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Chapter 1

Introduction

1.1 Antenna Systems for Space-limited Applications

Wide-band wide-scan have been of increasing interest over the past decades, for both defense
and commercial applications. As the need for bandwidth and the density of electronic systems
increase there is a large push towards antennas that can offer multi-octave bandwidths while
also offering wide scan capabilities. Communications systems must support an increasing number
functionalities and protocols within a single module, while also offering increased data throughput
and directionality. Similarly, military systems such as naval platforms must support an enormous
range of different functionalities, and efforts are made to integrate these functionalities into fewer
ultra-wideband systems.

In the past, these systems are each implemented using separate antenna systems, which each
have their own limited bandwidth. The inclusion of many of these systems together, along with
high-power radar systems introduces significant interference between the systems.

In space- and weight-limited applications such as satellite systems or airborne platforms, the
integration of several of these into a single wide-band wide-scan antenna array can significantly
reduce the size and weight of the RF front end.

1.2 State of the Art

Several different concepts have been proposed to realize wide-band wide-scan antenna arrays. These
concepts include Vivaldi [1–3], stacked patches [4], stacked discs [5], double dipoles [6]. There is
also an increasing interest into possible practical implementations of the theoretical current sheet
array concept proposed by Wheeler [7]. Proposed implementations are largely based on the use
of tightly coupled antennas using various base elements such as dipoles [8–11], octagonal ring
elements [12], non-symmetric ball-and-cup dipoles [13], and connected slots [14]. Many of these
arrangements require a balun to implement the transition from a balanced antenna element to an
unbalanced feeding line, which is often bulky and limits the bandwidth of the array. [15]

Several of these different approaches use vertical elements to enable the improvement of band-
width by offering a third dimension (depth). Fig. 1.1 shows such an arrangement, where 324
vertical antenna elements are placed in an egg-crate arrangement to form an array. This means
that they are unsuitable for conformal installations and are costly and complex to fabricate. The
use of planar technology enables a reduction in cost, complexity, weight and size of the antenna
array. The connected slot array technology proposed in [16] enables the development of planar
arrays using PCB technology and greatly simplifies fabrication due to their planar design. The
bandwidth shown for backed connected slots is only 40% [16], but this can be improved through
the use of an impedance transformation [14]. The constant current distribution is highlighted in
Fig. 1.2, where the current distribution of resonant slots and those of connected slots are illustrated.

The use of this impedance transformation improves the bandwidth as well the front-to-back
ratio of the antenna by offering a denser dielectric above the radiating element, meaning most of
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CHAPTER 1. INTRODUCTION

Figure 1.1: A 324-element Vivaldi antenna array [3].

Figure 1.2: Illustration of the current distribution in (a) resonant and (b) connected slots.

the power is radiated into the dielectric found above the antenna. This allows a reduction of the
distance to the backing reflector without significantly reducing bandwidth, which in turn means
that the feeding network can be implemented using vias. However, this dielectric superstrate
supports surface waves, which is illustrated in Fig. ??. These surface waves can be avoided by
realizing an ideal substrate that has a refractive index that decreases with scan angle such that this
critical angle is never achieved. The high refraction index for normal incidence offers the antenna a
high-permittivity superstrate, while the low refractive index for high scan angles prevents surface
waves. This property is not available in current homogeneous materials, but it can be realized
using artificial dielectrics.

This effect is realized by using a planar array of square metal patches [17], of which the behavior
of the refractive index as a function of incidence angle is shown in Fig. 1.3. As such, these artificial
dielectric layers (ADLs) effectively implement this ideal superstrate, as illustrated in Fig. ??. An
additional advantage of the use of the combination of connected arrays and the square metal
patch-based artificial dielectric is that there are analytical expressions for both of them. These
allow simulation of the structures in a fraction of the time that it would take in commercial solvers,
facilitating a rapid design process.
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1.3. OBJECTIVES OF THE PROJECT
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Figure 1.3: Refractive index of an ADL for TE and TM incidence at angles from 0 to 90 degrees.

Figure 1.4: Illustration of the enhancement of the front-to-back ratio using (a) homogeneous
dielectrics and (b) an artificial dielectric superstrate.

