(b) it is

clear that the basis function chosen to describe the voltage induced on the crossing slot is

appropriate, as the distribution resembles the one in Fig. 3.5(b).
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Figure 3.16: Normalized voltage distribution for TE incidence at 60◦ and plane of incidence φ = 40◦:

(a) x-oriented slot, (b) y-oriented slot. The geometrical parameters are set as wx = wy = 0.02λ0 and

dx = dy = 0.15λ0 with λ0 being the wavelength at the calculation frequency.

Figure 3.17: Normalized voltage distribution for TM incidence at 60◦ and plane of incidence φ = 40◦: (a)

x-oriented slot, (b) y-oriented slot. The geometrical parameters are the same as in Fig. 3.16.

3.5 Conclusions

In this chapter, an analytical method is presented to describe the interaction between a

generic plane wave and a square-mesh layer. In addition to previous works with similar

scope, our approach allows to derive a closed-form expression for the magnetic current

distribution on the array plane. Also, the decoupling properties of the TE and TM modes

and the azimuthal independence of the structure were not assumed as initial hypotheses

but they were demonstrated and characterized, with consequent gain in physical insight.

Besides these new insights, thanks to the spectral representation used for the derivation,

the way has also been paved for expanding the formulation for the analysis of closely spaced

ADLs, which are treated in Ch. 4.
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Chapter 4

Closed-Form Analysis of Patch-Type

Artificial Dielectric Layers Part−II:

Extension to Multiple Layers and

Arbitrary Illumination

4.1 Introduction

In Ch. 3, we derived an analytical formulation to characterize the interaction between a

generic plane wave and a single, electrically dense layer of periodic patches. The current

distribution on the plane was derived in closed form, as well as the equivalent reactance

of the layer. We rigorously demonstrated that, for array periods smaller than a quarter

wavelength, the structure does not couple the transverse electric (TE) and the transverse

magnetic (TM) modes. This property was shown to be due to a compensation of the self

reactance of the slots by the reactive coupling occurring between orthogonal slots at the

junction.

Artificial dielectric layers (ADLs) are obtained by cascading a multiplicity of such layers

to realize equivalent dielectric slabs. These slabs are demonstrated to support much less

surface waves than regular slabs of equivalent permittivity [80]. Since in realistic designs the

layers are closely spaced, the inter-layer interaction is dominant and significantly changes

the reactance that the layers would have in isolation. Thus, the formulation has to be

generalized to account for this interaction if one wishes to use the analytical method for

real ADL designs.

Analyses of homogeneous isotropic artificial materials made of spheres were given in [56,
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81]. In this chapter, we concentrate on anisotropic artificial dielectrics (ADs) based on

planar inclusions. A theory of planar ADs was reported by R. E. Collin in [55], valid

for two-dimensional infinite periodic structures (arrays of strips). However, for realistic

applications in integrated technology, the three-dimensional analysis of AD slabs with finite

height is crucial. Simple analysis of the cascade of multiple layers were given in [82–86].

These theories neglected the higher-order coupling between adjacent layers, accounting only

for the fundamental Floquet wave. Accordingly, these techniques fail when the distance

between adjacent layer becomes small compared to the unit cell period. In realistic AD

designs [80], such a distance can be in the order of one hundredth of the wavelength.

Therefore, the reactive coupling between parallel adjacent layers must be rigorously taken

into account to correctly characterize the structure. In theory, this can be done by adopting

methods such as generalized admittance matrix and multi-mode equivalent networks [60,

87]. However, such methods lead to rather complex equivalent networks to represent the

ensemble of metallic layers that constitute the AD, which renders the analysis difficult

for arbitrary excitation. Recently, a method based on multi-modal equivalent network

was presented in [88]. This method accounts for higher-order Floquet modes as lumped

components, based on the assumption that the aperture field on the unit cell is known a

priori.

In this chapter, we propose an analytical method to describe ADL slabs of finite thickness

under generic field incidence. The form of the solution given for the single layer allows to

easily extend the formulation to the multi-layer case to account for the reactive coupling

between parallel layers in analytical form. Equivalent circuit models for finite AD slabs are

given and used to investigate the dispersion characteristics and to evaluate the radiation

patterns of a source located near to the ADL. Simulations performed with commercial

software and measurements from a prototype antenna are also presented and show a good

agreement with the theory developed here.

4.2 Infinite Number of Layers

ADLs are composed by several layers stacked together with very small electrical inter-layer

distance, inducing a higher order interaction between adjacent sheets. In this section, we

generalize the formulation presented in Ch. 3 to account for the coupling between the

layers.

We first consider an infinite number of layers periodically spaced along z with inter-layer

distance dz, as shown in Fig. 4.1. By applying the equivalence theorem, we can setup an
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integral equation similar to the one derived for a single layer [Ch. 3, Eq. 3.1]. The steps

of the equivalence principle are explained in Fig. 4.2. When a plane wave is propagating

through the infinite layer stack, it generates magnetic and electric fields on the slots (gaps

between the patches) that satisfy periodic boundary conditions along z, as shown in Fig.

4.2(a). The wavenumber kzs is still undefined and is related to the linear phase progression

along z of the plane wave traveling in the ADL. We then apply the equivalence principle

on the union of the surfaces indicated by Snz in Fig. 4.2(b), which enclose each layer.

Equivalent magnetic currents can be introduced on the slot apertures, defined as in Fig.

4.2(c), while perfect electric conductor (P.E.C.) is filling the volume inside the surfaces

Snz . We finally apply the image theorem to replace the P.E.C. with an infinite series of

magnetic currents, as in Fig. 4.2(d).

The integral equation to be solved is obtained by imposing the continuity of the total

transverse magnetic field at the interface between region 2 and region 1 in Fig. 4.2(d):

∑
nzeven

∞∫
−∞

∞∫
−∞

4m0(ρ′)g(ρ−ρ′, nzdz, z=0)dρ′−

∑
nzodd

∞∫
−∞

∞∫
−∞

2(ejkzsdz + e−jkzsdz)m0(ρ′)g(ρ− ρ′, nzdz,z=0)dρ′

=2hi(ρ, z = 0) (4.1)

where, without loss of generality, we impose the continuity condition of the fields at z = 0.

The function g represents the dyadic Green’s function which relates the magnetic field to a

magnetic source. The factor 2 on the right hand side comes from the fact that the normals

to the surface S0 are equal and opposite in region 1 and region 2, i.e. h
(1)
i − h

(2)
i = 2hi,

where the subscript indices refer to the corresponding region.

Since ADLs are characterized by electrically small inter-layer distance, the exponential

functions in (4.1) can be approximated as ejx ≈ 1 + x and therefore, after a few algebraic

steps, the integral equation becomes

∞∑
nz=−∞

(−1)nz
∞∫

−∞

∞∫
−∞

2m0(ρ′)g(ρ−ρ′, nzdz,0)dρ′=hi(ρ, 0) . (4.2)

We can solve Eq. (4.2) by applying the same procedure used for the single layer in Ch.

3 to calculate the equivalent sheet reactance. This consists of expanding the unknown

magnetic current with three entire domain basis functions that describe the transverse

electric (TE) and transverse magnetic (TM) components of the plane-wave-like magnetic
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Figure 4.1: Multi-layer configuration, with highlighted the geometrical parameters.

current (mTE,mTM) and the coupling between orthogonal slots at the junction (md). By

using Galerkin projection and calculating the mutual admittances, one can demonstrate,

as for the single layer, that the mutual admittance between TE and TM currents can be

neglected for electrically small patches (unit cell smaller than a quarter wavelength).

The only variation with respect to the single layer involves modifying the higher order

Floquet modes of the Green’s function, to account for the infinite sum on the indexes nz

arising from Eq. (4.2). This sum can be expressed in closed form, as described in the

Appendix A.3:
∞∑

nz=−∞

(−1)nze−jkz |nz |dz = j tan
(
kzdz

2

)
(4.3)

so that the slot susceptance in Eq. (3.22) of Ch. 3 becomes

Bs∞ =
j2k0

ζ0

∑
my 6=0

|sinc(kymwx/2)|2

|kym|
tan

(
kzmdz

2

)
(4.4)

where we used kzm ≈ −j|kym| and we considered kzm± kzs ≈ kzm for higher order Floquet

modes, which is a fair assumption in virtue of the electrically dense periodicity of the

structure along z. The analytical expression for the susceptance in (4.4) accounts for

the higher-order interaction between layers and thus remains valid even for very small

inter-layer distances. As one would expect, (4.4) tends, for increasing values of dz, to the

expression of the susceptance of the isolated layer (see Eq. (3.23) in Ch. 3): indeed,

one can write j tan(kzmdz/2) = tanh(|kym|dz/2) ≈ 1 − 2e−2π|my |dz/dy , and note that the

exponential fastly tend to zero for higher order modes (increasing |my|) and even for the

lowest order modes for growing values of dz.

Analogously to the single layer case, we can write the reactance of a layer embedded in a

periodic multi-layer environment as follows:
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Figure 4.2: Steps of the equivalent theorem applied for the ADL: (a) original problem, (b) surface of the

equivalence principle, (c) equivalent magnetic current on P.E.C. walls, (d) application of image theorem.

Z∞,TM =
−j
Bs∞

, Z∞,TE =
−j

Bs∞(1− sin2 θ
2

)
. (4.5)

The values of the equivalent reactance, obtained for TE and TM incidence, are shown in

Fig. 4.3, for the geometrical parameters selected as wy = wx = 0.03λ0, dy = dx = 0.15λ0

and dz = 0.012λ0, with λ0 being the wavelength at the frequency f0. The reactance of
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Figure 4.3: Equivalent capacitance of a layer embedded in an infinite cascade of layers along z with period

dz = 0.012λ0, with λ0 being the wavelength at the frequency f0. Both TE and TM incidence from θ = 45◦

are considered, and the layer parameters are wy = wx = 0.03λ0 and dy = dx = 0.15λ0

the single layer is also reported for comparison. It can be observed that, for the same

geometrical parameters, the equivalent reactance associated with an isolated layer signif-

icantly differs from the reactance of the same layer in a multi-sheet configuration, due to

the reactive coupling occurring between closely spaced layers.

4.2.1 Equivalent Circuit and Effective Parameters

Once the equivalent impedance of a layer embedded in an infinite cascade is found, the

ADL can be circuitally represented as a cascade of these equivalent impedances connected

by transmission lines describing the plane-wave propagation through the structure. The

equivalent circuit is shown in Fig. 4.4. The circuit model of a unit layer is the combination

of transmission line sections and shunt loads, and can therefore be easily represented as

ABCD matrix of a 2-port network. From the ABCD matrix, the effective permittivity of an

homogenized dielectric medium can be easily retrieved as in [65,66,89] (see also Appendix

B). A plot of the variation of the effective relative permittivity with the incidence angle

for periodic homogenized ADL is shown in Fig. 4.5 for TE and TM incidence. Three

different values of the patch size are considered, to highlight the relationship between

equivalent permittivity and geometrical parameters. The structure is anisotropic, since

the enhancement of the effective dielectric constant is maximum for normal incidence and

decreases for oblique angles. For grazing incidence the ADLs become transparent for TM

plane waves, but not for TE plane waves, being the electric field parallel to the patches.
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Figure 4.4: Equivalent circuit of ADL for plane wave incidence.

Figure 4.5: Effective relative permittivity of the homogenized ADL for z-periodic structure for (a) TM

and (b) TE incidence. Array periods are set to dx = dy = 0.0785λ0, with λ0 being the wavelength at the

calculation frequency. Three different sizes of patches are investigated.

4.3 Finiteness of the ADL Height

When considering a finite number of layers Nz, we can approximate the reactance of each

layer with its infinite periodic solution. The results for the scattering parameters obtained

with this approximation is compared in Fig. 4.6 with HFSS simulations [64]. The figure

shows the magnitude and the phase of the reflection and transmission coefficients of a plane

wave for normal incidence on a cascade of 4 layers. Although the comparison shows a fair

agreement, the level of accuracy of our method can be further improved by accounting for

truncation effects. With this goal, we propose a correction to the solution derived from

the infinite case.

For each layer of the artificial dielectric, the reactive coupling with adjacent layers is mainly

dominated by the coupling with the two layers immediately below and above. The infinite



56 4. Closed-Form Analysis of Patch-Type Artificial Dielectric Layers Part−II

Figure 4.6: (a) Magnitude and (b) phase of the scattering parameters of a plane wave incident normal to

a cascade of 4 layers. Dimensions are wx = wy = 0.03λ0, dx = dy = 0.15λ0, dz = 0.012λ0.

approximation of the admittance can be then considered a good approximation for inner

layers in a finite structure. However, this is not the case for the first and the last layers

(i.e. n′z = 0 and n′z = Nz − 1) of the finite stack. For these two elements, a semi-infinite

solution would be more accurate, because it accounts for the truncation. The solution for

a semi-infinite summation can be easily calculated in a closed form by modifying Eq. (4.3)

as follows:

0∑
nz=−∞

(−1)nzejnzkzdz =
∞∑

nz=0

(−1)nze−jnzkzdz =
1+jtan

(
kzdz

2

)
2

(4.6)

where we used Eqs. (A.61) and (A.64) of the Appendix A. By considering these modified

formulas, the expression of the susceptance of the first (i.e. n′z = 0) and last layer (i.e.

n′z = Nz − 1) becomes

Bs,semi-∞=
k0

ζ0

∑
my 6=0

|sinc(kymwx/2)|2

|kym|
(
1+jtan(kzmdz

2
)
)

(4.7)

and the modified equivalent circuit for a cascade of four layers is shown in Fig. 4.7. This

circuital representation yields a more accurate estimation of scattering parameters, as

shown in Fig. 4.6. Indeed, it can be noted that the solution obtained with the correction,

i.e. by using (4.7) for the edge layers, is closer to the one obtained with HFSS full-wave

simulations. Also the case of a plane wave incident from the direction θ = 60◦ on the

same 4-layer stack, both for TE and TM incidence, is reported in Fig. 4.8, showing a good

agreement with HFSS simulated results.
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Figure 4.7: Equivalent circuit of ADL for plane wave incidence, considering semi-infinite solution for the

edge layers.

Figure 4.8: As in Fig. 4.6, but for (a) TE incidence from θ = 60◦ and (b) TM incidence from θ = 60◦.

4.4 Magnetic Current Distribution in ADL

The equivalent circuit in Fig. 4.7 can be used also to calculate the magnetic current

distribution on each layer of the ADL slab. As for the single layer solution reported in

Ch. 3, the magnetic current is written as the sum of three entire domain basis functions
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Figure 4.9: (a) Equivalent circuit of 7-layer ADL for TE plane wave incidence; (b) Norton equivalent circuit

to calculate the magnetic current on a layer within the cascade; definition of the (c) equivalent Norton

impedances, (d) the equivalent current generator and (e) the input impedance of the lower stratification.

weighted by the coefficient (aTE, aTM, ad).

Let us consider, as an example, a cascade of 7 layers illuminated by a TE incident plane

wave. To calculate the magnetic current distribution on a layer (e.g. the central one

nz = 3), we can start from the equivalent circuit in Fig. 4.9(a) and apply the Norton

equivalence as described in Fig. 4.9(b): the equivalent Norton impedances (ZNo), the

equivalent current generator (iNo) and the input impedance of the lower stratification

(Zdown) can be easily evaluated from the circuit in Figs. 4.9(a), (b) and (c), respectively.

The same procedure can be used for each layer in the cascade and for TM incidence.

Once the equivalent parameters of the Norton circuit are evaluated, the unknown weights

for the basis function expansion of the magnetic current are then given by expressions very

similar to (3.26) and (3.27) in Ch. 3:

aTE = −2ITE

(
1

Zdown
+ 1

ZNo
+ jBs∞

(
1− sin2 θ

2

))−1

aTM = −2ITM

(
1

Zdown
+ 1

ZNo
+ jBs∞

)−1 (4.8)

and

ad =

aTE
jBs∞ sin θ cos(2φ)

2Ỹ
for TE incidence

−aTM
jBs∞ sin θ sin(2φ)

2Ỹ
for TM incidence

(4.9)
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Figure 4.10: Voltages for TE incidence at θ = 60◦, wx = wy = 0.01λ0, dx = dy = 0.0785λ0 and dz =

0.012λ0.

where

Ỹ ≈ −2

ζ0dy

∑
my 6=0

sgn(kym)sinc

(
kymwx

2

)
·B∗d,y(−kym) tan(kzmdz/2) . (4.10)

The expression in (4.10) is similar to Eq. (3.27) in Ch. 3, but it is now valid for multi-

layer structure. Figure 4.10 shows the voltage distribution along the x- and y- oriented

slots on each array for a 7-layer cascade, under TE incidence at θ = 60◦. The geometrical

parameters are wx = wy = 0.01λ0, dx = dy = 0.0785λ0 and dz = 0.012λ0. The results of

our analytical circuit agree well with ANSYS Designer [78] simulations.

4.5 ADL Green’s Function

So far we have analyzed artificial dielectrics under plane-wave illumination. We have

described, by means of a simple equivalent circuit model, the scattering, propagation and

transmission of an arbitrary plane wave through a finite-height stack of layers. The lumped

elements of this equivalent circuit are analytical and depend on the specific polarization
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Figure 4.11: (a) ADL ground slab excited by a magnetic dipole; (b) polar singularities of the ADL Green’s

function on the complex kρ-plane; (c) and (d) dispersion curves of for TM and TE slab modes, respectively.

and angle of the incident plane wave, as well as on the geometrical parameters of the

structure.

However, in realistic applications with integrated antennas, the field incident on these

structures is not a plane wave but the near field of an antenna that is typically very close

to the ADL. These more general cases can be also treated with our model, by expanding

any generic incident field in a spectrum of plane waves and apply the analytical equivalent

circuit to each of these plane waves.

We can then define a spectral Green’s function of the ADL GADL(kρ, α, z) for a generic

TE or TM plane wave with wavenumbers kx = kρ cosα and ky = kρ sinα. This Green’s

function is provided analytically since is related to the current and voltage solutions of the

equivalent transmission line models such as the one in Fig. 4.9(a).
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4.5.1 Dispersion Characteristics of ADLs

Let us consider a x-oriented magnetic dipole located on a ground plane of a grounded ADL

slab, as shown in Fig. 4.11(a). The polar singularities of the TE and TM component of the

dyadic Green’s function, i.e. the zeros of their inverse functions 1/GADL
TE and 1/GADL

TM , can

be found by applying a simple Newton method starting from an opportune initial point on

the complex kρ-plane.