1.3 Objectives of the Project

The main goal of this project is to design an antenna array with a 5:1 −10 dB bandwidth, with
the ability to scan up to 60◦. The antenna array is to consist of an array of connected slots, of
which the bandwidth will enhanced using a superstrate based on ADLs. The ADL superstrate
will implement a multisection impedance transformation to provide a smooth transition from the
impedance of the feeding network to that of free space. The design is done using the analytical
formulations available in [16, 18–21], which are implemented in a MATLAB tool to enable rapid
iteration of various designs.

To rapidly develop ADL-based impedance transformers and investigate the effects of adjust-
ments to its design parameters, it is useful to be able to synthesize ADLs automatically. As such, a
synthesis process must be developed to select the parameters of an ADL slab such that it represents
a certain given impedance. This can then be used to implement the sections of the multisection
impedance transformer.

The connected array of slots must be designed such that it realizes the desired bandwidth when
combined with the impedance transformer. For this, the impact of the design parameters of the
slots must be investigated. Using this impact, the performance of the array when scanning to a
given angle is studied and optimized. The analytical solution of the connected array of slots is
valid only for a single-polarized array. Therefore, the design must be extended to dual-polarized
operation using a commercial solver.

Several restrictions on the fabrication process are present, and the impact of each must be
studied. The problems that arise from these restrictions must be detailed and solved. The ana-
lytical model of the ADLs must be extended to enable introduction of realistic materials in the
design process, which will enable the synthesis process to account for their impact. The effect of
tolerances in the manufacturing process must be studied and its effect on the array quantified.

A feeding network must be designed that supports the 5:1 bandwidth of the connected array of
slots, while guiding power from a feeding port in the backing reflector plane to the feeding point

3



CHAPTER 1. INTRODUCTION

in the plane of the slots. This network must adhere to the restrictions imposed on the fabrication
process.

1.4 Outline of the Thesis

This thesis consists of 6 chapters:

• Chapter 1 gives an introduction into the subject and provides the motivation for this project.

• Chapter 2 shows the analytical expressions that are used to simulate the connected array
of slots, as well as those used to simulate the ADLs. These expressions are then combined
to form a model for the combination of the two. The implementation of these equations is
validated using a commercial solver for the connected array and ADLs separately, as well as
when they are combined.

• Chapter 3 describes the impedance transformation that is to be placed over the slots. Several
common impedance transformations are discussed, and the process used to design a set of
ADLs such that they implement this impedance transition is detailed. An example is given,
which shows the accuracy of the developed method.

• Chapter 4 gives the steps to design a wideband wide-scan connected slot antenna array. The
free parameters of the impedance transformation and their impact are discussed, after which
the design of the unit cell of the slot is shown. The effect of scanning this array is shown,
and the extension to a dual-polarized design is given.

• Chapter 5 shows the impact of the limitations imposed by the fabrication of the array on its
performance. The effect of realistic materials on the ADL and its transmission line model are
shown. A study is done of the tolerances on the manufacturing process, and their impact on
the performance of the designed array. The feeding network is designed, and a final design
is presented. The performance of this final design is shown using various metrics.

• Chapter 6 finishes the report by providing conclusions and suggestions for future work.

4



Chapter 2

Connected Arrays and Artificial
Dielectrics

This chapter will detail the analytical formulations used for the design of the antenna array. First,
the equations used for the Connected Arrays are given in Section 2.1. Next, the model used
to analyze the Artificial Dielectric Layers (ADLs) is given in Section 2.2. Finally, the two are
combined in Section 2.3.

2.1 Connected Arrays

The connected array antenna is modeled using an analytical solution for the input impedance of
the connected slot element in a doubly infinite periodic environment. Such an array is shown in
Fig. 2.1 and consists of an infinite number of slots in y, periodically fed and extending infinitely
in the x-direction. The active input impedance of a connected array of x-oriented slots is given
in [22] to be

zslot = − 1

dx

∞∑
mx=−∞

sinc2(kxmδs/2)

D∞(kxm)
, (2.1)

which is an infinite sum of Floquet modes that accounts for the periodicity along the x-axis. The
values kxm and kym represent the Floquet wavenumbers of the slots and are given by

kxm = kx0 −
2πmx

dx
(2.2)

where kx0 = k0 sin θ cosφ, k0 is the free-space wavenumber and θ and φ indicate the scan angles.
D∞ is the transverse connected array Green’s function [22] that accounts for the infinite peri-

odicity of the slots in the y-direction and the stratification along z, and is given by a summation
of Floquet modes as

D∞(kxm) =
1

dy

∞∑
my=−∞

Gxx(kxm, kym)J0

(
kymws

2

)
, (2.3)

where

kym = ky0 −
2πmy

dy
(2.4)

with ky0 = k0 sin θ sinφ. In (2.3), J0 is a Bessel function of the 0th order, which is the Fourier
transform of the edge-singular distribution of the magnetic current along the slot. Gxx is the
spectral Green’s function accounting for the vertical stratification.
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dy

x

y

z
dx

δs

ws

Figure 2.1: Illustration of an infinite array of infinitely long slots. The slots are infinitely long in
the x-direction and have a width of ws. They are fed periodically with a period of dx, where each
feed is δs wide. There are an infinite number of slots placed at a distance dy from each other.

The spectral Green’s function relates the radiated field with the magnetic currents present
on the slot, where the xx-component gives the x-component of the field radiated by x-oriented
elementary magnetic dipoles. It is assumed that the slot is narrow, and thus there are only x-
oriented magnetic currents. Gxx depends on the stratification above and below the slot and is
given by [23]

Gxx(kx, ky) = Gxx,up(kx, ky) +Gxx,down(kx, ky)

= −
ITE,up(kx, ky)k2

x + ITM,up(kx, ky)k2
y

k2
ρ

−
ITE,down(kx, ky)k2

x + ITM,down(kx, ky)k2
y

k2
ρ

,

(2.5)

where ITE and ITM are the currents in the transmission line model representing the stratified
medium above and below the slot plane and k2

ρ = k2
x + k2

y. The currents are found by determining
the input impedance of this transmission line of the stratification above and below the slot. The
currents are given by

ITE =
1

Zup,TE
+

1

Zdown,TE
(2.6)

ITM =
1

Zup,TM
+

1

Zdown,TM
, (2.7)

where Zup/down,TE/TM are found by determining the input impedance of the given stratification
for the given polarization.

Validation

To ensure the correct implementation of the equations given above, they are validated by checking
the results against the results obtained using a commercial solver. Two scenarios are analyzed, one
with a slot in free space, and one with a slot above a quarter-wave backing reflector. Figures 2.2
and 2.3 show that the result of the analytical implementation is very close to those obtained using
CST. The dimensions used in both simulations are shown in Table 2.1 and they are given in terms
of the wavelength λ0, which corresponds to the frequency f0.
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2.1. CONNECTED ARRAYS
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Figure 2.2: Analytical results of an infinite array of slots in free space, compared to those obtained
using CST. (a) Broadside and (b) Scanning to 60◦. Slot parameters are shown in Table 2.1.
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Figure 2.3: Analytical results of an infinite array of slots with a backing reflector, compared to
those obtained using CST. (a) Broadside and (b) Scanning to 60◦. Slot parameters are shown in
Table 2.1.

Table 2.1: Parameters used for validation of implementation connected slot equations.

Parameter Value Description

dx 0.5λ0 Unit cell size
dy 0.5λ0 Unit cell size
ws 0.1λ0 Slot width
δs 0.1λ0 Feed length
hBR 0.25λ0 Backing reflector distance
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Figure 2.4: Single layer of infinitely periodic square metal patches, with (a) plane wave incidence
and (b) equivalent problem with geometric parameters.

2.2 Artificial Dielectrics

The transmission line model used to simulate the ADLs was developed over multiple papers. First,
a single layer under plane wave incidence was analyzed in [18]. Next, multiple aligned layers
were described in [19], which was then extended to non-aligned layers in [24], [20]. Finally, the
formulation for non-periodic layers was given in [21]. This order will be kept in this section, where
the derivation for the single layer is first given, which is then extended to multiple non-aligned,
non-periodic layers.