As an example, we consider a slab with 9 layers in free space with dx = dy = 2mm, dz

= 0.26mm and wx = wy = 0.3mm. The total height of the slab is h = 2.34mm, and the

equivalent relative permittivity is 10 for normal incidence, in such a way that the artificial

dielectric slab is effectively about a quarter-wave thick at 10 GHz. The zeros search leads to

the polar singularities in Figs. 4.11 (b),(c),(d). It can be noted that, for TM incidence, the

poles of the spectral Green’s function are complex with an imaginary part, and therefore

they are associated with the propagation of leaky waves. For increasing frequency the poles

become dominantly real with smaller imaginary parts and tend to coincide with the branch

point ±k0. Similar types of leaky waves are supported also for TE incidence. However

additional, TE surface waves are present for slabs with electrically height h > 0.3λeff. Such

a kind of surface wave propagation is only occurring for TE incidence since the ADL is

transparent for TM grazing incidence, while it still provides a permittivity enhancement

for TE grazing incidence (Fig. 4.5).

The elementary magnetic dipole can be practically implemented as an electrically small

slot aperture on the ground plane, with length ls and width ws. In this case, the spectrum

of the magnetic current distribution in spectral polar coordinates can be expressed as

Ms(kρ, α) = sinc

(
ls
2
kρ cosα

)
J0

(ws
2
kρ sinα

)
x̂ (4.11)

where the sinc function is the Fourier transform of the longitudinal distribution, assumed to

be constant, whereas J0 is the zeroth order Bessel function, which is the Fourier transform

of the transverse edge singular distribution.

The radiated magnetic field in polar coordinates can be calculated as the following convo-

lution integral

h(ρ, φ, z) =
1

4π2

∞∫
∞

∞∫
∞

Ms(kρ, α) ·GADL(kρ, α, z)e
−jkρρ cos(α−φ)kρdkρdα. (4.12)

The Green’s function GADL links the magnetic field to the magnetic source. The electric

field can be calculated in an analogous way by using the Green’s function relating the

electric field to the magnetic source.
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Figure 4.12: x-component of the magnetic field on the ground plane for the structure in Fig. 4.11(a). The

comparison with CST simulations is shown at (a) 10 GHz and (b) 20 GHz.

The contributions of the integral (4.12) due to the polar singularities can be extracted

in analytical form by applying the residue theorem. As an example, Fig. 4.12 shows x-

component of the magnetic field on the ground plane for the structure in Fig. 4.11(a). The

analytical residue contribution due to the dominant singularity of the Green’s function is

compared with CST simulations [69] at 10 GHz and 20 GHz. It can be noted that, for

slab thickness of h ≈ λeff/4 (at 10 GHz) no surface waves are supported by the slab and

the field distribution is concentrate close to the feed. The field distribution at 20 GHz, for

which h ≈ λeff/2, is instead dominated by a TE surface wave and a slowly attenuating TM

leaky wave.
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4.5.2 Radiation Patterns from a Near Source

We describe in this section a method based on plane-wave expansion [90], aiming at cal-

culating with minute computational efforts the radiation patterns radiated by the ADL-

loaded antenna. A generic field radiated by the source can be expanded in a spectrum of

plane waves. We assume that the known spectrum of the source current distribution is

indicated by Ms(kx, ky) and oriented along x. We can apply the asymptotic evaluation of

the radiation integrals for far-field observations. Defining the observation point as (ro) or

(θo, φo) or (xo, yo, zo), we can write the generic ξ-component of the radiated magnetic field

in the far-field region as follows:

hξ(ro)≈2jkzoMs(kxo, kyo, zo)G
ADL
ξx (kxo, kyo, zo) (4.13)

where kxo = k0 sin θo cosφo, kyo = k0 sin θo sinφo, and kzo = k0 cos θo. The field in Eq.

(4.13) depends on the component of ADL Green’s function GADL
ξx . Such Green’s function

is calculated as explained in Fig. 4.13. We first consider the equivalent transmission line

of the ADL for a given plane wave direction (kxo, kyo) for a TE or TM mode, as depicted

in Fig. 4.13(a). The circuit model for each plane wave can be conveniently represented in

terms of its equivalent [ABCD] or impedance matrix (Fig. 4.13(b)). We then construct

the equivalent Thevenin generator (with voltage VTh) and impedance ZTh to solve for the

voltage and current at a generic observation point zo on the transmission line, as shown

in Fig. 4.13(c). Every component of the dyadic spectral Green’s function is just a linear

combination of the TE and TM voltage and current solutions on the line (the subscript

‘Ti’ in Fig. 4.13(c) can indicate TE or TM).

4.5.3 Validation of Radiation Pattern Calculation

As an example, we consider a short slot in the presence of an ADL slab, as depicted in

Fig. 4.14. We assume a piecewise sinusoidal voltage distribution on the slot, characterized

by a known spectrum MPWS(kx, ky). Each layer of the artificial dielectric is characterized

by the following geometrical parameters: wx = wy = 0.01λ0 and dx = dy = 0.0785λ0

with λ0 being the wavelength at the calculation frequency. The distance between layers is

dz = 0.012λ0. The source slot has width and length of 0.033λ0 and 0.133λ0, respectively,

and it is etched on a ground plane at a distance of dz from the ADL.

We calculate the radiation pattern from Eq. (4.13) and compare with results obtained

with CST microwave studio [69] in Fig. 5.11. The results are in very good agreement.
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Figure 4.13: (a) Equivalent circuit of the ADL illuminated by an elementary magnetic dipole on a ground

plane; (b) equivalent ABCD matrix of the ADL; (c) equivalent Thevenin representation of the source and

the ADL.

Figure 4.14: Slot in the presence of an ADL slab. The ADL parameters are wx = wy = 0.01λ0 and

dx = dy = 0.0785λ0 with λ0 being the wavelength at the calculation frequency. The distance between

layers is dz = 0.012λ0. The slot has width and length of 0.033λ0 and 0.133λ0, respectively, and it is etched

on a ground plane at a distance of dz from the ADL.

We point out that in our method we have not considered the transverse finiteness of the

structure, but just the finiteness along z. However, the CST simulation we are comparing

with include also the transverse finiteness and do not show major discrepancy with our

infinitely periodic model.

4.6 Conclusions

We proposed an analytical method for the characterization of artificial dielectric layers

(ADL) of finite height, under arbitrary field illumination. The methods exploits a closed-
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Figure 4.15: The far-field radiation pattern of a slot radiating in the presence of ADL geometry shown in

Fig. 4.14.

form formulation developed in Ch. 3 to describe a single layer. The formulas valid for the

single layer were generalized here to treat the cases of an infinite or semi-infinite cascade

of layers. The reactive coupling between adjacent layers is rigorously taken into account

in analytical form.

An equivalent circuit was derived, which can be used to calculate, on one hand, the effective

parameters of the ADL and, on the other hand, the spectral Green’s function of the ADL.

This latter allows to evaluate the dispersion characteristic of finite slabs, and the patterns

of a generic antenna in the presence of the ADL. The calculated patterns were validated

with the simulations performed with commercial EM solvers.
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Chapter 5

Front-to-Back Ratio Enhancement of

Planar Printed Antennas by Means

of Artificial Dielectric Layers

5.1 Introduction

Artificial dielectric layers (ADLs) based integrated solutions have been recently proposed

for THz frequency domain spectroscopy [91] and THz anti-reflection coating [92]. In [57],

authors have exploited the concept of ADLs in commercial complementary metal-oxide-

semiconductor (CMOS) technology to reduce the size of on-chip passive components. The

use of ADLs has also led to a significant reduction in ohmic losses, since they are directly

proportional to the device physical dimensions. In [44,45], ADL have been used to minimize

the volumetric occupation of the resonant cavities in so-called Fabry-Perot type antennas.

Planarity and integrability render ADLs a promising candidate to be considered for the

design of planar integrated antennas. In the design of such antennas, a good front-to-back

radiation ratio (> 10 dB) can be achieved by using a dense dielectric slab of thickness

in the order of quarter wavelength λd/4. Here, λd represents the wavelength inside the

dielectric of permittivity εr at the central frequency of the matching bandwidth. However,

the surface wave efficiency of such antennas is quite poor and can severely deteriorate

the quality of the radiation patterns [51, 52]. To overcome this problem, other planar

solutions have been proposed, which typically shape the antenna elements themselves or

their immediate surroundings. For instance, in [46] it has been shown that 99.9% radiation

efficiency can be obtained by using a twin arc slot antenna, where the slots generate equal

and opposite surface wave in every radial direction. The antenna is then backed by a cavity
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to increase the front-to-back radiation ratio. A circularly symmetric electromagnetic band

gap (EBG) based solution, again completely planar, has been presented in [51–53] to

minimize the surface wave coupling between the neighboring elements of an antenna array.

The design works over a bandwidth in the order of 20%. However, usage of the EBGs in

array configuration results in limiting the scanning to only one plane because of the large

radii of the proposed EBG rings.

5.2 Antenna Concept

In this chapter, the use of ADLs is proposed in order to enhance the performance of an

antenna printed on a dielectric slab having εr = 3.66 and thickness in the order of λd/10.

Since the slab is electrically thin, it supports minimal excitation of the surface waves,

but the front-to-back radiation ratio of an antenna radiating in the presence of this slab

is extremely poor. To increase the front-to-back ratio, the permittivity of this slab is

enhanced by loading it with planar and periodically stacked ADL inclusions. The periodic

metallic loading consists of multilayer non-resonant array of square patches which brings

the effective dielectric constant (εeff) of the slab to 20 for the wave propagating normal to

the stratification. In this way, a dielectric slab with effective height in the order of quarter

wavelength can be realized on an electrically thin substrate. A double slot antenna, which

is widely used at the THz frequencies [37], is then attached on the back side of this ADL

loaded slab (see Figs. 5.2 and 5.9).

Thanks to the dielectric enhancing properties of the ADLs, a front-to-back radiation ratio

greater than 10 dB over 10% bandwidth is achieved as it will be shown in the remainder of

this chapter. The front-to-back ratio that can be achieved via the use of ADL materials is

comparable to the one that can be achieved with the stacked patch antenna concept [41].

The advantage of solution presented here is that the ADL can be “designed” independently

of the antenna. Whereas in the case of stack patches, the resonances of the multiple patches

are needed to be tuned together. Also, ADLs can be manufactured and placed on top of

an antenna without a fine alignment between the two. Furthermore, this concept can be

extended to built two-dimensional arrays for scanning in both the planes, without incurring

scan blindness introduced by the large periodicity or by surface waves.

The chapter is structured as follows. ADLs based planar antenna design is presented in

Sec. 5.3 and the performance of this antenna is compared to the antenna design without

the ADL inclusions. A prototype antenna was also manufactured and the measurement

results are reported in Sec. 5.4.
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Figure 5.1: (a) A twin slot antenna radiating in a finite dielectric slab. (b) Two dimensional view of

microstrip feed lines and the twin slots.

5.3 Antenna Design

The design of a twin slot antenna in X-Band is discussed in this section. The antenna is

coupled to an electrically thin dielectric substrate, which is enhanced by an ADL.

5.3.1 A Double Slot Radiating in a Finite Dielectric Slab

As a starting point, let us consider, as shown in Fig. 5.1(a), a double slot antenna radiating

in the presence of a dielectric slab of εr = 3.66 and height h = 1.42 mm (λd/11). The

parameter λd = 15.7 mm is the wavelength inside the dielectric at 10 GHz. The height of

the dielectric slab is small enough to ensure that minimal amount of power is coupled to

surface wave modes. The double slot antenna, as depicted in Fig. 5.1(b), consists of two

identical slots of length lslot = 19 mm and width wslot = 2.0 mm which are separated by

a distance lsep = 11 mm. These slots are oriented along the y-axis and the input signal is

fed by two x-oriented microstrip lines each of width wmicro = 1.8 mm. To avoid vertical

pins, the coupling between the slots and the microstrip lines is achieved using quarter

wavelength radial stubs. Moreover, the planes containing the microstrip feeding lines and

the radiating slots are separated by a dielectric substrate of thickness hmicro = 0.355 mm

and εr = 3.66. Also, the dielectric slab is considered to be lossless and finite conductivity

material (Copper, σ = 5.8× 107 S/m) is assumed for all the metallic parts.
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5.3.2 Double Slot Radiating in a Finite Dielectric in the Presence

of ADLs

In Fig. 5.2, a double slot antenna similar to the one discussed in previous subsection is

shown. This antenna also radiates in the presence of a dielectric slab that has the same

permittivity and height as the one depicted in Fig. 5.1. However, this dielectric slab is

now loaded by 4 layers of artificial dielectrics along the z-axis, separated by a distance

dz = 0.355 mm (0.023λd). These planar ADLs are composed of finite array of 17 × 17

electrically small square metallic patches. The width of the gap between neighboring

patches is wx = wy = 0.31 mm (0.02λd) and the period is dx = dy = 2.35 mm (0.15λd). By

using the formulation discussed in Ch. 3 and 4, the aforementioned geometrical dimensions

of the ADLs result in an effective dielectric constant of εeff = 20 for the waves which are

incident normal to the metallic layers. Therefore stacking four of these layers, as shown

schematically in Fig. 5.2, leads to the realization of a dielectric slab that has an effective

height in the order of quarter wavelength (≈ 0.25λeff ). Moreover, to achieve the resonance

around 10 GHz in the presence of ADLs, the parameters lslot and lsep are changed to 10.95

mm and 10 mm from 19 mm and 11 mm, respectively.

5.3.3 Simulation Results

The two antenna geometries, described above are then simulated using CST Microwave

Studio [69]. The active reflection coefficient for both the cases is reported in Fig. 5.3.

The −10 dB relative matching bandwidth is slightly smaller, in the order of 14%, for the

case including the ADLs, when compared with the bandwidth of the antenna in absence

of inclusions (20%). Figure 5.3 also reports S12, which is lower in case of ADL enhanced

slab.

Figure 5.4 shows the radiation patterns (gain) calculated for the double slot antenna printed

on a homogeneous dielectric and the ADLs enhanced slab. The far-field gain patterns are

reported for three different frequencies in the E- and H-planes. It can be observed that the

radiation patterns of the antenna without ADLs, despite the finite size of the slab is taken

into account, do not show large oscillations. Such oscillations are typically associated with

the surface waves being diffracted from the edges. This is because the dielectric slab is

taken thin enough so that it does not support surface waves. Also, the far-field radiation

patterns for both the antennas are qualitatively similar in the upper (z > 0) half spaces.

However, in the case of ADL, the gain is significantly larger for observations in the upper

half space. A clear difference instead appears in the radiation towards the lower (z < 0)
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Figure 5.2: An exploded view of a twin slot antenna radiating in the presence of ADLs.

Figure 5.3: Simulated two port active reflection coefficient (Γ) and the mutual coupling (S12) between the

two slots.

half space, where the ADL enhanced antenna is generating a very low back radiation.

Consequently, as shown in Fig. 5.5, a front-to-back ratio greater than 10 dB over a wide

frequency range can be achieved. This is the key advantage of using ADL enhanced slabs.
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Figure 5.4: Far-field gain plots (expressed in dBi) of the antenna for different frequencies in (a) E- and;

(b) H-plane. The dashed line (−−) represents the radiation pattern in the absence of ADL, whereas the

solid line (−) represents the radiation pattern in the presence of ADL.

This graph also shows that, in the absence of ADLs, the front-to-back ratio is in the order

of 2.5-3 dB over the whole frequency range. As a result, the gain of the ADL enhanced
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Figure 5.5: Simulated front-to-back radiation ratio.

Figure 5.6: Simulated gain versus frequency. The values of the gain are along the broadside direction.

antenna, as depicted in Fig. 5.6, is increased by almost 2 dB over the matching bandwidth

without compromising the pattern quality. Note that the broadside gains shown in Fig. 5.6

include ohmic as well as the mismatch losses. In the same graph, we also report the gain of

the antenna without ADL (conceptually Fig.5.1) in the presence of a backing reflector. The

latter is placed at a distance of λ0/4 along the negative z-axis from the plane containing

the double slot antenna. The gain in this case is even lower (< 6 dB), due to the excitation

of parallel plate wave guide (PPW) modes, with the far-field patterns (not shown) having

ripples in the main beam. The excitation of the PPW modes can only be avoided in a

narrow frequency band by shaping the slots [46].

Finally, the curves in Fig. 5.7 show the simulated ohmic losses and the surface wave

losses as a function of the frequency. The simulation results show that the ADL inclusions
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Figure 5.7: The simulated surface waves losses and the ohmic losses due to ADLs alone.

introduce very low (0.1 dB) ohmic losses, at least in the considered X-band. In addition

to the low ohmic losses, the power which is being launched in surface waves when using

a ADL enhanced slab is only 0.3 dB over the whole operating bandwidth. This value is

the same and not better than that of the bare homogeneous slab, but with a much higher

front-to-back ratio.

To further highlight the effect of ADLs on the surface waves, the induced magnetic field |H|
is plotted in Fig. 5.8. The scan is performed inside the dielectric slab at 10.5 GHz using

CST [69]. This figure shows that for both the cases (i.e., with/without ADLs) the magnetic

field peaks in the vicinity of the sources and decays with a certain geometrical distribution

as the observation point moves away from the location of the source. At approximately

half wavelength away from the center, the magnitude of the magnetic field has essentially

the same magnitude for both the cases. This means that ADL do not suppress nor add

any surface waves. The information that this graph provide also complements Fig. 2.6 and

2.7.

5.4 Prototype Demonstrator

A twin slot antenna electromagnetically coupled to an ADL enhanced slab has then been

manufactured and a photo is shown in Fig. 5.9(a). The substrate material adopted is

Rogers RO4350B, with dielectric constant εr = 3.66. The feeding has been realized via

two microstrip lines utilizing a single Wilkinson power divider network as shown in Fig.

5.9(b). Since the input impedance of each of the slot is in the order of 25 Ω, the microstrip

lines are tapered from 2.1 mm to 0.7 mm to match it to 50 Ω at the two output ports of
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Figure 5.8: A 2-D scan of the near magnetic field radiated by a twin slot antenna in the presence and

absence of ADL. This scan is performed at z = 3.5 dz and y = 0.

the divider network. The geometrical dimensions of the antenna and the ADLs are the

same as mentioned in the previous section. In order to obtain the desired height between

the microstrip and the slots (i.e., hmicro), and separation between each layer consisting

of planar ADL inclusions (i.e., dz), homogeneous layers of RO4350 dielectric of thickness

0.254 mm are arranged in a multilayer PCB with 0.10 mm of RO4450F bonding material

(εr = 3.52).

The measured reflection coefficient of the antenna is shown in Fig. 5.10. It can be seen

that the −10 dB matching bandwidth is essentially the same as that of simulated one. The

discrepancy in the resonance frequency between the simulations and the measurements can

be attributed to the presence of the connector, which is not included in the simulations.

The simulated and the measured normalized far-field patterns in the E-, H- and the

diagonal (D-) plane at 10 GHz are reported in Fig. 5.11(a), (b), and (c), respectively.

In Fig. 5.11(c), the cross-polarization patterns in the diagonal plane is also shown which

remains well below −13 dB with respect to the maximum of the co-pol. A good agreement

is obtained between the simulated and the measured patterns and, as expected by using the

ADLs the power radiated on the front (desired) direction of the antenna is 90% more than

the power radiated on the back side (undesired) direction. Also, the patterns, as predicted

by the simulations, are circularly symmetric with −3 dB beam width of about 70◦ in the

E-, H and, D-plane. The agreement between simulations and the measurements implicitly

validates the results in Fig. 5.7. The far-field patterns, as shown in Fig. 5.12(a) and (b) at

9.5 and 10.5 GHz respectively, remain qualitatively the same over the frequencies at which
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Figure 5.9: Prototype antenna. (a) The front view showing the top artificial dielectric layer and; (b) the

back view showing the connector and the power dividing network.

the antenna is matched. Note that these graphs show the E-, H- and the D-plane (co-

and cross-polarization) patterns. The cross polarization level in the E- and the H-plane is

always below −25 dB over the whole frequency range (not shown).

The absolute measured gain is reported in Fig. 5.13 and is compared to the simulated gain.

The two curves are superimposed within the limits of accuracy of our measurement setup.
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Figure 5.10: The simulated (without the inclusion of a connector) and the measured reflection coefficient.

Figure 5.11: Normalized far-field radiation pattern at 10 GHz in (a) E-, (b) H- and (c) D-plane (φ = 450).

The dashed lines (−−) represent the simulated co-pol pattern, whereas the solid line (−) represents

measured co-pol pattern. For the φ = 450 plane in (c) dotted gray (−..) and black dashed dotted (−.)
represents the measured and the simulated cross-pol pattern respectively.



78 5. Front-to-Back Ratio Enhancement of Planar Printed Antennas by Means of ADLs

Figure 5.12: Normalized measured far-field radiation patterns at (a) 9.5 GHz and (b) 10.5 GHz. The solid

blue line (−) represents the E-plane patterns, whereas the red dashed line (−−) represents the H-plane

pattern. The co-polarized patterns in the diagonal plane are represented by the dashed dotted (−.) black

line and the cross-polarized one is shown by a dotted (..) black line.

Figure 5.13: Broadside gain (measured and simulated) and directivity (simulated) versus frequency.

The plot of simulated directivity is also shown in the same plot to highlight the mismatch

and the material losses. These losses are approximately 1.12 dB in the worst case (i.e., 9.5

GHz), out of which the material losses (ohmic) amount to 0.25 dB and reflection losses

are in the order of 0.5 dB. Also, 0.32 dB of loss is incurred due to the power dividing

network. Note that the difference between the calculated gains shown in Fig. 5.13 and

Fig. 5.6 is because of the latter including the power divider and the long microstrip lines

(see Fig.5.9(b)).
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Figure 5.14: The measured far-field radiation pattern of a double-slot antenna at 10 GHz compared to the

analytical model presented in Ch. 4.

Consideration on Losses

The losses estimated from measurements of the prototype at 10 GHz were too small to be

given a realistic value, given the accuracy of the measurement setup. The main physical

reason for the low impact of ohmic losses is that a very small electric currents is present

on the metallic patches, because of the sub-wavelength nature of the patches. However,

envisaging the effect of losses at the higher frequencies, the analysis of the scaled versions

of the same antenna, operating at 300 GHz, is presented in Ch. 6.

5.5 Validation of the Measurements with the Analyt-

ical Method

As an additional validation we reproduce with our analytical method (see Ch. 4) the

measured radiation patterns from the demonstrator presented in Sec. 5.4. The results

of our method are compared with measurements in Fig. 5.14. Although the presence of

the cable is affecting the symmetry of the measured back lobe, a good agreement can be

observed in both the estimation of the beamwidth and the level of back radiation.

5.6 Conclusions

The design of planar integrated antennas benefiting from artificial dielectric layers (ADLs)

is presented in this chapter. ADLs can be used to selectively enhance the effective dielec-



80 5. Front-to-Back Ratio Enhancement of Planar Printed Antennas by Means of ADLs

tric constant of dielectric slabs in specific directions, typically normal to the slab itself.

Accordingly, an antenna can be printed on a thin isotropic dielectric slab that hosts the

ADLs and achieve high front-to-back ratios that normally would only be associated with

dense and thick dielectric slabs. The advantage is that, while a dense and thick isotropic

layer would also support strong surface wave propagation, an artificially enhanced slab of

equivalent normal permittivity does not.

In this chapter, we have shown that electrically thin substrate (h ≤ λd/10) can be used

to design integrated slot antennas with bandwidth in the order of 13% and front-to-back

radiation ratio ≥ 10 dB, with virtually no power launched in to surface waves. This was

experimentally verified.

Similar performances could be achieved by using slot coupled printed patch antennas on

foam, such as those proposed in [41]. A key advantage of using ADLs with respect to these

latter is that they can be used as an add-on component. This means there is no need to

co-design as well as align the antenna and the ADLs.



Chapter 6

Design, Fabrication and Measure-

ment of 0.3 THz On-Chip Double

Slot Antenna Enhanced by Artificial

Dielectric Layers

6.1 Introduction

The volumetric and the planar nature of ADLs renders them a promising candidate for the

design of integrated and compact passive devices in commercial CMOS technologies [57].

However, we believe that these ADLs can be mostly beneficial when used as superstrates

to enhance the radiation performance of on-chip antennas. The design of such antennas

presents numerous challenges. First, the vertical thickness of the stack that can be used

to design an antenna, depending on the specific technology used, is in the order of 10-

12µm. To accommodate high-frequency active front ends, this stack is grown on top of

a lossy doped silicon substrate of thickness 250-300µm. The electromagnetic coupling to

the lossy substrate is avoided by shielding the antenna with a metal plane. At 0.3 THz,

a substrate height of 10µm corresponds to an electrical thickness of λd/50, where λd is

the wavelength in the silicon dioxide εr ≈ 4. It is well known that any antenna printed on

top of an electrically thin grounded dielectric slab exhibits a very low radiation efficiency.

This is because the source and its image radiate out of phase. Recently, the use of a high

impedance metasurface as a radiator at 94 GHz was proposed to mitigate this effect [93].

However, the efficiency of this antenna is still limited due to the close proximity of the

radiator to the ground plane.
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Figure 6.1: Artificial dielectric layers embedded in a host medium with relative permittivity εr to realize

an equivalent effective homogenous medium. Each layer is composed by an array of electrically small

patches.

A non-planar solution to the low radiation efficiency issue is to use a dielectric lens with

matching layers. The matching layers are used to minimize the losses due to multiple

reflections inside the lens [35–37]. A planar solution that can bypass a dielectric lens was

presented in [94]. In this work, the antenna is printed on an additional low-loss quartz

wafer, glued on the chip to increase the distance form the ground plane, and aperture-

coupled to the feed structure. The antenna achieved a peak efficiency of 60%. The 40%

loss in efficiency is due to the excitation of the substrate modes. Furthermore, a strict

alignment accuracy is required between the antenna and the on-chip feed lines. A similar

kind of solution has also been proposed for on-chip antenna arrays by the same authors

in [95].

In Ch. 5, it was shown that ADLs can be exploited to increase the front-to-back radiation

ratio of planar antennas printed on a electrically thin dielectric slabs, in X-band. Thanks

to the enhanced anisotropic properties, virtually no power loss in surface waves was ob-

served. To ensure that no surface waves are excited, the characterization of the dispersion

properties of ADL slabs in Ch. 3 and Ch. 4 can be used, which is based on an analytical

study of the spectral Green’s function of these slabs.

In this chapter, we present a 0.3 THz version of the double-slot antenna enhanced by an

ADL superstrate proposed in Ch. 5. The non-resonant patches composing the ADL, as

depicted in Fig. 7.3, are hosted by an electrically thin silicon dioxide slab with relative

permittivity εhost = 4. Such value is increased by the presence of the ADLs to an equivalent

relative dielectric constant εeff = 32, for normally incident waves. The ADL superstrate

does not suffer from surface-wave losses. This is due to the fact that, in virtue of the

anisotropy, the waves incident at angles towards the grazing do not feel the larger effective

dielectric constant, which would otherwise induce surface-wave modes. The superstrate

and the antenna have been fabricated using an in-house IC process and the silicon on the
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Table 6.1: Physical Dimensions of the Antenna and ADL in µm

lslot lsep wslot w1 w2 w3 dadl dz wadl

195 300 25 46.5 1 8 95 5 10

back side of the antenna has been etched off. Measured results are reported and compared

with simulations.

6.2 Antenna Design

The double-slot antenna is shown in Fig. 6.2(a), with a co-planar waveguide (CPW)

feed. The antenna is loaded by artificial dielectrics superstrate placed at a distance of 5

µm above the antenna (see Fig. 6.2(b)). The dimensions of the antenna and the ADL

are summarized in Tab. 7.1. The geometrical parameter have been selected so that the

antenna is matched around the frequency of 300 GHz and the ADLs exhibit an effective

dielectric constant of 32 for the waves which are incident along the broadside direction.

The effective enhancement of the host material by the ADL, in an infinite homogeneous

dielectric environment, is reported in Fig. 6.3.

The two curves represent the equivalent permittivities, as a function of the angle of inci-

dence θ, for a transverse magnetic (TM) plane wave, with the electric field along θ̂, and

a transverse electric (TE) plane wave, with the electric field along ϕ̂. These values are

derived using the procedure described in Appendix B. In Ch. 3 and Ch. 4, we have also

shown that, for electrically small dimensions of the metallic inclusions, the TE and TM

modes do not couple. Moreover, it was also demonstrated that the equivalent permittivity

is independent of the azimuth plane (i.e. ϕ). This graph also shows that for a TM incident

wave, the equivalent permittivity of the enhanced medium tends to the one of the host

substrate, i.e. 4, when the angle of incidence tends to 90 degrees. However, in case of TE

incidence, the dielectric constant tends to a higher value. The effects of this property were

investigated in Ch. 4, where the dispersion characteristic of these slabs were described in

detail by means of an analytical method.

The total height of the host silicon dioxide substrate is 35µm, which is electrically equivalent

to λd/14. Within this slab, an ADL consisting of a stack of 7 layers, each separated by 5µm

along the z-axis (see Fig. 6.2(b)), is realized. This results in a slab with effective height

of 0.2λeff at 0.3 THz. A starting point for the design has been obtained by following the

guidelines outlined in Ch. 5 and by using the tools described in Ch. 3 and 4. While this
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Figure 6.2: (a) 2D view of a double slot fed by CPW lines and (b) 3D view of the antenna loaded by the

ADL superstrate. For the sake of clarity only 3 layers of the ADL stack are shown.

allows for a fast selection of quasi-optimal geometrical parameter, the final structure with

the details of the feed has been fine tuned using a commercial EM solver [69].

6.2.1 Simulated Results

Figure 6.4 shows the simulated reflection coefficient with and without metal losses. As ex-

pected, the finite conductivity case (aluminum with conductivity σ = 2.6×107 S/m) shows

a broader bandwidth of the reflection coefficient, due to ohmic losses. In the fabricated

device, the metal thickness of the antenna layer is 2µm, while it is 0.5µm for the ADL

patches. In both cases, the thickness is well above the skin depth at 0.3 THz. The −10 dB

impedance matching bandwidth of the antenna ranges from 295 till 320 GHz (8% relative

bandwidth). This value is typical of a resonant double-slot antenna and not reduced by

the presence of the ADL, which has broadband and non-resonant characteristics.

In order to quantify the advantage of using the ADL inclusions, a reference double-slot

antenna loaded only with a 35µm slab of silicon dioxide has been designed and manufac-

tured. This antenna without ADL is also matched at around 300 GHz, as shown in Fig.

6.4.

The simulated normalized radiation patterns of the antenna, with and without ADL, are

reported in Fig. 6.5, at 305 GHz. It can be observed that the antenna with the ADL has

a front-to-back ratio greater than 10 dB. On the contrary, the antenna in absence of the
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Figure 6.3: The value of the the equivalent dielectric constant for scanning angles 0 to 90 degrees.

Figure 6.4: Simulated reflection coefficient.

ADL, loaded only by an electrically thin slab, exhibits a front-to-back ratio lower than 1

dB, since almost equal power is radiated in the two half spaces above and below the slot

ground plane. Figure 6.6 shows the variation of the front-to-back ratio as a function of the

frequency for the two antennas. The values for the ADL loaded antenna are higher than

10 dB over the whole matching bandwidth, and linearly increasing with frequency, due to

the increasing electrical thickness of the ADL slab. Instead, the reference antenna has an

almost frequency independent front-to-back ratio of about 0.7 dB.

In Fig. 6.7(a), we compare the gain and directivity for the antenna with and without
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Figure 6.5: Normalized simulated (a) E-plane and (b) H-plane radiation pattern in dB at 305 GHz. The

solid and the dashed line represent the antenna with and without the ADL, respectively.

Figure 6.6: Simulated front to back radiation ratio.

ADL for the perfect electric conductor (PEC) case. This plot shows that the difference

between the gain and directivity around the central frequency of the matching bandwidth

for both antennas is negligible within the accuracy of the simulations. This means that

surface waves, which in principle are allowed to propagate (TM0 mode), are essentially not

excited. The gain presented here also includes the mismatch losses. In the same graph,

the comparison between the directivity of the two antenna reveals an enhancement of 2.2-

2.6 dB for the ADL loaded antenna. This improvement occurs without compromising on

pattern purity or surface wave efficiency. Note that, in simulations, surface wave losses are
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Figure 6.7: Simulated antenna efficiency: (a) comparison with a reference antenna (i.e., without ADL) for

a PEC case; (b) evaluation of ohmic losses using aluminum.

too low to be estimated accurately despite the use of absorbing boundary conditions along

the lateral directions (x and y).

The simulated gain obtained in the case of lossy metal (aluminum) for the ADL loaded

antenna is shown in Fig.6.7(b). It is 2 dB lower than the PEC case. By means of numerical

simulation, we estimated the ohmic losses accounts for 1.3 dB within the slot antenna and

0.7 dB within the ADL.

To feed the double-slot antenna, a 50 Ohm CPW line is used to carry the input power to

the center of the H-slot from one side of the antenna, as depicted in Fig. 6.8(a). Such a

feed introduces an asymmetry in the E-plane pattern (see Fig. 6.8(b)), due to the coupling

of the CPW lines with the parallel lines forming the H-slot and with the ADL. However,

this asymmetry is kept to a minimum, by designing the CPW as small as possible (strip

width of 5 µm and slot width of 2 µm) so that the field is confined in a small region and

couples weakly with the antenna structure. On the other hand, such approach comes at

the cost of increased ohmic losses due to strong currents in the inner conductor of the

CPW. The total losses due to the 860µm long line are estimated to be about 2 dB.

6.3 Fabrication

The combined antenna/ADL structure has been built using, as substrate, a high resistivity

(3.5kΩ· cm) n-type silicon (Si) wafer with 100 mm diameter, (100) crystal orientation and

thickness of 500 ± 25µm. The use of a high-resistivity substrate is mandatory since the
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Figure 6.8: (a) Schematic showing the extension of CPW line to feed the antenna. (b) The simulated

radiation pattern in E and H-plane after inclusion of extended CPW.

charge carriers cause high losses and these losses are even higher in the THz frequency

range [96,97].

The devices are realized using a 20× 20 mm die design (see Fig. 6.9), giving a total of 12

dies on a single wafer. To avoid any cross talk between antennas, the distance of radiating

structures has been chosen to be larger than 4 mm. The die is divided in three parts: the

antenna/ADL structure on the top left side, the reference antenna on the top right part

and the test structures (used for de-embedding the feed lines) on the bottom part (see Fig.

6.9). Note that further details about the test structures are given in Sec. 6.4.

In Fig. 6.10, a schematic cross section of the device is shown. The structure can be

divided in three main sections: the feeding/pads section (A), the feed transition (B) and

the antenna/ADL one (C). A 2 mm long CPW with uniform width connects the contact-

pads, where the wafer probe is landed, to a transition region. In this latter region, the CPW

lines undergo a series of tapers and transitions to account for the different z-stratifications

along the line. Finally, the feed line is connected to the double-slot antenna that radiates in

the presence of the ADL. The antenna/ADL system is suspended by removing the silicon

substrate, to avoid that the power is radiated into silicon and then to enhance the effect

of the dielectric contrast given by the ADL.

A thin (100 nm) low-pressure chemical-vapor-deposition (LPCVD) low-stress silicon nitride

(SiN) layer is firstly deposited on the silicon as hard mask for the back-side of the wafer,

followed by 200 nm of plasma enhanced CVD (PECVD) silicon oxide. The antenna layer

was realized using a 2 µm thick pure aluminum layer deposited by radio-frequency (RF)

sputtering, using an SPTS Sigma 204 DC magnetron system. The deposition temperature
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Figure 6.9: Top view of the die containing the antenna/ADL, the reference antenna and the calibration

structures. The dashed area indicates where the silicon is removed from the back of the wafer.

Figure 6.10: Schematic cross-section of the antenna/ADL structure. The device can be divided in three

main parts: the feeding/pads area, the transition region and the antenna/ADL structure. The overall

length of the structure is 4 mm, including the pads and the entire ADL length.

of the aluminum was 350◦C, resulting in a layer conductivity of about 2.6 · 107σ/m. The

residual stress of this layer is 290 ± 23 MPa and has been measured using a TENCOR

stress-meter.