Single Metal Layer

The analysis of the behavior of a stack of Artificial Dielectric Layers (ADLs) starts with a single
layer. An analytical solution for a periodic array consisting of thin metal patches was derived
in [18]. Since the full derivation of the analytical solution is available in [18] and [24], this section
will only very briefly show the steps of the derivation and the relevant equations.

Fig. 2.4a shows the initial problem of a wave incident on a sheet of metal patches, characterized
by a magnetic field hi. By applying the equivalence theorem, equivalent electric and magnetic
current densities j0 and m0 can be placed in the gaps between the patches. The gaps can be filled
with perfectly electric conductor (PEC), resulting in Fig. 2.4b, where only the magnetic currents
are present. The electric currents do not radiate in the presence of this PEC and can be neglected.
Due to the continuity of the electric field on the array plane, the electric field above and below the
plane are equal, that is, e+ = e−. Therefore the magnetic currents above and below the plane are
given by m+

0 = e+ × ẑ and m−0 = e− × (−ẑ), which yields m+
0 = −m−0 = m0.

Due to the continuity of the magnetic field, the field h+ just above the layer and the field h−

just below are equal:
h+ = h− . (2.8)

The field h+ is the sum of the incident, reflected field and the field scattered by the magnetic
currents above the layer. The field h− is only given by the field scattered by the current below the
layer. Thus, (2.8) becomes

hscatt{m0}+ (1 + Γ)hi = hscatt{−m0}, (2.9)

where Γ is the reflection coefficient of the magnetic field and is equal to 1 for PEC. By expressing
the scattered field as a convolution, one can write

2m0(ρ) ∗ gPEC(ρ) = −2hi, (2.10)

where gPEC is the dyadic Green’s function in the presence of a PEC plane and ρ = (x, y) is a point
on the z = 0 plane. Applying the image theorem and indicating with gfs the free-space Green’s

8



2.2. ARTIFICIAL DIELECTRICS

function, one obtains
4m0(ρ) ∗ gfs(ρ) = −2hi . (2.11)

To find the unknown magnetic current density m0, two basis functions are chosen for both the
x-slot and for the y-slot. The magnetic current can be written in terms of these basis functions as

m0(ρ) = [v1f1(ρ) + v3f3(ρ)] x̂ + [v2f2(ρ) + v4f4(ρ)] ŷ, (2.12)

where

f1(ρ) = mt(y)e−jkx0x (2.13)

f3(ρ) = mt(y)
(
−
(
ejk0x + Γe−jk0x

)
rect[−p/2,−w/2)(x)

+
(
e−jk0x + Γejk0x

)
rect(w/2,p/2](x) + C

)
(2.14)

with

mt(x) =
1

w
rect[−w/2,w/2](x) (2.15)

Γ = −e−jk0p (2.16)

C =
2

w

(
e−jk0w/2 + Γejk0w/2

)
. (2.17)

Here, f3 is chosen such to satisfy the Kirchhoff law at the junction between the slots. Its Fourier
transform is known in closed form. The transverse distribution in (2.15) is chosen as constant for
the sake of simplicity of formulation. The functions f2 and f4 are found by interchanging x and y
in f1 and f3, respectively.

To find the unknowns vi, (2.12) is substituted in (2.11), after which Galerkin projection is
applied to find a linear system of equations

v1Y11 + v2Y12 + v3Y13 + v4Y14 = i1

v1Y21 + v2Y22 + v3Y23 + v4Y24 = i2

v1Y31 + v2Y32 + v3Y33 + v4Y34 = i3

v1Y41 + v2Y42 + v3Y43 + v4Y44 = i4

Yv = i . (2.18)

In this set of equations, Ypq are the mutual admittances given by the projection of the field resulting
from the p-th basis function onto the q-th test function, so

Ypq = 〈fp(ρ) ∗ g(ρ), fq(ρ)〉 , (2.19)

where g = 4gfs and the notation 〈·, ·〉 refers to the projection operator. The currents are given by
the projection of the incident field onto the q-th test function, so iq = 〈2hi(ρ), fq(ρ)〉.