The patterning of the metal layer is realized by first coating the wafer with a 2 µm layer

of SPR 3017M positive photoresist and then using I-line lithography (ASML PAS 5500/80

wafer-stepper) to define the features.

After the photoresist development, a dry etching process based on chlorine chemistry has

been used to remove the aluminum. The etching parameters, such as the gas ratio, etching

time and depth uniformity, have been carefully optimized. This is because unwanted

effects like over-etching or iso-etching could have resulted in larger features, compromising

the impedance matching between the feed and the antenna. Moreover, any aluminum

residuals in the thin slots could have shorted the antenna or the feeding lines in some

points. For these reasons, accurate scanning electron microscope (SEM) inspections of the
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Figure 6.11: SEM picture showing the double slots antenna. The grey area is the pure aluminum layer

while the dark area is the landing layer of PECVD silicon oxide.

thin slots have been performed after the etching and the resist stripping (see Fig. 6.12).

The through, reflect and line (TRL) test structures have been realized on the same metal

layer (see Fig. 6.9, bottom part), with the same etching process. The PECVD silicon oxide

deposited under the antenna layer prevents any damaging of the silicon nitride during the

metal etching.

Figure 6.12: SEM picture showing a detail of the double slots antenna. The thick aluminum layer is clearly

visible and the measurements confirm the thickness of 2µm. No visible aluminum residuals are present in

the structure. The thin openings marked by A are only 1µm wide.

As explained in the previous sections, to ensure a correct matching between the slot antenna

and the feeding lines, an accurate transition has been designed and the result is shown in

Fig. 6.13. The structure in region B is designed to implement the transition between the
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Figure 6.13: SEM picture of the transition region on the antenna feeding line.
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Figure 6.14: Series of SEM picture showing the ADL during the fabrication process. (A) The 5µm silicon

oxide layer is deposited on top of a metal patch layer (see in the inset the layer stack). The brighter area in

the figure are given by electron charging phenomena. After the silicon oxide coating, the aluminum layer

is deposited and the patches defined by I-line lithography. In (B) the photoresist layer is clearly visible

and the measured thickness is ≈ 2µm. Due to the non-conductive nature of the layer, electron charging

phenomena are clearly visible. Using a dry etching process, the patch layer is defined (C) and the relative

distance between the patched measured (D).

large CPW lines (region A), with a inner conductor width of 22µm, and the CPW lines

feeding the antenna slots (region C), with a inner conductor width of 11µm.

After the antenna fabrication, a separation layer of 5µm of silicon oxide is deposited in

a PECVD Novellus Concept-One reactor. The ADL consists of a stack of 7 metal layers

embedded into a thick layer of PECVD silicon oxide. As first step, a pure aluminum layer

(500 nm) is deposited using the same tool and deposition condition of the antenna layer.

A layer of 2µm of SPR 3017M positive photoresist is used to define the ADL area. Each
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Figure 6.15: SEM cross-section showing a detail of the fabricated ADL stack. The overall ADL is ≈ 39µm

thick.

ADL layer consists of an array of 16×16 square patches that effectively cover the entire

antenna radiation area. The patches are 85µm wide with a separation of 10µm in the xy

plane. All the layers are patterned by means of I-line lithography and dry etching process.

The details of the fabrication are shown in Fig. 6.14. After the patches definition, a layer

of 5µm of low-stress (−30MPa) PECVD silicon oxide is deposited. Since the ratio between

the height of the oxide layer and the metal patches is more than 10, step coverage is not an

issue. After the oxide deposition, a new metal layer is deposited and etched. These process

is repeated 7 times. A protective layer of 1µm of PECVD oxide is deposited to prevent

possible damages of the ADL during the remaining process steps. The alignment of the

different metal layers was done with a standard wafer-stepper, used in IC technology for

accurate alignment of the various mask layers. The tool used in this process guarantees

a maximum overlay error of 50 nm over the different deposited layers. Simulation have

shown that such error has negligible effects on the antenna performance.

To achieve an effective enhancement of the dielectric constant, an accurate control of the

oxide thickness and alignment of the metal patches is fundamental. By means of optical

reflectometry (Leitz MPV-SP) measurements, the thickness of the layers was determined

and carefully monitored during all process steps. A detail of a cross section (Fig. 6.15)

clearly shows the metal patches embedded in the oxide layer. By measuring the oxide

thickness, we estimated a maximum thickness deviation of about ∼80 nm on the entire

wafer area. Numerical simulations have confirmed that such variations have negligible

effects on the ADL properties.

Using a similar process, a reference test-antenna has been realized on the same substrate,

to allow a comparison between the antenna gain with and without the ADL. This structure

is similar to the one presented in Fig. 6.10 and visible on the right side of Fig. 6.9. These
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13.5µm

Pure aluminum

Silicon Oxide

Figure 6.16: SEM cross-section showing a detail of the silicon oxide after the etching. The sample is here

tilted of 45 to show the inner part of the cavity. The wet etching gives a round corner on the top of the

silicon oxide layer (see the schematic in the inset). Approximately 25 µm of silicon oxide are removed with

this process. The remaining 13.5µ m are removed by a final dry etching. This last process gives a vertical

profile of the etched oxide, clearly visible at the corner.

antennas are covered only by the thick oxide layer used to realize the ADL, but no metal

patches have been inserted in the fabrication flow.

After the ADL deposition, a final etching is required to remove the thick layer of silicon

oxide that covers the antenna contact pads. Due to the large amount of oxide to etch, a

single dry etch step would require a very thick photoresist layer to protect the structures

and a very long (more than 1 hour) plasma etching. Such long process could cause unwanted

phenomena such as photoresist burning or large non-uniformity in the etched layer. For

these reasons, a wet/dry combined etching has been performed. To protect the structures,

a 12 µm layer of SPR 3017M photoresist has been used to coat the wafer. After the resist

patterning, the oxide is etched in a buffered hydrofluoric acid (BHF) 1:7 solution (etch rate

290 nm/min), for 75 minutes. This step removes approximately 2/3 of the oxide layer, with

a very high uniformity on the wafer area. A final dry etching step is then performed in a

Drytek Triode 384T oxide dry etcher. SEM inspection has been performed on the wafer

(see Fig. 6.16) and clearly show the thick oxide being etched and the aluminum layer.

To release the antenna/ADL membrane and the test-antenna membrane, a silicon wet

etching in a 33 wt % KOH at 85 ◦C has been lastly performed on the wafer. The wafer

backside windows were previously patterned etching the LPCVD silicon nitride layer with

a dry etching process. Then, using a special holder, the wafer front-side has been protected

from the solution. After the etching (5 hours and 30 minutes), a final rinsing (HNO3 and

water) is performed to clean the wafer. The inspection of the etched cavity has shown that

a small mismatch (e=65± 10µm, Fig. 6.10) in the KOH opening position is present. This
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Figure 6.17: Membrane vertical displacement obtained by white light interferometry. The maximum

deflection is ≈ 1.6µm. The membrane shape can be well fitted by a parabolic trend (green curve).

is probably due to a variation of the wafer thickness and a front-to-back misalignment of

the silicon nitride mask used to pattern the wafer backside.

The use of low-stress layer in the ADL fabrication is of fundamental importance to achieve

a flat structure. To prove that only very small deflections are present, a white light inter-

ferometer has been used to map the vertical displacement of the structure. As shown in

Fig. 6.17, the maximum deflection is measured at the center of the membrane, resulting

in a maximum displacement of ≈ 1.6µm, almost 10−3 times smaller than the membrane

side length.

6.4 mm-Wave Measurements

The fabricated chip micrograph is shown in Fig. 6.18(a). The measurement setup consists

of an Agilent vector network analyzer (PNA-X N5242A) working from 10 MHz to 26.5

GHz. Frequency extension modules, to operate the VNA in the WR03 band (i.e. 220-325

GHz) band from OML Inc. are used. The feeding to the antenna is realized by using

GGB Cascade Infinity ground-signal-ground (GSG) waveguide probes with pitch equal to

100µm. The measured insertion loss of this probe is 1 dB and was calibrated out. The

fabricated chip was placed on a metal chuck. A feeding pad to land coaxial probes on the

chip of length 105µm and a feeding line was added on the back of the antenna, as labeled

in the chip micrograph in Fig. 6.18(a). The length of this line was selected as 2 mm, to

trade off loss levels with scan area: on the one hand, a too short line would cause the bulky
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Figure 6.18: The fabricated (a) chip micrograph, (b) TRL structure, and (c) simulated and measured

reflection coefficient.

wafer probe to be too close to the antenna, limiting the near-field scanning area needed

for the radiation pattern measurements; on the other hand a line that is too long would

introduce too high losses reducing the accuracy of the measurements.

The long line (i.e., 2mm) is de-embedded from the measured data employing a thru-reflect-

line (TRL) technique [98]. Figure 6.18(b), shows on-chip test structure that are fabricated

on the same die as that of the antenna (see Fig. 6.9) and are measured to apply TRL

procedure. The measured de-embedded one port reflection coefficient is presented in Fig.

6.18(c), compared with the simulations. There is a frequency shift of 6% between the

measured and the simulated results. As pointed out earlier in Sec.6.3, a mismatch during

the KOH etching process has resulted in an offset of point P (see Fig. 6.10) by a distance

e=65 ± 10µm. The S11, recomputed after including the above-mentioned mismatch in

the simulation, is shown in Fig. 6.18(c). The error difference between simulation and

the measurement is now reduced to 3%. Also, the measured and simulated reflection

coefficients starts to show a similar trend at the low end of the frequency band (250-280

GHz).
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Figure 6.19: Schematics of the near-field measurement setup (not to the scale).

The far field radiation patterns are calculated using the near-field measurement setup

depicted in Fig. 6.19 [99]. To avoid the reflections from the metal chuck, commercial

absorbers (ECCOSORB MMI-U) are placed below the antenna. A linearly polarized, WR-

03 open ended waveguide (OEW) is used to sample the near field of the antenna under

test (AUT) on a rectangular grid, while the AUT is kept stationary. The distance between

each spatial sample point was set to be λ0/8 at 300 GHz, to obtain a high resolution

data. The vertical distance (along the z-axis) of the OEW tip from the AUT is about 3.5

mm, i.e. radiative near-field region. The measured normalized amplitude and phase of the

electric field radiated by the AUT in the presence of probe is shown in Fig. 6.20(a) and

(b), respectively. Since the AUT and OEW are linearly polarized, only the x-component of

the near field was measured. The scan area is rectangular and the maximum of the electric

field is around x = 0 and y = 0, which denotes the center of the AUT. The acquisition

of near field data along the −x-direction is limited by the presence of the GSG waveguide

probe, which is an usual limitation in these type of measurements [93,95,100].

The effect of the OEW is de-embedded from the far-field pattern of the AUT by using a

standard probe correction technique [101]. The far-field radiation patterns in the upper

hemisphere, obtained by Fourier transform of the near-field data, are shown in Fig. 6.21,
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Figure 6.20: The measured near field at 300 GHz (a) normalized amplitude in dB and (b) phase in radians.

in the frequency range from 300-315 GHz. The patterns in the H-plane show an excellent

agreement with the simulations. The E-plane patterns are asymmetric and oscillatory.

The reason is the scattering from the probe, which interferes with the antenna. Also, the

patterns are shown till ±45◦, because the near-field scan area is restricted to ±1.5 mm (see

Fig. 6.20) by the presence of the wafer probe. Since the near-field area is limited along the

x-direction the accuracy of the radiation pattern measurements decreases for angle greater

than ±23◦.

At a later moment, a scan over a bigger aperture in the direction where there is no feed

probe was carried out. The measured near field data is shown in Fig. 6.22(a) at 300 GHz.

A symmetric near field data is obtained artificially by mirroring the near field data (see Fig.

6.22(b)) with respect to the x-axis (x = 0). Exact symmetry conditions are also imposed

on the simulated near field data from CST. The far field patterns after post-processing are

shown in Fig.6.22(c) for both the cases. A better agreement can now be observed between

the simulations and the measurements. This approach for artificially symmetrizing the

pattern gives an indication of how the antenna would operate in a realistic application

scenario, in which there would be no feeding probe.

Also the reference antenna without the ADL was measured. A comparison between the

simulated and the measured far field radiation patterns is shown in Fig. 6.23, at 300 GHz.

Although not shown for the sake of brevity, the radiation patterns at other frequencies

show a similar agreement.

The relative difference between the broadside gain of the two antennas (with and without

ADL) is presented in Fig. 6.24. Both simulations and measurements show an improvement

of about 2 dB for the ADL loaded antenna with respect to the reference one. The measured

results are presented in a frequency range of 20 GHz centered at 300 GHz, where the

simulated reflection coefficient is well matched for both antenna (see Fig. 6.4).
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Figure 6.21: Measured(-) and the simulated (- -) radiation pattern (dB) with ADL.

6.5 Conclusions

On-chip integrated antennas typically radiate in the presence of either a lossy silicon sub-

strate or an electrically thin grounded slab. This leads to either high dielectric losses or

very narrow bandwidths of operation. To increase the radiation efficiency of such anten-

nas, we demonstrate, at 300 GHz, the effectiveness of artificial dielectrics superstrates,

previously proposed at lower frequencies, using printed circuit board technology. In this

specific work, the conventional double slot antenna is loaded by an ADL superstrate that

substantially increases the front-to-back ratio.
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Figure 6.22: The near-field expressed in dB (a) measured, and (b) obtained after applying symmetry to

the measured data. (c) Measured (-) and the simulated (- -) far-field radiation pattern (dB) in E-plane.

The process of symmetry has also been applied for simulated antenna.

Figure 6.23: Measured (-) and the simulated (- -) radiation pattern of the antenna without ADL loading

at 300 GHz.

For the fabrication of the antenna and the ADL superstrate, we developed a low-temperature

CMOS back-end compatible process. By using pure aluminum as metal and silicon oxide

as dielectric host matrix, the ADL was deposited on top of the antenna structure.

The anisotropic properties of the proposed artificial slab allows to achieve high surface-wave

efficiency. This is because the ADL is dense and electrically thick for waves radiated by the

slot in directions close to the normal, whereas it has lower permittivity and is electrically

thin for the waves radiated in directions almost parallel to the slab.

The antenna has a front to back ratio larger than 10 dB, with essentially no power launched

in to surface waves. Also an antenna without ADL loading has been fabricated and used
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Figure 6.24: Simulated gain of the two antennas, with and without the ADL loading; the relative gain

difference is also reported and compared with the measured one.

as a reference solution to quantify the enhancement due to the ADL. A improvement of

about 2 dB in gain has been achieved both in simulations and measurements.

The key feature feature of the present ADL superstrate solution is that they can be designed

and manufactured independently from the antenna and the IC’s. They can be used as add-

on components since no alignment is required between the antenna and the superstrate

layers. Also, ADL are broadband because of their non-resonant periodic nature. This

concept can be beneficial for any on-chip radiating structure, including antenna arrays.



Chapter 7

Wideband, Wide-Scan Planar Array

of Connected Slots Loaded with

Artificial Dielectric Superstrates

7.1 Introduction

Wideband, wide-scanning arrays have been receiving great attention in the last few decades

for both commercial and military applications, such as satellite communications, radioas-

tronomy and broadband radars.

The high number of coexisting systems that support various functionalities (e.g. tracking,

surveillance or discrimination), for airborne military platform, has lead to an increasing

interest in wideband arrays [102, 103]. In these scenarios, where space and weight are

major constraints, it is beneficial to combine several functionalities in a single wideband,

wide-scan antenna aperture. When such systems are required to support communication

services, polarization purity is an important aspect to be accounted for. A dual-polarized

wideband array with low cross-polarization was proposed in [104], for satellite communi-

cation applications. Another important application that benefits from wideband arrays is

radio astronomy, e.g. the Square Kilometer Array (SKA) [105,106].

The most typical antenna solutions used in wideband, wide-scanning arrays can be mainly

classified in three categories: stacked patches, tapered slot antennas, and connected arrays.

Stacked patches have been shown to achieve about an octave bandwidth, for a linearly

polarized array, capable to scan up to 45◦ in all azimuth planes [30]. However, the maximum

possible bandwidth achievable with this solution is limited by the resonant nature of the

radiators. Tapered slots have been shown to achieve large bandwidth of operation (multi-
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Figure 7.1: Typical egg-crate configuration for wideband wide-scanning dual-polarized arrays: (a) tapered

slot antenna array and (b) connected dipole array.

octave), over a wide scan volume [25, 102]. Despite the good performance in terms of

impedance matching, the large bandwidth come often at the cost of degraded performance

in terms of polarization purity, especially for scanning in the diagonal planes [107].

Connected arrays consist of arrays of either slots or dipoles which are electrically connected

[108]. They have the advantage of being broadband and, at the same time, they exhibit

low cross polarization. Unlike resonant antennas, which support sinusoidal and strongly

frequency dependent current distributions, connected arrays are characterized by an almost

flat, frequency independent current distribution, due to the electrical connection between

adjacent antenna elements [109]. Practically the bandwidth of a connected array is limited

by the presence of the backing reflector, which is needed to ensure unidirectional radiation

[103].

In most of the state-of-the-art designs of dual-polarized Vivaldi and connected arrays [25–

27], a complicate egg-crate configuration is implemented (see Fig. 7.1), which is costly

to realize. In this assembly, vertical printed circuit boards (PCBs) are arranged in a

three-dimensional lattice to provide unidirectional radiation. In Vivaldi arrays, a long

vertical flaring is used in the element to increase the directivity. In connected arrays, a

backing reflector is typically placed at about a quarter wavelength distance from the array

plane [110], thus vertical feeding lines are needed to connect the elements to the connectors

or electronic components located below the ground plane. These lines are usually too long

to be implemented with standard PCB via-hole technology and thus they are printed on

vertically oriented PCBs.

To overcome the drawbacks of the vertical arrangement of the antenna PCBs, it is con-

venient to implement the array in a completely planar structure that, as such, would be
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low-cost and easier to manufacture. A planar solution for wideband phased array was pre-

sented in [29], where scanning up to 45◦ degrees was achieved. Here we propose a different

concept that allows to further increase the scanning range, while maintaining good match-

ing efficiency (active voltage standing wave ratio lower than 2) within a large frequency

bandwidth.

7.1.1 Antenna Concept

In the proposed solution, we combine the connected array with artificial dielectric lay-

ers (ADLs). A connected array of slots in presence of a backing reflector is depicted in

Fig. 7.2(a), with the respective geometrical parameters. Connected slots are selected as

radiating elements, to avoid the use of differential feed lines, which can support unde-

sired common-mode resonances. Indeed, the slot elements can be fed by unbalanced line,

as opposed to dipole elements, which often require differential feeding lines and ad-hoc

balanced-to-unbalanced (baluns) transitions [111, 112]. Such baluns are often the limiting

factor for the bandwidth performance.

Figure 7.2(b) shows a unit cell of the connected array loaded with an ADL superstrate,

located at a distance hgap. ADLs consist of arrays of electrically small metallic patches

included in a dielectric host medium to enhance its equivalent relative permittivity, as

shown in Fig. 7.3. As discussed previously in Ch. 3 and 4, the factor by which the

permittivity of a medium is increased depends on the physical dimensions of the metallic

patches and the inter-layer distance. Moreover, ADLs have also been exploited in Ch. 5

and 6 to enhance the front-to-back ratio of planar antennas and to minimize the excitation

of the surface waves. Loading the array with a single or multiple ADL slabs allows to

significantly reduce the distance between the array and the backing reflector, in such a

way to permit the implementation of the element feed by means of standard via-hole

technology. Consequently, a fully planar implementation of the array is enabled by the

proposed solution. The ADL slab is characterized by a high effective relative permittivity,

thus increasing the radiation towards the positive z-direction. Consequently, the array

‘feels’ less the presence of the backing reflector, which can be located closer to it without

strongly degrading the impedance matching properties.

The analysis of the array concept presented here is based on infinite array simulations.

Several design examples are shown in the chapter, for both single-polarized and dual-

polarized arrays targeting the frequency range of one octave, from 6.5 to 14.5 GHz, and

scanning up to 50◦ in all azimuth planes. A possible implementation of the feed structure

and the multi-layer stack is also investigated.
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Figure 7.2: (a) Connected array of slots in the presence of a backing reflector and (b) unit cell of the array

loaded with ADL.

Figure 7.3: A planar ADL slab hosted by a homogeneous dielectric of permittivity εr to realize an equivalent

anisotropic medium.

7.2 Analysis Tool

Simulating a structure like the one in Fig. 7.2(b) using commercial electromagnetic solvers

is not a simple or fast process, due to the large number of layers composing the entire stack
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and the electrically small geometrical features that require very fine meshes. Moreover, a

high number of such simulations are needed for the optimization of the total structure in

a design phase, with consequent demand for large computational resources. Therefore, an

analytical tool was developed to estimate the performance of the connected array of slots

loaded with ADL. The formulation exploits and combines the analytical spectral solutions

of connected arrays [109] and ADLs (see Ch. 3 and 4). The analysis tool takes into account

all the higher-order-mode interactions between adjacent layers composing the array plane

and the ADL. This is required since the inter-layer distance is typically in the order of one

hundredth of the wavelength.

The active input impedance of the connected array of slots can be expressed in closed-form

as follows [109]:

zslot = − 1

dx

∞∑
mx=−∞

sinc2(kxm
δs
2

)

D(kxm)
. (7.1)

This is expressed as an infinite summation of Floquet modes (with indexes mx and wave

numbers kxm = kx0 − 2πmx/dx, accounting for the periodicity along the x-axis. Here,

kx0 = k0sinθcosφ, where k0 is the propagation constant in the free space and θ, φ are the

angles towards which the array is pointing. The function D(kx) represents the transverse

connected array Green’s function [110] and accounts for the periodicity along the y-axis.

It is expressed as a summation of Floquet modes with wave numbers kym = ky0−2πmy/dy

and ky0 = k0sinθsinφ:

D(kx) =
1

dy

∞∑
my=−∞

Gxx(kx, kym)J0

(
kym

ws
2

)
. (7.2)

The zeroth order Bessel function (J0) is the Fourier transform of the transverse edge-

singular magnetic current distribution along the slot. Moreover, Gxx is the spectral Green’s

function that represents the x-component of the magnetic field radiated by a x-oriented

elementary magnetic dipole. This Green’s function accounts for the stratification along the

z-axis and it can be defined to include the ADL slab. It can be expressed in terms of the

current solutions of equivalent transmission lines that represent the stratification [113], i.e.

Gxx(kx, ky) = −
ITE(kx, ky)k

2
x + ITM(kx, ky)k

2
y

k2
ρ

(7.3)

where k2
ρ = k2

x + k2
y. The currents ITE and ITM are given by

IT i =
1

Zup,T i

+
1

Zdown,T i

(7.4)
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Table 7.1: Dimensions of the Array Unit Cell in Terms of the Free-Space Wavelength at the Maximum

Frequency of Investigation f0

dx = dy ws δs h hgap dADL wADL dz
λ0
2.1

λ0
48

λ0
12

λ0
12.5

λ0
80

λ0
11

λ0
111

λ0
158

where Ti can refer to either the transverse electric (TE) or the transverse magnetic (TM)

mode. The impedances representing the upper and lower stratifications are calculated using

the equivalent circuit models in Fig. 7.4. In these models, the transmission lines for the TE

and the TM incidence have characteristic impedances Z0TE = ζk/kz and Z0TM = ζkz/k,

respectively, with ζ and k being the impedance and the wavenumber of the pertaining

dielectric slab and with kz = (k2 − k2
x0 − k2

y0)1/2. Each layer of the ADL is represented as

an equivalent susceptance (Bs,∞) defined in closed form in Eq. (4.4). The finite height of

the ADL is taken into account using a semi-infinite solution for the top layer, represented

as Bs,semi∞ in Eq. (4.7). The transformer with turn ratio 1 − k2
ρm/(2k

2
layer) in the TE

equivalent circuit in Fig. 7.4(b) was derived in Sec. 3.3. k2
ρm can be written in terms

of the incident angle for homogeneous plane waves (visible region) or, more in general,

we consider k2
ρm = k2

xm + k2
ym to treat also the cases of non-homogenous plane waves

(higher order Floquet modes). In the expression of the transformer, klayer represents the

propagation constant of the medium in which the layer (array of patches) is embedded or

it is an average propagation constant if the layer is located at the interface between two

different media.

By implementing the equations (7.1) to (7.4) in a Matlab code, we obtain a simple ana-

lytical tool to estimate the matching performance of the array unit cell. As an example, a

comparison between our tool and a commercial electromagnetic solver [69] is presented in

Fig. 7.5. The figure reports the active input impedance of an ADL-loaded array with the

geometrical dimensions summarized in Tab. 7.1. A total of 5 layers are used in the ADL

design, realizing an effective dielectric constant of 8.4 for normal incidence. The dielectric

of the host medium was taken to be free space εr = 1. A good comparison is obtained

for broadside and scanning toward 50◦ in the E- , diagonal (D-) and H-planes, as shown

in Fig. 7.5. The calculation of the active input impedance, for 15 frequency points and 3

scan angles, can be completed in 0.2 seconds with our code, while it requires about 180

minutes with CST, on the same computer.

The method described in Ch. 3 and 4 is, to our knowledge, the only analytical model

accounting for the higher-order interaction between the multiple layers composing the

ADL. To highlight the importance of taking into account the higher-order coupling, Fig.
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Figure 7.4: An equivalent transmission-line representation of a finite height ADL for a generic TE and

TM plane wave.

7.5(a) also reports the result obtained by considering only the interaction of the propagating

Floquet mode (above cutoff). The result does not agree anymore with the CST full-wave

simulations, showing a 10% shift of the resonance peak.

7.3 Single-Pol Array Design

In this section, we present a design of a single-polarized connected array of slots matched

over an octave bandwidth in the target frequency range from 7 to 14 GHz. To realize a

broadband transformation between the free-space impedance (377 Ω) and the slot active

input impedance (70 Ω), three ADL slabs are considered. Figure 7.6(a) depicts the unit-cell

of connected slot array loaded with the multi-slab ADL stack.

To enable the possibility of implementing a feeding structure with PCB via-hole technol-
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Figure 7.5: Comparison of the input impedance of the connected array of slots loaded with ADL for (a)

broadside, scanning at 50◦ in (b) H- plane (c) D- plane and (d) E-plane.

ogy, we consider a dielectric slab (RO5880LZ) of permittivity εr5880LZ = 1.96 between the

slot plane and the backing reflector. When compared with a foam substrate, such a slab

degrades the matching performance of the array. Therefore, to reduce its effective permit-

tivity, the dielectric can be milled in a grid configuration as shown in Fig. 7.6(b). The

equivalent dielectric constant, calculated as in [66], is reduced to 1.4 and it remains almost

independent of the angle of the incidence of the plane wave. Also, a substrate of relative

permittivity εr5880 =2.2 and thickness 0.254 mm is included for the possibility of realizing

a microstrip feed line (see Fig. 7.6(b)).

The analytical tool has been used to optimize the geometrical parameters of the ADL

slabs and the connected array, which are summarized in Tabs. 7.2 and 7.3. The grid is

modeled in our analytical tool as a homogeneous dielectric of permittivity 1.4 and height

of 1.746 mm. The three ADL slabs are characterized by a number of layers (nz) of 5,
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Table 7.2: Dimensions of the Three ADL Slabs

Parameter Unit Slab1 Slab2 Slab3

dADL (mm) 1.862 1.862 1.862

wADL (mm) 0.19 0.2 0.4

hgap (mm) 0.45 0.5 0.33

dz (mm) 0.127 0.333 2

nz − 5 6 3

εreff − 16.5 5.5 1.72

εr − 2.2 1 1

Table 7.3: Dimensions in mm of the Single-Pol Connected Array

dx = dy ws δs h

9.31 0.7 1.8 2.0

6 and 3, respectively, and relative permittivity, for normal plane-wave incidence, of 16.5,

5.5, and 1.72, respectively. These three different dielectric constants can be engineered by

varying the geometrical parameters of the ADLs (refer to Ch. 4). It can be noted that the

dimensions of the patches in the ADL slabs are less than one tenth of the wavelength i.e.,

0.1λ0. Here, λ0 is the wavelength in free space at the maximum frequency of investigation

14 GHz. Such a small size yields very low ohmic losses, in virtue of the non-resonant

nature of the metal patches [114, 115]. Moreover, under the hypothesis of small periods,

the analytical tool developed in Ch. 3 and 4 remains valid with high accuracy.

7.3.1 Matching Performance for Ideal Design

In Fig. 7.7, the active voltage standing wave ratio (VSWR) of the array normalized to

70 Ω is shown. The VSWR is lower than 2 for over more than one octave bandwidth, for

broadside and for scanning to 50◦ in the E- and the H-planes. These results assume that

the array elements are fed with ideal delta-gap excitations, as shown in Fig. 7.2. A fair

agreement can be observed between the curves obtained with the presented analytical tool

and the results obtained using a commercial electromagnetic solver [69].

Note that the distance from the backing reflector is remarkably low (0.09λ0). This height

is much lower than the typical value of ≈ λ0/4 required to maximize the bandwidth for

slots with a backing reflector and without superstrates.
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Figure 7.6: (a) A unit cell of connected array radiating in the presence of multi-layer ADL stack; (b)

exploded view of the dielectric stratification on the back side of the antenna.

7.3.2 Inclusion of Bonding Layers

The practical realization of the multi-layer PCB composing the antenna array requires the

use of bonding layers. A possible implementation of the layer stack is depicted in Fig.

7.8. The first ADL slab is realized using multiple Rogers RO5880 substrates (εr1 = 2.2,

thickness t1 = 0.127 mm), in order to achieve very small inter-layer spacing, which would

be too demanding for foam substrates. Arlon CuClad 6700 (εr6700 = 2.35, t6700 = 0.038

mm) is used to bond the slabs together. Rohacell foam (εr2 = εr3 = 1.06) can be used to

realize the other two ADL slabs, for which the inter-layer distance is greater than 330 µm.

Since foam cannot be metalized, the metal patches can be printed on a thin dielectric film
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Figure 7.7: Active VSWR of the array for broadside, scanning at 50◦ in E- and H-plane.

Figure 7.8: A two dimensional view of the stratification with the inclusion of the bonding layers.

(LG4014, εr4014 = 2.9, t4014 = 0.050 mm) and this layer is glued to the foam using adhesive

Arlon CuClad 6250 (εr6250 = 2.32, t6250 = 0.038 mm), as done in [116].
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Figure 7.9: (a) Deteriorating effect of the bonds on the active VSWR of Fig. 7.7; (b) re-optimized VSWR,

accounting the effect of the bonds.

The effect of the bonding layers onto the array performance is investigated in Fig. 7.9(a),

which shows the active VSWR of the array with the inclusions of the glue. It can be

observed that the presence of the bonds strongly degrades the matching efficiency of the

array. For the specific targeted frequency range, the thickness of the adhesive layers is not

negligible with respect to the total height, which increases by about 15% (from 7.1 to 8.1

mm). Smaller impact of the glue is expected for lower frequency designs.

However, this effect can be accounted for in the analytical model of the entire structure,

which can be re-optimized including the presence of the adhesive layers. The optimization

process resulted in a new set of geometrical parameters of the array and the ADL, which

leads to performance similar to the case without bonding. The active VSWR of the array is

reported in Fig. 7.9(b), reporting an active VSWR<2 from 6.3 to 14 GHz. CST simulations

are also included in the figure for comparison. The optimized dimensions of the ADL and

the connected array are listed in Tab. 7.4 and 7.5, respectively.

7.4 Design of the Feeding Structure

The slot element of the array is fed with a microstrip line terminated by a shorting via.

A microstrip-to-coaxial transition is implemented to feed the elements with coaxial con-

nectors, located underneath the backing reflector. The transmission coefficient (S12) of

the transition, shown in Fig. 7.10, is higher than −0.15 dB over the desired frequency

band. Moreover, the transition is designed to implement a quarter wavelength section that
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Table 7.4: ADL Dimensions After the Inclusion of Adhesive Films.

Parameter Unit Slab1 Slab2 Slab3

dADL (mm) 1.862 1.862 1.862

wADL (mm) 0.19 0.2 0.4

hgap (mm) 0.424 0.474 2.1

dz (mm) 0.127 0.374 1.47

nz − 3 5 2

εr − 2.2 1 1

Table 7.5: Dimensions in mm of the Single-Pol Connected Array

dx = dy ws δs h

9.25 3.8 1.8 2.0

Figure 7.10: The transmission between ports 1 and 2 of the microstrip-to-coaxial transition (shown in the

inset).

transforms the input impedance at the slot (70 Ω) to 50 Ω at the connector.

7.4.1 Undesired PPW-Mode Excitation Due to Common-Mode

When including the transition in the array unit cell, simulations exhibit strong resonances

within the operative bandwidth, as reported in Fig. 7.11(a), for broadside and scanning

in the main planes. Such resonances are caused by common-mode currents, excited on the

integrated coaxial feed lines. This effect is described in Fig. 7.11(b), where two adjacent

array elements are shown. The current impressed in one element of the array can flow
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Figure 7.11: (a) Common-mode resonances in the active VSWR of the array due to common-mode current

excitation in the vertical feed lines; (b) schematic description of the common-mode current excitation.

to the vertical feed lines of the neighboring element generating unbalanced currents. The

common-mode component of these currents excites parallel plate waveguide (PPW) modes

within the array substrate, resulting in the resonances observed in Fig. 7.11(a).

7.4.2 Solution to the Common-Mode Resonance

The PPW mode can be suppressed by positioning continuous metallic walls in a config-

uration as shown in Fig. 7.12(a). The walls prevent the excitation of PPW-like modes,

thus representing a choke for the common-mode current. The metal walls are parallel to

the slot and are placed in the centers between adjacent slots. This configuration allows to

minimize the influence of the metal wall on the slot impedance, since the currents flow-

ing in the metal walls due to neighboring elements cancels out, giving a close-to-zero net

current. This behavior is shown in Fig. 7.12(b). A practical implementation of the metal

walls is obtained with metal plated vias in the dielectric grid. The via holes, as depicted

in Fig. 7.13, are spaced closely enough in terms of wavelength to emulate the properties

of a continuous metal wall.
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Figure 7.12: (a) Introduction of the metallic walls to inhibit the propagation of the PPW modes; (b)

current cancellation on the walls due to neighboring slots.

Figure 7.13: A complete three-dimensional view of the unit cell array including the mini-SMP connector.

7.4.3 Array Performance

The simulations of the array including the details of the feed network have been performed

with CST [69]. The active VSWR, including the metal wall as well the mini-SMP connector

(see Fig. 7.13), is shown in Fig. 7.14. It can be observed that the presence of the walls

eliminates the resonances highlighted in Fig. 7.11, resulting in a VSWR of less than 2 from
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Figure 7.14: Active VSWR of the array shown in Fig. 7.13.

Figure 7.15: The simulated efficiency of the array including ohmic and mismatch losses.

6.5 to 14.6 GHz.

Simulation assuming the finite conductivity of the metal have been performed to estimate

the ohmic losses. The total efficiency of the array, under infinite array approximation, is

reported in Fig. 7.15. The curves show that the efficiency of the array is higher than 88%

for all scanning angles. The main cause of losses is impedance mismatch, while negligible

ohmic losses are predicted by the simulations. This distinctive property of the ADL was

experimentally verified in Ch. 5.
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Figure 7.16: Top view of the dual-polarized connected array of slots.

7.5 Dual-Pol Array Design

In this section we investigate the possibility of generalizing the proposed antenna concept to

dual-polarized designs. Figure 7.16 shows a top view of slot array for a dual-polarized array.

To analyze the effect of the presence of the crossing slots on the matching performance,

we only include the feeding microstrip lines in the simulations. The active VSWR of the

array, normalized to 70 Ω, is shown in Fig. 7.17(a) and it is below the desired value of 2

from 6.5 to 14.3 GHz.

The cross polarization level is reported in Fig. 7.17(b) for scanning in the diagonal plane

and for different values of θ from 0◦ to 50◦. The simulated value is about −10 dB for the

worst case i.e, θ = 50◦ in the operative frequency band. It is 5 dB higher than the ideal

value of a perfectly linearly polarized antenna. This effect is expected in the presence of

high permittivity slabs [117].
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Figure 7.17: (a) Active VSWR of the dual-polarized array and; (b) and cross-polarization performance of

array when scanning from θ = 0-50◦ in the diagonal plane.