To more easily solve the convolution integrals present in (2.19), the projection is expressed in
the spectral domain as

Ypq = − 1

p2

∞∑
mx=−∞

∞∑
my=−∞

Fp(kxm, kym)G(kxm, kym) · F∗q(−kxm,−kym) . (2.20)

Since the projection of the field radiated by f1 on the odd function f3 is zero, the terms
Y13 = Y31 = 0 and, similarly, Y24 = Y42 = 0. The projection i3,4 of the incident plane wave hi onto
the odd functions f3,4 are also zero, so i3 = i4 = 0. The linear equations in (2.18) can be written
in matrix form as 

Y11 Y12 0 Y14

Y21 Y22 Y23 0
0 Y32 Y33 Y34

Y41 0 Y43 Y44

 ·

v1

v2

v3

v4

 =


i1
i2
0
0

 (2.21)
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Figure 2.5: Equivalent transmission line models for TE and TM incidence on a single layer of
infinitely periodic metal patches.

which is reduced to Yredv = i as[
Y11 − Y41Y14Y33

Y 2
33−Y34Y43

Y12 − Y32Y43Y14

Y 2
33−Y34Y43

Y21 − Y41Y23Y34

Y 2
33−Y34Y43

Y12 − Y32Y23Y33

Y 2
33−Y34Y43

]
·
[
v1

v2

]
=

[
i1
i2

]
. (2.22)

Applying the rotation matrix R gives the final notation

RYredRTR

[
v1

v2

]
= R

[
v1

v2

]
(2.23)

YTETM

[
vTE

vTM

]
=

[
iTE

iTM

]
(2.24)

where

R =

[
cosφ sinφ
− sinφ cosφ

]
(2.25)

and

YTETM = YTL + YADL =

[ 2
Z0TE

0

0 2
Z0TM

]
+

[
jBSL

(
1− sin2 θ

2

)
0

0 jBSL

]
. (2.26)

The impedances in YTL are the TE and TM characteristic impedances of the hosting medium
of the ADL with relative permittivity εr, given by Z0TE = ζdk0/kz0 and Z0TM = ζdkz0/k0, with
kz0 = k0 cos θ and ζd = 120π/

√
εr. The factor 2 in the matrix YTL arises from the parallel of

the two transmission lines representing the upper and lower half spaces. It can be noted that the
matrix YTETM is diagonal in the low frequency approximation (sub-wavelength patches) [18]. This
means that the TE and TM components of the scattering from a layer of electrically small patches
are decoupled. Moreover, since the terms of the matrix YTETM do not depend on φ, the scattering
from the structure under consideration is azimuthally independent.

The matrix YADL represents the equivalent reactance of the layer and depends on the suscep-
tance of the single layer BSL

BSL ≈
ωε0εrp

π

∑
m 6=0

|sinc(πmw/p)|2

|m|
, (2.27)

Fig. 2.5 shows the equivalent transmission line model, where the line represents YTL and the
shunt impedance represents YADL. The shunt impedance is given by

Zlayer,TE = − j

BSL

1

1− k2
ρ/(2k

2
host)

(2.28)

Zlayer,TM = − j

BSL
, (2.29)

10
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�

Figure 2.6: Two metal layers of an ADL slab, with a shift between them which is highlighted by
the parameter s.

where kρ = khost sin θ and khost is the wavenumber in the host medium of the ADL.
In these equations, it is assumed that the period of the ADL is equal in the x- and y-direction

and equal to p.

Multiple Layers

The model shown above was extended for multiple layers in [19], and then for non-aligned layers
in [20]. To account for the multiple layers, two changes are made to the model. To account for the
interaction between layers, the susceptance BSL is replaced by two different expressions. The first,
B∞, is used for all internal layers, which have a layer both above and below them. The second,
Bsemi−∞, is used for the layers on top and bottom of the stack. This model assumes that the
parameters of the ADL are constant throughout the layer stack.