7.6 Conclusions

We presented a novel concept for wideband wide-scanning phased array designs, based on

connected arrays of slots loaded with ADL superstrates. The proposed structure has two

main advantages with respect to the existing solutions. Firstly, it is completely planar

and realized with a single multi-layer PCB, with consequent reduction of the cost and the

complexity of the array. Secondly, ADLs are used in place of real dielectric superstrates,

to achieve much better efficiency in terms of surface-wave loss. The design of a wideband

feed structure was also proposed, which does not require balanced-to-unbalanced (balun)

transitions that limit the matching bandwidth.

For the design of the array loaded with ADL, including the adhesive layers, an analytical

tool can be used which allows to estimate the performance of the array with minimal
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computational resources.

The presented array design has VSWR lower than 2 from 6.5 to 14.6 GHz for the single-

polarized array, and from 6.5 to 14.3 GHz for the dual-polarized array. The array can scan

up to 50◦ in all azimuth planes with a radiation efficiency higher than 88%. The maximum

cross-pol level of the dual-pol array is −10 dB for scanning to 50◦ in the D-plane.
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Chapter 8

Conclusions and Future Prospects

The research work reported in this dissertation was carried out over a period of four years

spanning from March 2011 till February 2015 at Delft University of Technology, Delft,

Netherlands. The scope of this thesis was the development of an innovative planar antenna

concept, which can be characterized by high surface-wave efficiency and unidirectional

radiation patterns.

In the design of planar antennas, good front-to-back radiation ratio can be achieved by

loading the radiating element with an electrically thick and dense dielectric slab. However,

this leads to significant coupling of power into surface wave modes, via those rays that are

radiated by the antenna at angles greater than the critical angle, thus deteriorating the

antenna radiation performances.

In this dissertation, a planar methodology to solve the issue of surface waves is presented,

which can be used to obtain simultaneously high radiation efficiency and good front-to-

back radiation ratio. This consists in engineering anisotropic equivalent materials, referred

to as artificial dielectric layers (ADL), and use them to enhance the performance of planar

antennas. A practical planar realization of this concept can be achieved by embedding

inside the host dielectric a periodic array of sub-wavelength square metal patches in a

multilayer configuration. In this work, the main aspects pertaining to the theoretical

development and the practical implementation of ADLs are investigated.

The most significant results achieved in this thesis work are summarized in the subsequent

sections.
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8.1 Analysis of ADLs

The analysis of ADLs has been extensively developed within this project. The modeling of

ADL structure was first implemented for two-dimensional structures, and then generalized

for three dimensional ADLs. The closed-form expressions derived with the formalism

described in the thesis are very beneficial in the design phase, since they can be used to

predict the performance of antennas in the presence of ADLs with minimal computational

resources.

8.1.1 Analysis of Two-Dimensional (Strip-Type) ADLs

In Ch. 2, an analytic formula is presented, which is derived in a two-dimensional case

and allows to estimate analytically the effective dielectric constant as a function of the

ADL geometrical parameters. Although the derived closed-form expressions hold only for

a transverse magnetic (TM) polarized incident wave, it highlights an important physical

mechanism: ADL is an equivalent dense material for the plane waves incident in directions

close to the normal, whereas it exhibits lower effective permittivity for the waves that are

incident close to the grazing angle. This peculiar anisotropy, characteristic of ADLs, is a

key property for the design of high-efficiency superstrates.

To study the effect of a near-source radiating in the presence of a finite ADL slab, an

in-house developed method of moments tool is built. The numerical results confirm that

the ADL inclusions do not support additional surface waves, with respect to the hosting

homogeneous dielectric slab.

8.1.2 Analysis of Three-Dimensional (Patch-Type) ADLs

The formulation derived for the description of three-dimensional ADLs was presented in Ch.

3 and Ch. 4. The method was first introduced for a single layer, aiming at describing the

interaction between a generic plane wave and a square-mesh layer. In addition to previous

works in literature, the adopted approach allows to derive a closed-form expression for the

magnetic current distribution on the array plane. The method leads to the derivation of an

equivalent circuit that is useful to highlight the characteristic properties of the structure

and to define the frequency range of validity of the representation. Also, the decoupling

properties of the TE and TM modes and the azimuthal independence of the structure,

previously only empirically observed, were here rigorously demonstrated, with consequent

gain in physical insight.
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One great advantage of the theoretical derivation proposed for the single layer is the con-

venient generalization of the method to the case of an infinite or semi-infinite cascade

of layers. The reactive coupling between adjacent layers is rigorously taken into account

in analytical form, for arbitrarily small inter-layer separation. An equivalent circuit was

derived, which can be used to calculate, on one hand, the constitutive parameters of the

ADL and, on the other hand, the spectral Green’s function of the ADL. This latter allows

to evaluate the dispersion characteristic of finite slabs, as well as the patterns of a generic

antenna in the presence of the ADL. The calculated patterns were validated both with

simulations performed with commercial EM solvers and with measured results.

8.2 Practical Demonstration of ADL Based Antenna

Design

In this dissertation, two prototypes at X-band and at 0.3 THz were developed to demon-

strate the advantages of ADLs. This study has highlighted that the ADL superstrates can

be designed and manufactured independently from the antenna and the circuit. Conse-

quently, this allows their use as add-on components, since no accurate alignment is required

between the antenna and the superstrate layers. Moreover, ADL are broadband because

of their non-resonant nature. This concept can be beneficial for any planar radiating

structure, including on-chip antennas as well as antenna arrays.

8.2.1 X-Band Antenna Design

In Ch. 5, a design of a planar integrated antenna, which is realized in printed circuit

board technology and benefits from ADL, is presented at 10 GHz. The ADL can be used

to selectively enhance the effective dielectric constant of the slabs in specific directions,

typically normal to the slab itself. Accordingly, an antenna can be printed on a thin

isotropic dielectric slab that hosts the ADL and achieve high front-to-back ratios that

normally would only be associated with the dense and thick dielectric slabs. The advantage

is that while a dense and thick isotropic layer would also support strong surface wave

propagation, an artificially enhanced slab of equivalent normal permittivity does not.

It was shown, with the help of experimental verification, that an electrically thin substrate

(h ≤ λd/10) can be used to design integrated slot antennas with the matching bandwidth

in the order of 13% and front-to-back radiation ratio ≥ 10 dB, with virtually no power

launched into surface waves.
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8.2.2 0.3 THz Antenna Design

On-chip integrated antennas typically radiate in the presence of either a lossy silicon sub-

strate or an electrically thin grounded slab. This leads to either high dielectric losses or

very narrow bandwidths of operation. To increase the radiation efficiency of such anten-

nas, we demonstrate, at 300 GHz, the effectiveness of artificial dielectrics superstrates,

previously proposed at lower frequencies with printed circuit board technology.

For the fabrication of the antenna and the ADL superstrate, a low-temperature CMOS

back-end compatible process was developed within a parallel Ph.D. project. By using pure

aluminum as metal and silicon oxide as dielectric host matrix, the ADL was deposited on

top of the antenna structure.

Also antenna without ADL loading has been fabricated and used as a reference solution

to quantify the enhancement due to the ADL. An improvement of about 2 dB in gain due

to the ADL was achieved both in simulations and measurements.

8.3 Connected Array Loaded With ADL Superstrates

In Ch. 7, a novel concept for wideband wide-scanning phased array designs was presented,

based on connected arrays of slots loaded with ADL superstrates. The proposed structure

has two main advantages with respect to the existing solutions. Firstly, it is completely

planar and realized with a single multilayer PCB, with consequent reduction of the cost and

the complexity of the array. Secondly, ADLs are used in place of real dielectric superstrates,

to achieve much better efficiency in terms of surface-wave loss. The design of a wideband

feed structure was also proposed, which does not require balanced-to-unbalanced (balun)

transitions that limit the matching bandwidth. For the design of the array loaded with

ADL, including the adhesive layers, an analytical tool can be used which allows to estimate

the performance of the array with minimal computational resources.

The presented array design has VSWR lower than 2 from 6.5 to 14.6 GHz for the single-

polarized array, and from 6.5 to 14.3 GHz for the dual-polarized array. The array can scan

up to 50◦ in all azimuth planes with a radiation efficiency higher than 88%. The maximum

cross-pol level of the dual-pol array is −10 dB for scanning to 50◦ in the D-plane.

Although wider bandwidths are claimed in literature, e.g. in [27, 29], these performances

are obtained accepting much lower efficiency in terms of matching (VSWR < 3). If we

restrict the comparison with the state-of-the-art to high efficiency designs (VSWR ≤ 2), the

designs presented in this thesis achieve performance that is among the best ever reported.
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8.4 Future Prospects

Some important benefits of ADL have been highlighted and demonstrated in this thesis.

Possible future research directions that can motivate further developments of the concept,

are enlisted below:

• The antenna loaded with ADL superstrates was characterized at 0.3 THz when the

silicon layer behind the antenna is removed. This additional step adds complexity to

the fabrication. As a future work, the enhancing capability of the ADL superstrates

should also be assessed for the case of shielded silicon slabs, with the ground plane

located electrically close to the antenna.

• The possibility of realizing flat lenses based on the ADL concept can be investigated.

A non-uniform geometrical arrangement of the metallic inclusion can be designed

to bend the rays propagating through the structure. Such a planar structure would

achieve focusing properties typical of three-dimensional bulky dielectric lenses. The

fabrication of these flat lenses is an important aspect, due to the likelihood of an

high number of layers required.

• The potential advantages of ADLs in the design of antennas can be further exploited

for integrated low-cost front ends. The realization of ADLs at frequency higher

than 100 GHz, for which the PCB based solutions are too inefficient, will require

a parallel research effort in the field of enabling fabrication technologies, such as

low temperature co-fired ceramics (LTCC) or novel silicon (e.g. CMOS/Bi-CMOS)

processes.

8.5 The Research Impact

The proposed concept has great potential for a number of applications. The most important

ones that are envisaged to benefit from improved efficiency of integrated or planar antennas,

are the following:

• “Terabit” wireless communication: cost-effective ultra-fast wireless communication

at unprecedented data rates can be achieved only by tapping the unlicensed THz

frequency band. In spite of the availability of the spectrum in this frequency regime,

the research in the field of the generation and the detection of the THz waves is

driven mainly by high-end applications such as space. These scenarios allow for
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costly, complex, bulky and power hungry THz systems, which would not be suitable

for viable commercial applications.

Thanks to the recent advancements in the field of commercial silicon technologies

(e.g., CMOS/Bi-CMOS, SiGe), the gap between the usage of THz spectrum and its

commercial applicability is being bridged. The aforementioned novel manufactur-

ing techniques are making it possible to fabricate transistors with cutoff frequencies

reaching as high as 0.5 THz [118, 119]. However, these solutions are still limited in

sensitivity due to the poor conversion capabilities between the electrical (on-chip) and

the radiated (off-chip) signal and vice versa. The reason behind is that the available

on-chip solutions are inefficient either due to the narrow matching bandwidth of the

antenna or due to the coupling of power in the substrate modes. These bottlenecks

can be overcome by employing the antenna concepts presented in this thesis.

• The next generation wideband wide-scanning planar connected arrays: there is an

ever-increasing demand for wide bandwidth, large scanning range and planarity in

the design of phased arrays. A couple of applications for such arrays are satellite com-

munication [104, 120] and military radars [103]. Connected arrays [27, 103, 109, 111]

have recently gain popularity as an efficient solution to meet these stringent require-

ments. The state-of-the-art connected array designs, available in the literature, usu-

ally employ three-dimensional egg-crate configurations to realize the feed networks.

Furthermore, the bandwidth is also often limited by the balun used to realize the

conversion between unbalanced and balance feeding lines that drive the differential

antenna elements. However, a completely planar design would substantially reduce

the cost and the complexity of fabrication. Also, to obtain a cost effective solution,

the design should be realizable using commercial fabrication techniques e.g., printed

circuits boards (PCB).

In this thesis, an antenna concept for designing the next generation of completely

planar connected arrays is presented in Ch. 7. The reported array is matched over

more than an octave bandwidth, and is capable of scanning up to ± 50◦ in all the

azimuth planes. The array is loaded with the ADL superstrates, which enhances

the front radiation and also helps to realize the feeding structure by means of an

integrated coaxial line. The array can be fabricated using a single multilayer PCB,

and uses slots instead of dipoles as the radiating elements to avoid the need of narrow-

band baluns.
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8.5.1 Thesis Outcome

The research work discussed in thesis has resulted in a number of conference and journal

publications (refer to p. 159). Moreover, the research has been performed under the

framework of the following two projects:

• Integrated Artificial Dielectric for mm-Wave Applications: this project is supported

by the Dutch Technology Foundation (STW) under the project code 10709.

• Advanced Antenna Architectures for THz Sensing Instruments (AAATSI): this project

is supported by European Research Council starting grants ERC-2011-StG Grant and

AAATSI 278794.

Within this thesis project, two antenna prototypes were also fabricated and measured.

Furthermore, the manufacturing and the measurement campaign of the third antenna

prototype, which pertains to the antenna array discussed in Ch. 7, is also expected in the

near future.

The work discussed in Ch. 3 and Ch. 4 was selected as one of the ten finalist for the

Best Student Paper Award at the 7th edition of European Conference on Antennas and

Propagation (EUCAP), Gothenburg, Sweden. Moreover, the results presented in Ch. 2

and Ch. 5 were awarded with the “Best Poster Award” at the Annual Netherlands Antenna

Research Framework (NARF) Workshop, Delft, Netherlands. Finally, the work presented

in Ch. 6 has been awarded with the “Special Mention for the Excellent Presentation” in

the Best Student Paper Contest at the 9th edition of EUCAP, Lisbon, Portugal.
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Appendix A

Closed Form Solution of the

Elements of the Admittance Matrix

A.1 Reaction Integrals

The purpose of this appendix is to derive closed-form solutions of the reaction integrals

arising from the Galerkin projection in Eq. (3.14). The mutual admittances have been

defined as follows:

Yp,q = 〈g ∗mp,mq〉 =

∞∫
−∞

∞∫
−∞

∞∫
−∞

∞∫
−∞

mp(ρ
′)g(ρ,ρ′)m∗q(ρ)dρ′dρ (A.1)

where p and q can indicate any of the subscripts ‘TE’, ‘TM’ or ‘d’. In the spectral domain

the quadruple integral can be written as a double Floquet summation by applying the

Poisson formula:

Yp,q =
1

dxdy

∞∑
mx=−∞

∞∑
my=−∞

Mp(kxm, kym)G(kxm, kym)M∗
q(−kxm,−kym) (A.2)

where kxm = kx0 − (2πmx)/dx and kym = ky0 − (2πmy)/dy are the Floquet wavenumbers,

and capital letters indicate Fourier transforms. The elements of the admittance matrix,

described in Eq. (3.14), can also be expressed in the matrix form as follows:

Y =

 YTE,TE YTE,TM YTE,d

YTM,TE YTM,TM YTM,d

Yd,TE Yd,TM Yd,d

 . (A.3)



130 A. Closed Form Solution of the Elements of the Admittance Matrix

A.1.1 The Basis Functions

The spectral domain expressions of the basis functions, indicated as M in Eq. (A.2), can

be found by applying the Fourier transform to Eqs. (3.11) to (3.13):

MTE(kxm, kym) = dxδ(mx)sinc(kym
wx
2

) cosφx̂ + dyδ(my)sinc(kxm
wy
2

) sinφŷ (A.4)

MTM(kxm, kym) = −dxδ(mx)sinc(kym
wx
2

) sinφx̂ + dyδ(my)sinc(kxm
wy
2

) cosφŷ (A.5)

Md(kxm, kym) = Bd,x(kxm)sinc(kym
wx
2

)x̂−Bd,y(kym)sinc(kxm
wy
2

)ŷ (A.6)

where δ(m) is a Kronecker delta-function equal to 1 for the integer m = 0 and 0 otherwise.

Also, Bd,x and Bd,y are the Fourier transform of the doublet basis functions defined in

(3.13). The explicit expression of Bd,x is the following:

Bd,x(kx) =− e−j(kx+k0)
wy
2 − e−j(kx+k0) dx

2

j(kx + k0)
− Γ

e−j(kx−k0)
wy
2 − e−j(kx−k0) dx

2

j(kx − k0)

+
ej(kx−k0) dx

2 − ej(kx−k0)
wy
2

j(kx − k0)
+ Γ

ej(kx+k0) dx
2 − ej(kx+k0)

wy
2

j(kx + k0)

+ C
kxwy cos(kx

wy
2

)− 2 sin(kx
wy
2

)

jk2
x

. (A.7)

In Eq. (A.7), C is a constant equal to (2/wx)(e
−jk0wx/2 + Γejk0wx/2) and Γ represents the

reflection coefficient at the shorts (Γ = −e−jk0dx).

Asymptotic behavior of Bd,x(kx)

It is convenient to evaluate the asymptotic expression, for kx large, of the Fourier transform

Bd(kx), which is associated with the coupling between the voltage distributions on the two

orthogonal slots at the junction. By approximating j(kx ± k0) ≈ jkx for the value of

kx →∞, the right hand side (RHS) of Eq. (A.7) can be expressed as

1

jkx

[
−
(
e−j(kx+k0)

wy
2 − e−j(kx+k0) dx

2

)
− Γ

(
e−j(kx−k0)

wy
2 − e−j(kx−k0) dx

2

)
+
(
ej(kx−k0)dx

2 − ej(kx−k0)
wy
2

)
+ Γ

(
ej(kx+k0) dx

2 − ej(kx+k0)
wy
2

)]
+C

kxwy cos(kx
wy
2

)− 2 sin(kx
wy
2

)

jk2
x

. (A.8)

After a few algebraic steps, Eq. (A.8) can be written as
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1

jkx

[(
−e−j(kx+k0)

wy
2 + e−j(kx+k0) dx

2 + ej(kx−k0)dx
2 − ej(kx−k0)

wy
2

)
+Γ
(
−e−j(kx−k0)

wy
2 + e−j(kx−k0) dx

2 +ej(kx+k0) dx
2 − ej(kx+k0)

wy
2

)]
+C

kxwy cos(kx
wy
2

)− 2 sin(kx
wy
2

)

jk2
x

(A.9)

and, by using the Euler’s formula, one can write

1

jkx

[(
−e−jk0

wy
2 2 cos

(
kx
wy
2

)
+ e−jk0

dx
2 2 cos

(
kx
dx
2

))
+Γ

(
−ejk0

wy
2 2 cos

(
kx
wy
2

)
+ ejk0

dx
2 2 cos

(
kx
dx
2

))]
+C

kxwy cos(kx
wy
2

)− 2 sin(kx
wy
2

)

jk2
x

. (A.10)

Substituting Γ = −e−jk0dx in Eq. (A.10), we obtain

2

jkx

[(
−e−jk0

wy
2 cos

(
kx
wy
2

)
+
���

��
���

��

e−jk0
dx
2 cos

(
kx
dx
2

))
+

(
ejk0(

wy
2
−dx)cos

(
kx
wy
2

)
−
���

���
���

�

e−jk0
dx
2 cos

(
kx
dx
2

))]
+C

kxwy cos(kx
wy
2

)− 2 sin(kx
wy
2

)

jk2
x

(A.11)

which simplifies to

−
((((

((((
(((

((((
((

2 cos
(
kx

wy
2

)
jkx

(e−jk0
wy
2 + Γejk0

wy
2 ) +

���
���

��
C
wy cos(kx

wy
2

)

jkx
+ 2jC

sin(kx
wy
2

)

k2
x

. (A.12)

Finally, the Fourier transform of the doublet function is asymptotically given by

Bd,asy(kx) ∼ 2jC
sin(kxwy/2)

k2
x

. (A.13)
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Figure A.1: Equivalent z-transmission lines pertaining to TE and TM modes for a magnetic dipole placed

in the (x, y)-plane in free space.