The susceptance of the layers in the middle of the stack, B∞ is similar to the susceptance of
the single layer in (2.27), where a coupling term is added that accounts for higher-order (reactive)
interaction with the layers above and below. For aligned layers and dx = dy = p, it is given by

B∞,aligned ≈
ωε0εrp

π

∑
m6=0

|sinc(πmw/p)|2

|m|
· j tan

(
−jπ |m| dz

p

)
. (2.30)

The susceptance Bsemi−∞ is also similar to the single-layer expression as seen in (2.27), with the
inclusion of a term accounting for the reactive coupling with the adjacent layer. For aligned layers,
it is given by

Bsemi−∞,aligned ≈
ωε0εrp

π

∑
m6=0

|sinc(πmw/p)|2

|m|
·
(

1

2
+
j

2
tan

(
−jπ |m| dz

p

))
.

When the layers are no longer aligned, the expression is generalized to account for the phase
shift between the layers, indicated by s in Fig. 2.6. This results in

B∞ ≈
ωε0εrp

π

∑
m 6=0

|sinc(πmw/p)|2

|m|

(
− j cot

(
−j2π |m| dz

p

)
+

j exp

(
j2πms

p

)
csc

(
−j2π |m| dz

p

))
. (2.31)

The susceptance for the top and bottom layer of the non-aligned ADL is given by the solution
of the semi-infinite cascade, which gives

Bsemi−∞ ≈
ωε0εrp

π

∑
m 6=0

|sinc(πmw/p)|2

|m|

(
1

2
− j

2
cot

(
−j2π |m| dz

p

)
+

j

2
exp

(
j2πms

p

)
csc

(
−j2π |m| dz

p

))
. (2.32)

11
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(a) (b) (c)

Figure 2.7: Multi-layered ADL stack with (a) an example stratification and (b) the equivalent
transmission line model for TE and (c) TM incidence.

The transmission line model of the multi-layered ADL follows from the model for the single
layer shown in Fig. 2.5. The model is shown in Fig. 2.7, where the length of each transmission line
section is given by dz, and the impedances are given by

ZTE,semi−∞ = − j

Bsemi−∞

1

1− k2
ρ/(2k

2
host)

ZTM,semi−∞ = − j

Bsemi−∞
(2.33)

ZTE,∞ = − j

B∞

1

1− k2
ρ/(2k

2
host)

ZTM,∞ = − j

B∞
(2.34)

Non-periodic Layers

The model described above assumes that the ADL is periodic in that all layers have the same
geometrical parameters, aside from a constant shift between the layers. Relaxing this requirement
and following the same steps as used previously, the layer susceptance can be altered to account
for different shifts and distances between a layer and its neighbors. The geometry of such an ADL
is shown in Fig. 2.8.

The susceptance of the n-th layer is given by

Bn =
jp

ζ0λ0

∑
m6=0

{Sm(wn) [fm(dn,n+1) + fm(dn−1,n)] +

Sm(wn+1)gm(sn,n+1, dn,n+1)+

Sm(wn−1)gm(sn−1,n, dn−1,n)}, (2.35)

where the functions Sm(w), fm(d), and gm(s, d) are given by

Sm(w) =

∣∣∣sinc
(
πmw
p

)∣∣∣2
|m|

(2.36)

fm(d) = cot

(
−j2π |m| d

p

)
(2.37)

gm(s, d) = exp

(
−j2πms

p

)
csc

(
−j2π |m| d

p

)
. (2.38)

Here, the period p is assumed to be constant throughout the stratification and is therefore omitted
in the definition of the functions. The susceptance of the first and last layers (n = 1 and n = N)

12
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Figure 2.8: Illustration of a non-periodic non-aligned multilayer ADL with geometrical parameters.

(a) (b) (c)

Figure 2.9: Multi-layered non-periodic ADL stack with (a) an example stratification and (b) the
equivalent transmission line model for TE and (c) TM incidence.

is given by

B1 =
jp

ζ0λ0

∑
m 6=0

{Sm(w1) [fm(d1,2)− j] + Sm(w2)gm(s1,2, d1,2)}, (2.39)

BN =
jp

ζ0λ0

∑
m 6=0

{Sm(wN ) [−j + fm(dN−1,N )] + Sm(wN−1)gm(sN−1,N , dN−1,N )}, (2.40)

due to the absence of one of their adjacent layers.
The equivalent transmission line model for this scenario is similar to that of the periodic case,

except that instead of the two susceptances Bsemi−∞ and B∞, there is now a unique susceptance
Bn for every layer n. This means that there is a unique impedance Zn,TE/TM for each layer. The
distance between layers can also vary, so each transmission line has its own length dn,n+1. The
transmission lines connecting different layers represent the fundamental Floquet wave propagating
through the ADL structure. The resulting model is shown in Fig. 2.9.

In this work, when computing the scattering parameters of an ADL structure, a transmission

13
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Figure 2.10: (a) Amplitude and (b) phase of the reflection and transmission coefficients of a plane
wave incident on the 5-layer ADL from [21, fig.6]. The period is p = 0.0785λ0 and the other geo-
metrical parameters are changing throughout the structure: wn = (0.01, 0.015, 0.02, 0.025, 0.03)λ0,
sn,n+1 = (0.4, 0.3, 0.1, 0.0)p, and dn,n+1 = (0.01, 0.015, 0.02, 0.025)λ0. λ0 is the free space wave-
length at 5 GHz. The angle of incidence is θ = 60◦.

line is placed above the topmost layer with a height of d = dN−1,N/2 and a line below the
bottommost layer with a height of d = d1,2/2. Such gaps are also considered when cascading
multiple ADL slabs to implement multi-section transformers. When these structures are simulated
using a commercial solver, the host medium of the ADL is extended by these same heights above
and below the top- and bottommost layers.

Validation

To validate the implementation of the equations shown above, an example given in an earlier paper
is reproduced, [21, fig.6]. In this example, there are 5 layers (N = 5) and the width of the gap
between the patches varies per layer n, wn is given by wn = (0.01, 0.015, 0.02, 0.025, 0.03)λ0. The
unit cell is p = 0.0785λ0, the distance between layers is dn,n+1 = 0.012λ0, and there is no shift
sn,n+1 = 0. The angle of incidence is θ = 60◦. Fig. 2.10 shows the magnitude and phase of the
reflection and transmission parameters S11 and S21 for TE and TM incidence. It is seen that the
results obtained here agree with those shown in [21].

2.3 Combination of Connected Arrays and Artificial Di-
electrics

The formulations for the connected arrays and the ADLs can be combined to simulate the active
input impedance of a connected array unit cell loaded with ADLs. The expressions (2.1) to (2.7)
can be applied by considering the transmission model for the stratified medium including the
ADLs. This requires solving for the TE and TM currents (2.6) and (2.7) which are solutions of
the equivalent transmission lines depicted in Fig. 2.11. The figure also shows the transmission line
model for the backing reflector, which is assumed to be located below the connected slot plane.

14
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Figure 2.11: Equivalent transmission line model for a connected array of slots in the presence of a
backing reflector and an ADL.

The expression of the ADLs were given for plane wave incidence. When the ADL is illuminated
by a connected array located in the near field, the analysis can still be used by expanding the field
radiated by the connected array into a spectrum of waves (Floquet modes). To account for the
reactive interaction between the connected slot radiating elements and the ADL slab, the term k2

ρ

in (2.28) is replaced with the transverse wavenumber of the Floquet mode for the connected array
unit cell k2

ρm = k2
xm + k2

ym. This allows to treat also the cases of non-homogeneous plane waves
(higher order Floquet modes).

As an example, Fig. 2.12 shows a comparison between the active input impedance and the
active reflection coefficient calculated using the analytical formulations and CST. There is a good
agreement between the two methods. The parameters used for the slot and the ADL transformer
for the given example are shown in Appendix A in Table A.2 and Table A.3, respectively.
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Figure 2.12: Comparison between results obtained using analytical formulations of the slot array
and ADL stack, and those obtained using CST. Input impedance is shown for (a) broadside,
scanning to 60◦ in the (b) H- and (c) E-plane. (d) Reflection coefficients when matched to 80 Ω.
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Chapter 3

ADL Synthesis

This chapter will outline the process used to design a set of ADLs such that they function as an
impedance transformer. First, several ideal impedance transformers are shown and compared in
Section 3.1. Then, the relationship between the ADLs and dielectrics is shown in Section 3.2.
Next, the process used to design the metal layers is shown in Section 3.3. Finally, an example
design is shown in Section 3.4 to show the accuracy of the described method.