A.1.2 The Green’s Function

The explicit matrix form of the dyadic spectral Green’s function (G) in Eq. (A.2), which

gives the magnetic field (H) radiated by an elementary magnetic current (M), is given as

follows [68]:

GHM(kx, ky, z) =

 GHM
xx GHM

xy GHM
xz

GHM
yx GHM

yy GHM
yz

GHM
zx GHM

zy GHM
zz

 =


− iMTEk

2
x+iMTMk

2
y

k2ρ

(iMTM−i
M
TE)kxky
k2ρ

0
(iMTM−i

M
TE)kxky
k2ρ

− iMTMk
2
x+iMTEk

2
y

k2ρ
0

kx
ζk
vMTE

ky
ζk
vMTE 0

 .

(A.14)

In Eq. (A.14), each entry of the dyad, as shown in Fig. A.1, is expressed as the linear

combination of the current and voltage on a transmission line along z. Since we are only

interested in planar sources, the dyadic components of the Green’s function (GF) related

to the magnetic currents in the (x, y)-plane are reported. In the case of free-space, the

currents and the voltages in the transmission line can be found using

iTM(kρ) =
1

2ZTM(kρ)

iTE(kρ) =
1

2ZTE(kρ)
(A.15)
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where kρ = kxx̂ + kyŷ. Moreover, ZTM and ZTE are the characteristic impedance of the

transmission lines shown in Fig. A.1 for TE and TM modes, respectively. They are given

by:

ZTM(kρ) = ζ0
kz
k0

ZTE(kρ) = ζ0
k0

kz
. (A.16)

The z-oriented propagation constant is given by kz =
√
k2

0 − k2
x − k2

y, where k0 is the free-

space wavenumber, and ζ0 is the impedance of free-space. By substituting Eq. (A.16) into

(A.15), the elements of the free-space (FS) dyadic spectral GF that are required for the

solution of Y (see Eq. (A.2) and (A.3)) can be obtained as follows:

GHM
xx,FS(kx, ky) =− 1

2k0ζ0

k2
0 − k2

x

kz

GHM
yy,FS(kx, ky) =− 1

2k0ζ0

k2
0 − k2

y

kz

GHM
yx,FS(kx, ky) = GHM

xy,FS(kx, ky) =
1

2k0ζ0

kxky
kz

(A.17)

A.1.3 Evaluation of Y

This subsection describes the mathematical steps required to derive the closed-form solu-

tions of the elements of the admittance matrix given in Eq. (A.3).

Solution of YTE,TE and YTM,TM

In accordance with Eq. (A.2), YTE,TE can be defined in spectral domain as follows:

YTE,TE =
1

dxdy

∞∑
mx=−∞

∞∑
my=−∞

MTE(kxm, kym)G(kxm, kym)M∗
TE(−kxm,−kym) . (A.18)

An explicit representation of Eq. (A.18) can be obtained by substituting MTE from Eq.

(A.5) and using the definition of the dyadic spectral GF given in Eq. (A.14). Thus, we

have
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YTE,TE = cos2φ
1

dxdy

∞∑
mx=−∞

∞∑
my=−∞

d2
xδ(mx)

∣∣∣sinc(kym
wy
2

)
∣∣∣2GHM

xx (kxm, kym)

+sin2φ
1

dxdy

∞∑
mx=−∞

∞∑
my=−∞

d2
xδ(my)

∣∣∣sinc(kxm
wx
2

)
∣∣∣2GHM

yy (kxm, kym)

+sinφcosφ
2

dxdy

∞∑
mx=−∞

∞∑
my=−∞

dxdyδ(mx)δ(my) sinc(kym
wy
2

) sinc(−kxm
wx
2

)GHM
xy (kxm, kym) .

(A.19)

Then, by exploiting the properties of the Kronecker δ-function, and by taking dy = dx, one

obtains

YTE,TE = cos2φ

 ∞∑
my=−∞

∣∣∣sinc(kym
wy
2

)
∣∣∣2GHM

xx (kx0, kym)


+ sin2φ

(
∞∑

mx=−∞

∣∣∣sinc(kxm
wx
2

)
∣∣∣2GHM

yy (kxm, ky0)

)
+ 2sinφcosφ

(
sinc(ky0

wy
2

) sinc(kx0
wx
2

)GHM
xy (kx0, ky0)

)
. (A.20)

A convenient way of simplifying Eq. (A.20) is to treat each term on its RHS (inside the

parenthesis) separately. Let us consider the first term, which can also be expressed by

splitting up the summation in my in the fundamental Floquet mode (my = 0) and higher

order modes (my 6= 0) as follows:

∞∑
my=−∞

∣∣∣sinc(kym
wy
2

)
∣∣∣2GHM

xx (kx0, kym) =
∣∣∣sinc(ky0

wy
2

)
∣∣∣2GHM

xx (kx0, ky0)

+
∑
my 6=0

∣∣∣sinc(kym
wy
2

)
∣∣∣2GHM

xx (kx0, kym) . (A.21)

The dyadic GF (G) can be related with the free-space GF (presented in Eq. (A.17)) using

G = 4GFS. A factor of 4 arises when the boundary conditions which are necessary to

treat a single layer of the ADL are applied (refer to Sec. 3.2). Thus, we have

RHS = −
∣∣∣sinc(ky0

wy
2

)
∣∣∣2 2

k0ζ0

k2
0 − k2

x0

kz0
−
∑
my 6=0

∣∣∣sinc(kym
wy
2

)
∣∣∣2 2

k0ζ0

k2
0 − k2

x0

kzm
. (A.22)
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An equivalent compact representation of Eq. (A.22) is given by

∞∑
my=−∞

∣∣∣sinc(kym
wy
2

)
∣∣∣2GHM

xx (kx0, kym) ≈ −k
2
0 − k2

x0

k0ζ0

(
2

kz0
+ jBs

ζ0

k0

)
(A.23)

where the function Bs represents the slot-susceptance and is defined as

Bs =
−2jk0

ζ0

∑
my 6=0

|sinc(kymwy/2)|2

kzm
=
−2jk0

ζ0

∑
mx 6=0

|sinc(kxmwx/2)|2

kzm
. (A.24)

Here the higher order Floquet mode summations, which refer to the x- and y-periodicity,

are considered to be equal. This is because ADL has square unit cells. Hence, for Floquet

modes mx 6= 0 and my 6= 0 we can use the approximation kzm ≈ −j|2πmy/dy| and

kzm ≈ −j|2πmx/dx|, respectively. Also, we made use of the small-argument approximation

of the sinc function, which implies that

sinc
(
ky0

wy
2

)
≈ sinc

(
kx0

wx
2

)
≈ 1 . (A.25)

Note that the approximation in Eq. (A.25) is valid as long as the width of the slots is much

smaller than the wavelength (wy � λ). Furthermore, analogous steps can be followed to

obtain the explicit expression of the second summation.

∞∑
mx=−∞

∣∣∣sinc(kxm
wx
2

)
∣∣∣2GHM

yy (kxm, ky0) ≈ −
k2

0 − k2
y0

k0ζ0

(
2

kz0
+ jBs

ζ0

k0

)
. (A.26)

The third term in Eq. (A.20) can be expressed as

sinc(ky0
wy
2

) sinc(kx0
wx
2

)GHM
xy (kx0, ky0) ≈ 2

k0ζ0

kx0ky0

kz0
. (A.27)

Substituting Eq. (A.23), (A.26) and (A.27) in (A.20), one obtains

YTE,TE = −cos2φ
k2

0 − k2
x0

k0ζ0

·
(

2

kz0
+ jBs

ζ0

k0

)
− sin2φ

k2
0 − k2

y0

k0ζ0

·
(

2

kz0
+ jBs

ζ0

k0

)
+ 4sinφcosφ

1

k0ζ0

kx0ky0

kz0
(A.28)

By replacing kx0 = k0 sin θ cosφ, ky0 = k0 sin θ sinφ in Eq. (A.28), the following closed

form expression of YTE,TE is obtained:

YTE,TE ≈ −
2

Z0TE

− jBs(1−
sin2 θ

2
) + jBs

sin2θ cos2(2φ)

2
. (A.29)
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The admittance YTM,TM can also be calculated in a similar way. For the sake of brevity,

we present here only the final result, which is given by

YTM,TM ≈ −
2

Z0TM

− jBs + jBs
sin2θ cos2(2φ)

2
(A.30)

The impedances Z0TE and Z0TM in Eq. (A.29) and (A.30) can be calculated using Eq.

(A.16).

Solution of YTE,TM = YTM,TE

The admittance terms which describe the coupling between the TE and TM modes can

be written as follows:

YTM,TE = YTE,TM =
1

dxdy

∞∑
mx=−∞

∞∑
my=−∞

MTE(kxm, kym)G(kxm, kym)M∗
TM(−kxm,−kym) .

(A.31)

By substituting the description of TE and TM magnetic currents (see Eq. (A.4) and (A.5))

in Eq. (A.31), we obtain the following expression

YTE,TM = −sinφcosφ
∞∑

my=−∞

∣∣∣sinc(kym
wy
2

)
∣∣∣2GHM

xx (kx0, kym)

+sinφcosφ
∞∑

mx=−∞

∣∣∣sinc(kxm
wx
2

)
∣∣∣2GHM

yy (kxm, ky0)

+(sin2φ− cos2φ) sinc(ky0
wy
2

) sinc(kx0
wx
2

)GHM
xy (kx0, ky0) (A.32)

which, by using Eq. (A.17) and Eqs. (A.23)-(A.27) and performing some tedious algebraic

steps, can be expressed in the following compact form:

YTM,TE ≈ YTE,TM ≈ −jBs
sin2θsin(2φ)cos(2φ)

2
. (A.33)

Solution of Yd,d

Using Eq. (A.2) and (A.6), Yd,d can be expressed as follows:



A.1. Reaction Integrals 137

Yd,d =
1

dxdy

∞∑
mx=−∞

∞∑
my−∞

(
Bd,x(kxm)sinc(kym

wx
2

)x̂−Bd,y(kym)sinc(kxm
wy
2

)ŷ
)

G(kxm, kym)
(
Bd,x(−kxm)sinc(−kym

wx
2

)x̂−Bd,y(−kym)sinc(−kxm
wy
2

)ŷ
)

(A.34)

By performing the product between the vectors and the dyadic GF, we obtain

Yd,d =
1

dxdy

∞∑
mx=−∞

∞∑
my=−∞

|Bd,x(kxm)|2|sinc(kym
wy
2

)|2GHM
xx (kxm, kym)

+
1

dxdy

∞∑
mx=−∞

∞∑
my=−∞

|Bd,y(kym)|2|sinc(kxm
wx
2

)|2GHM
yy (kxm, kym)

− 2

dxdy

∞∑
mx=−∞

∞∑
my=−∞

Bd,x(kxm)sinc(kym
wx
2

)Bd,y(−kym)sinc(−kxm
wy
2

)GHM
xy (kxm, kym)

(A.35)

As shown in Fig. A.2, the Fourier transforms of the doublet basis functions for the fun-

damental Floquet mode (i.e., mx = 0 and my = 0) can be approximated equal to zero.

Bd,x(kx0) ≈ Bd,y(ky0) ≈ 0 . (A.36)

The reason is that they are quasi-odd functions and vanish close to the origin. Also, it can

be seen observed from Fig. A.2 that

Bd,x(kxm) ' Bd,y(kym) ∀(mx,my) . (A.37)

Equations (A.36) and (A.37) imply that

1

dxdy

∞∑
mx=−∞

∞∑
my=−∞

|Bd,x(kxm)|2|sinc(kym
wy
2

)|2GHM
xx (kxm, kym) ≈

1

dxdy

∞∑
mx=−∞

∞∑
my=−∞

|Bd,y(kym)|2|sinc(kxm
wx
2

)|2GHM
yy (kxm, kym) . (A.38)

Therefore, Eq. (A.35) can also be expressed as follows:
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Figure A.2: Fourier transform of the doublet basis function considering dx = dy = 0.15λ0, wx = wy =

0.01λ0, θ = 60◦, and (a) φ = 0◦, (b) φ = 45◦ and, (c) φ = 90◦.

Yd,d ≈
2

dxdy

∞∑
mx=−∞

∞∑
my=−∞

|Bd,x(kxm)|2|sinc(kym
wy
2

)|2GHM
xx (kxm, kym)

− 2

dxdy

∞∑
mx=−∞

∞∑
my=−∞

Bd,x(kxm)sinc(kym
wx
2

)Bd,y(−kym)sinc(−kxm
wy
2

)GHM
xy (kxm, kym) .

(A.39)
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By splitting up the summation over mx and my into the fundamental mode and higher

order modes, one obtains

Yd,d ≈
2

dxdy

∑
mx 6=0

Bd,x(kxm) ·

[{
Bd,x(−kxm)|sinc(ky0

wy
2

)|2GHM
xx (kxm, ky0)

− sinc(ky0
wx
2

)���
���

�:0
Bd,y(−ky0)sinc(−kxm

wy
2

)GHM
xy (kxm, ky0)

}
+
∑
my 6=0

{
Bd,x(−kxm)|sinc(kym

wy
2

)|2GHM
xx (kxm, kym)

− sinc(kym
wx
2

)Bd,y(−kym)sinc(−kxm
wy
2

)GHM
xy (kxm, kym)

}]
. (A.40)

It can be proved that the sum for my 6= 0 in Eq. (A.40) is equal to zero.

∑
my 6=0

(
Bd,x(−kxm)|sinc(kym

wy
2

)|2GHM
xx (kxm, kym)

− sinc(kym
wx
2

)Bd,y(−kym)sinc(−kxm
wy
2

)GHM
xy (kxm, kym)

)
≈ 0 (A.41)

Proof of Eq. (A.41)

Using Eq. (A.13) and (A.17), (Eq. A.41) can be written as follows:

≈ 2jC
2

k0ζ0

∑
my 6=0

(
sin(kxm

wx
2

)

k2
xm

|sinc(kym
wy
2

)|2−k
2
xm

kzm

− sinc(kym
wx
2

)
sin(−kymwy

2
)

k2
ym

sinc(−kxm
wy
2

)
kxmkym
kzm

)
which then simplifies further to

≈ 4jC

k0ζ0

∑
my 6=0

(
sin(kxm

wx
2

)|sinc(kym
wy
2

)|2 −1

kzm

− sinc(kym
wx
2

)
sin(−kymwy

2
)

kym

sin(−kxmwy
2

)

(−kxmwy
2

)

kxm
kzm

)
.
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Since we assume that wy = wx, we have

4jC

k0ζ0

∑
my 6=0

(
sin(kxm

wx
2

)|sinc(kym
wy
2

)|2 −1

kzm
+ |sinc(kym

wx
2

)|2sin(kxm
wy
2

)
1

kzm

)
= 0 .

Finally, Eq. (A.40) reduces to

Yd,d =
2

dxdy

∑
mx 6=0

|Bd,x(kxm)|2GHM
xx (kxm, ky0) (A.42)

where the small argument approximation of the sinc function is also used (refer to Eq.

(A.25)). By replacing GHM
xx = 4GHM

xx,FS (see Eq. (A.17)) in (A.42) leads to

Yd,d = − 2

k0ζ0

2

dxdy

∑
mx 6=0

|Bd,x(kxm)|2k
2
0 − k2

xm

kzm
. (A.43)

As pointed out earlier, for the higher order Floquet modes, one can, use the following two

approximations:

• kzm ≈
√
−k2

xm = −j|kxm|

• k2
0 − k2

xm ≈ −k2
xm .

Therefore, Eq. (A.43) takes the following form:

Yd,d ≈
4j

k0ζ0

1

dxdy

∑
mx 6=0

|Bd,x(kxm)|2|kxm| . (A.44)

Solution of YTE,d and YTM,d

Let us now define YTE,d using Eq. (A.2):

YTE,d =
1

dxdy

∞∑
mx=−∞

∞∑
my−∞

(
dxδ(mx)sinc(kym

wx
2

) cosφx̂ + dyδ(my)sinc(kxm
wy
2

) sinφŷ
)

G(kxm, kym)
(
Bd,x(−kxm)sinc(−kym

wx
2

)x̂−Bd,y(−kym)sinc(−kxm
wy
2

)ŷ
)

(A.45)

It can written more explicitly as follows:
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YTE,d =

cosφ
1

dxdy

∞∑
mx=−∞

∞∑
my=−∞

dxδ(mx)sinc(kym
wx
2

)GHM
xx (kxm, kym)Bd,x(−kxm)sinc(kym

wy
2

)

− sinφ
1

dxdy

∞∑
mx=−∞

∞∑
my=−∞

dyδ(my)sinc(kxm
wy
2

)GHM
yy (kxm, kym)Bd,y(−kym)sinc(−kxmwx

2
)

− sinφ
1

dxdy

∞∑
mx=−∞

∞∑
my=−∞

dxδ(mx)sinc(kym
wx
2

)GHM
xy (kxm, kym)Bd,y(−kym)sinc(−kxmwx

2
)

+ cosφ
1

dxdy

∞∑
mx=−∞

∞∑
my=−∞

dyδ(my)sinc(kxm
wy
2

)GHM
yx (kxm, kym)Bd,x(−kxm)sinc(−kymwy

2
)

(A.46)

Using the approximations given in Eq. (A.25) and (A.36), and exploiting the properties of

Dirac-delta function, Eq. (A.46) becomes

YTE,d = cosφ
1

dy�
���

���:0
Bd,x(−kx0)

∞∑
my=−∞

|sinc(kym
wy
2

)|2GHM
xx (kx0, kym)

− sinφ
1

dx�
��

���
�:0

Bd,y(−ky0)
∞∑

mx=−∞

|sinc(kxm
wx
2

)|2GHM
yy (kxm, ky0)

− cosφ
1

dy��
���

���:
1

sinc(−kx0
wx
2

)
∑
my 6=0

sinc(kym
wx
2

)GHM
xy (kx0, kym)Bd,y(−kym) (A.47)

+ cosφ
1

dx�
���

���
�:1

sinc(−ky0
wy
2

)
∑
mx 6=0

sinc(kxm
wy
2

)GHM
yx (kxm, ky0)Bd,x(−kxm) .

By substituting the explicit expression of the free-space spectral GF times a factor 4 as

well as the definition of the wave numbers (kx0, ky0), one obtains

YTE,d =
sin θ

ζ0

(
2

dy

∑
my 6=0

sinc(kym
wx
2

)
kym sin2 φ

kz
Bd,y(−kym)−

2

dx

∑
mx 6=0

sinc(kxm
wy
2

)
kxm cos2 φ

kz
Bd,x(−kxm)

)
(A.48)

We can define an admittance Ỹ as



142 A. Closed Form Solution of the Elements of the Admittance Matrix

Ỹ =
2

dy

∑
my 6=0

sinc(kym
wx
2

)
kym
kzm

Bd,y(−kym) =
2

dx

∑
mx 6=0

sinc(kxm
wy
2

)
kxm
kzm

Bd,x(−kxm) (A.49)

which can also be expressed in the following form by using the definition of the sign function

(sgn).

Ỹ =
2

dy

∑
my 6=0

sinc(kym
wx
2

)sgn(kym)Bd,y(−kym) =
2

dx

∑
mx 6=0

sinc(kxm
wy
2

)sgn(kxm)Bd,x(−kxm)

(A.50)

Thus, we have after few algebraic steps

YTE,d ≈ − sin θ cos 2φỸ . (A.51)

Analogously, the other mutual admittance term is given by

YTM,d ≈ sin θ sin 2φỸ . (A.52)

A.1.4 Summary

The closed form expressions of the admittance elements derived in the previous sections

are summarized as follows:

YTM,TM ≈ − 2
Z0TM

− jBs + jBs
sin2θ sin2(2φ)

2

YTE,TE ≈ − 2
Z0TE

− jBs(1− sin2θ
2

) + jBs
sin2θ cos2(2φ)

2

YTE,TM ≈ −jBs
sin2θ sin(2φ) cos(2φ)

2

YTM,d ≈ sinθ sin(2φ)Ỹ

YTE,d ≈ − sinθ cos(2φ)Ỹ

Yd,d ≈ j4
ζ0k0

1
dxdy

∑
mx 6=0

|kxm||Bd,x(kxm)|2

(A.53)

where we define the slot-susceptance as

Bs =
−2jk0

ζ0

∑
my 6=0

|sinc(kymwx/2)|2

kzm
(A.54)

and the admittance Ỹ as



A.2. Exact and Asymptotic Expressions of the TE-TM Coupling Admittance 143

Ỹ ≈ 2j

ζ0dy

∑
my 6=0

sgn(kym)sinc

(
kymwx

2

)
B∗d,y(−kym) . (A.55)

Note that the approximations in Eq. (A.53) are related to the following three assumptions:

• Firstly, for the small width of the slot, sinc(kx0wx/2) ≈ sinc(ky0wy/2) ≈ 1.

• Secondly, it was assumed that the Fourier transforms of the doublet functions are

Bd,x(kx0) ≈ Bd,y(ky0) ≈ 0, since they are quasi-odd functions and vanish close to the

origin.

• Thirdly, for well sampled arrays, we approximate kzm ≈ −j|kym| and kzm ≈ −j|kxm|
for the Floquet summations referring to the x- and y-periodicity, respectively.

A.2 Exact and Asymptotic Expressions of the TE-TM

Coupling Admittance

The expression of the admittance term Yc, which describes the modal coupling between

TE and TM Floquet waves, is given by

Yc = jBs −
2Ỹ 2

Yd,d

. (A.56)

In this section, we aim at proving that, asymptotically, for kx and ky large, the coupling

term Yc vanishes: Yc ∼ 0. This condition is equivalent to the following:

jBsYd,d

2
≈ Ỹ 2 . (A.57)

By substituting the expressions of Yd,d, Bs and Ỹ (given in Eqs. (A.53)-(A.55)) into (A.57),

we obtain

∑
mx 6=0

∑
my 6=0

|kxm||sinc(kymwy
2

)|2|Bd,x(kxm)|2

|kym|
≈
∑
mx 6=0

∑
my 6=0

kxmsinc(kxmwx
2

)B∗d,x(kxm)

|kxm|
kymsinc(kymwy

2
)B∗d,y(kym)

|kym|
(A.58)

By using the asymptotic evaluation in Eq. (A.13), it is then straightforward to verify the

condition Eq. (A.58), which is equivalent to the decoupling condition Yc ≈ 0.



144 A. Closed Form Solution of the Elements of the Admittance Matrix

A.3 Closed Form Solutions for Infinite Sums

When setting up the integral equation for a plane wave incident on an infinite number of

layers (see geometry in as in Fig. 4.1), an infinite sum on the indexes nz is present:

∞∑
nz=−∞

(−1)nzejkz0nzdze−jkz |nz |dz . (A.59)

It is convenient to split the sum into three contributions, as follows

∞∑
nz=−∞

(−1)nzejkz0nzdze−jkz |nz |dz = 1+

−1∑
nz=−∞

(−1)nzej(kz+kz0)nzdz +
∞∑

nz=1

(−1)nze−j(kz−kz0)nzdz . (A.60)

The semi-infinite sum over positive indexes can be expressed in a closed form as

∞∑
nz=1

(−1)nze−j(kz−kz0)nzdz = −1

2
+
j

2
tan

(
(kz − kz0)dz

2

)
(A.61)

where we used the following identity [55]:

∞∑
n=1

(−1)nejkn = −1

2
− j

2
tan(k/2) . (A.62)

The sum over negative indexes can be expressed in a similar form by substituting n′z = −nz:

−1∑
nz=−∞

(−1)nzej(kz+kz0)nzdz =
∞∑

nz=1

(−1)−n
′
ze−j(kz+kz0)nzdz (A.63)

and thus, by using (A.62),

−1∑
nz=−∞

(−1)nzej(kz+kz0)nzdz = −1

2
+
j

2
tan

(
(kz + kz0)dz

2

)
. (A.64)
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Extraction of Effective Permittivity

This appendix discusses the procedure for calculating the effective permittivity values

plotted in Figs. 4.5 and 6.3. To every angle of incidence θ, one can associate a transverse

spectral wave number kρ = ksinθ. The parameter k is the propagation constant inside

the host medium, k = k0
√
εr. By solving the equivalent analytical transmission lines for

TE and TM modes shown in Fig. B.1(b), characterized by kz = kcosθ one can then

derive kzeff,TE and kzeff,TM (see Fig.B.1(c)) respectively using the known expressions for

periodically loaded transmission lines [121]:

kzeff,Ti =
1

dz
cos−1

(
cos(kzdz) + j

ZTi

2ZADL,Ti

sin(kzdz)

)
(B.1)

where Ti can refer to either the TE or TM mode respectively. The formula for calculating

Figure B.1: (a) A 2D view of ADL; (b) a transmission line based representation of a unit cell to retrieve

the effective permittivity for TE and TM incidence; and (c) the equivalent transmission line representation

of ADL unit cell. Note that Ti can refer to either the TE and TM mode respectively.
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ZADL,T i is analytically derived in closed-form in Ch. 4 (see Eq. 3.23), and it refers to the

impedance of a single layer of ADL in an infinite cascade of artificial dielectric layers as

depicted in Fig. B.1(a). Moreover, the impedance ZTE and ZTM are equal to ζk/kz and

ζkz/k respectively, where ζ = 120π/
√
εr is the impedance of the medium hosting the ADL.

The equation to compute the effective permittivity εTi,Ti is then:

εTi,Ti =
k2
zeff,Ti + k2

ρ

k2
0

. (B.2)
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Summary

On the Control of Surface Waves in Integrated Antennas: Analysis and Design

Exploiting Artificial Dielectric Layers

Planar printed antenna technologies, due to their light weight, low profile, cost effectiveness

and ease of connection with the active devices (e.g., amplifiers etc.), are becoming an

attractive solution for the commercial data-hungry applications, such as 60 GHz high-

data rate communication. Another commercial application of planar antennas includes

the exponentially growing lucrative industry of automotive radars. Such radar systems not

only require highly reliability since human lives are involved, but also extreme integration to

serve the purpose of compactness and cost. Therefore, it is desirable to have all the system

functionalities on a single silicon chip, which can then easily be combined with either off-

or on-chip antennas/antenna arrays. In such scenarios, planar printed antennas/arrays,

because of their low profile and ability to be integrated, are emerging as an alternative to

the bulky and expensive dielectric lenses.

Although planar antennas show advantageous properties, there are two major challenges

associated with their design, namely surface waves and front-to-back radiation ratio. In

this thesis, a innovative planar methodology is presented to solve the aforementioned bot-

tlenecks. The proposed technique can be used to obtain simultaneously high radiation

efficiency (i.e., minimal surface wave excitation) and good front-to-back radiation ratio.

This solution consist of engineering anisotropic equivalent materials, referred to as artificial

dielectric layers (ADLs), and using them to enhance the performance of planar antennas.

A practical planar realization of this concept can be achieved by embedding inside the host

dielectric a periodic array of sub-wavelength square metal patches in a multilayer configu-

ration. In this work, the main aspects pertaining to the theoretical development and the

practical implementation of ADLs are investigated.

The analysis of ADLs is extensively investigated in this thesis in order to understand the

physical phenomena characterizing these structures. Moreover, this study also provides

the guidelines to design such kind of engineered materials. The modeling of ADLs is first
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implemented for two-dimensional structures, and then generalized to three-dimensional

geometries. A rigorous analytical formulation is presented to model ADLs of finite height

by including the higher-order interaction between parallel sheets in closed form. From the

equivalent impedance of the layers, a transmission line model that provides the spectral

Green’s function of ADLs is constructed. This allows to characterize the propagation

through finite ADLs and to study their dispersion characteristics. The analysis shows that

an ADL slab is equivalent to a dense material for the plane waves incident in directions

close to the normal, whereas it exhibits lower effective permittivity for the waves that are

incident close to the grazing angle. This peculiar anisotropic property can be exploited to

design antenna superstrates which, one one hand, exhibit high surface-wave efficiency over

a wide band and, on the other hand, provide high front-to-back ratio.

The advantages of using ADL superstrates in the antenna designs is experimentally demon-

strated by the development of two prototype demonstrators. The first design operates at

X-band and is realized using commercial printed circuit board (PCB) technology. The sec-

ond prototype consists of an on-chip antenna working at 0.3 THz, which is fabricated using

an in-house integrated circuit process. This study highlights that the ADL superstrates

can be designed and manufactured independently from the antenna and the circuit. This

allows their use as add-on components, since no accurate alignment is required between

the antenna and the superstrate layers. Moreover, ADL are broadband because of their

non-resonant nature.

The last part of this thesis deals with a novel concept of wideband wide-scanning phased

array designs, based on connected arrays of slots loaded with ADL superstrates. The

proposed structure has two main advantages with respect to the existing solutions. Firstly,

it is completely planar and realized with a single multilayer PCB, with consequent reduction

of the cost and the complexity of the array. Secondly, ADLs are used in place of real

dielectric superstrates, to achieve much better efficiency in terms of surface-wave loss. For

the design of the array loaded with ADL, including the adhesive layers, an analytical tool,

based on spectral Green’s function, is used. This tool allows to estimate the performance of

the array with minimal computational resources. The design of a wideband feed structure

is also proposed, which does not require balanced-to-unbalanced (balun) transitions that

limit the matching bandwidth.



Samenvatting

Over de Onderdrukking van Oppervlaktegolven in Gëıntegreerde Antennes:

Analyse en Ontwerp, Exploiteren van Artificiële Diëlektrische Lagen

Planair geprinte antenne technologieën worden door hun lichte gewicht, lage profiel, kosten

effectiviteit en gemakkelijke verbinding met actieve elementen (bijv. versterkers enz.), een

aantrekkelijke oplossing voor commerciële data-intensieve applicaties, zoals 60 GHz hoge-

datasnelheid communicatie. Een andere commerciële toepassing van planaire antennes

omvat de exponentieel groeiende en lucratieve industrie van autoradars. Zulke radarsyste-

men vereisen niet alleen een hoge betrouwbaarheid, omdat er mensenlevens bij betrokken

zijn, maar ook een extreme integratie ter bevordering van de compactheid en vermin-

dering van de kosten. Daarom is het wenselijk om alle systeem functionaliteiten op een

enkele silicium chip te hebben, welke dan gemakkelijk gecombineerd kan worden met zowel

off- en on-chip antennes/antennestelsels. In dergelijke scenario’s zijn planair geprinte an-

tennes/antennestelsels in opkomst als een alternatief voor grote en dure dilektrische lenzen.

Redenen hiervoor zijn hun lage profiel en geschiktheid voor integratie.

Hoewel planaire antennes gunstige eigenschappen vertonen, zijn er twee grote uitdagingen

in verband met hun ontwerp, namelijk oppervlaktegolven en voor-achter-stralingsverhouding.

In dit proefschrift wordt een innovatieve planaire methodologie gepresenteerd om de hi-

ervoor genoemde knelpunten op te lossen. De voorgestelde techniek kan worden gebruikt

om tegelijkertijd een hoge radiatie efficiëntie (d.w.z. minimale oppervlaktegolf excitatie)

en een goede voor-achter-stralingsverhouding te verkrijgen. De oplossing bestaat uit het

ontwikkelen van anisotrope equivalente materialen, aangeduid als artificiële diëlektrische

lagen (ADLs), en ze vervolgens te gebruiken om de prestatie van planaire antennes te ver-

beteren. Een praktische planaire realisatie van dit concept kan worden bereikt door in de

gast-diëlektriek een periodiek structuur te inbedden bestaande uit sub-golflengte vierkante

metalen lappen in een meerlaagse configuratie. In dit werk worden de belangrijkste as-

pecten met betrekking tot de theoretische ontwikkeling en praktische uitvoering van ADLs

onderzocht.
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Dit proefschrift onderzoekt uitvoerig de fysische verschijnselen in ADLs, om die kunnen

begrijpen. Bovendien geeft deze studie ook richtlijnen voor het ontwerp van zulke gema-

nipuleerde materialen. Het modelleren van ADLs is eerst toegepast in twee dimensionale

structuren en dan gegeneraliseerd voor drie dimensionale geometrien. Een rigoureuze ana-

lytische formulering wordt gepresenteerd om ADLs met een eindige hoogte te modelleren.

Dit wordt gedaan door het, in gesloten vorm, in beschouwing nemen van de hogere-orde

interacties tussen de parallelle lagen van een ADL. Uit de equivalente impedantie van de

lagen wordt een transmissielijn model geconstrueerd dat resulteert in de spectrale Green’s

functies van ADLs. Dit maakt het mogelijk om de propagatie in eindige ADLs en zijn

dispersie eigenschappen te bestuderen. Deze analyse laat zien dat een ADL equivalent is

aan een materiaal met een hoge dichtheid voor golven inkomend in richtingen dichtbij de

normale, terwijl het een lagere permittiviteit vertoont voor de golven komend uit richtingen

dichtbij de “grazing angle”. Deze eigenaardige anisotrope eigenschap kan worden benut

bij het ontwerpen van antenne-superstraten welke, aan de ene kant, over een brede fre-

quentieband een hoge oppervlaktegolf efficintie hebben, en aan de andere kant, een hoge

voor-achter-stralingsverhouding verstrekken.

De voordelen van het gebruiken van ADL superstraten in antenne-ontwerpen is experi-

menteel aangetoond met de ontwikkeling van twee prototypen. Het eerste ontwerp werkt

in de X-band en is gerealiseerd door gebruik te maken van printed circuit board (PCB)

technologie. Het tweede prototype bestaat uit een on-chip antenne die werkt op 0.3 THz,

welke is gefabriceerd met behulp van in-huis gëıntegreerde circuit-processen. Deze studie

benadrukt dat de ADL superstraten onafhankelijk van de antenne en het circuit ontwor-

pen en gefabriceerd kunnen worden. Dit maakt het mogelijk dat ADLs gebruikt kunnen

worden als add-on componenten aangezien er geen accurate uitlijning benodigd is tussen

de antenne en de superstraat lagen. Bovendien zijn ADLs breedbandig dankzij hun niet-

resonante karakter.

Het laatste gedeelte van dit proefschrift behandelt een nieuw concept van breedband,

breedgestuurd, fasegestuurde antennestelsel ontwerp, gebaseerd op de verbonden stelsels

(“connected arrays”) van sleuven welke zijn geladen met ADL superstraten. Het voorgestelde

ontwerp heeft twee belangrijke voordelen ten opzichte van bestaande oplossingen. Ten

eerste is het ontwerp volledig planair en is het gerealiseerd met een enkel-laags PCB, met

als gevolg een vermindering van de kostprijs en complexiteit van het antennestelsel. Ten

tweede worden ADLs gebruikt in plaats van echte d̈ılektrische superstraten om veel hogere

efficiëntie te verkrijgen door oppervlaktegolf verliezen te onderdrukken. Voor het ontwerp

van het antennestelsel geladen met ADL, inclusief de lijmlagen, wordt een analytische tool

gebruikt die is gebaseerd op de spectrale Green’s functies. Deze tool maakt het mogelijk om
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de prestaties van het antennestelsel te schatten met minimale rekenhulpmiddelen. Ook het

ontwerp van een breedband voedings-structuur is voorgesteld, welke geen gebalanceerde-

naar-ongebalanceerde (balun) transities vereist die de gekoppelde bandbreedte limiteren.
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