3.1 Transformers

This section will discuss various impedance transformers that can be used in the realization of the
impedance transformation that is required to achieve the desired bandwidth using a connected slot
array. First, the quarter-wave transformer is discussed, which is then extended to multi-section
transformers. Next, the Chebyshev transformer is discussed, after which two ideal continuous
transformers and their discretization are discussed. Finally, the shown transformers are compared
by using each of them to design a 1 to 5 impedance transformer with a 1 to 5 bandwidth.

3.1.1 Quarter-Wave Transformer

The most widely used impedance transformer is the quarter-wave transformer. It is usually a
single-section matching layer that is used to match a transmission line to a real load. It provides
perfect matching at a given frequency f0, and a bandwidth ∆f that depends on the difference
between the line and load impedances.

For a single-section quarter-wave transformer the impedance of the matching section is given
by

Z1 =
√
Z0ZL, (3.1)

where Z0 is the line impedance and ZL is the load impedance. The input impedance seen from
the line is

Zin = Z1
ZL + jZ1tan(βl)

Z1 + jZLtan(βl)
= Z1

ZL + jZ1tan(π2
f
f0

)

Z1 + jZLtan(π2
f
f0

)
, (3.2)

where β is the propagation constant at frequency f . Expanding these equations to obtain the
fractional bandwidth is done in [25, p.247] and results in

∆f

f0
= 2− 4

π
cos−1

[
Γm√

1− Γ2
m

2
√
Z0ZL

|ZL − Z0|

]
, (3.3)

where Γm is the desired reflection coefficient magnitude.
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As an example, the −10 dB bandwidth of a quarter-wave transformer for a 1 to 5 impedance
transformation is obtained from (3.3) as

∆f

f0
= 2− 4

π
cos−1

[
10−

10
20√

1− 10−2 10
20

2
√

1 · 5
|5− 1|

]
= 0.5472 (3.4)

3.1.2 Multi-Section Transformer

To obtain a wider bandwidth, several quarter-wave transformers can be cascaded. The impedance
of these sections can be designed such that specific characteristics are obtained, such as a max-
imally flat passband (Binomial) or maximum bandwidth (Chebyshev). Since the bandwidth of
the Chebyshev transformer is larger than that of the Binomial [25], the Chebyshev transformer is
preferred for this application, and is detailed in Section 3.1.3.

The response of a multi-section transformer is derived in [25, p.251] and can be written as

Γ(θ) = 2e−jNθ
[
Γ0 cosNθ + Γ1 cos (N − 2)θ + · · ·

+ Γncos (N − 2n) θ + · · ·+ 1

2
ΓN/2

] for even N (3.5a)

Γ(θ) = 2e−jNθ
[
Γ0 cosNθ + Γ1 cos (N − 2) θ + · · ·

+ Γn cos (N − 2n) θ + · · ·+ 1

2
Γ(N−1)/2 cos θ

] for odd N, (3.5b)

where Γn is the reflection coefficient at the boundary between sections n and n+1. These equations
will be used in the definition of the impedances used by the Chebyshev transformer in Section 3.1.3.

3.1.3 Chebyshev Transformer

The Chebyshev transformer is based on the Chebyshev polynomials, of which the first four are
given by

T1(x) = x (3.6a)

T2(x) = 2x2 − 1 (3.6b)

T3(x) = 4x3 − 3x (3.6c)

T4(x) = 8x4 − 8x2 + 1, (3.6d)

and higher order polynomials are obtained using

Tn(x) = 2xTn−1(x)− Tn−2(x). (3.7)

A property of the Chebyshev polynomials is that for |x| < 1, |Tn(x)| < 1. This is exploited to
obtain an equal-ripple passband by mapping θm to x = −1 and π − θm to x = 1. To do this, x is
substituted by x = cos θ sec θm, resulting in

T1(sec θm cos θ) = sec θm cos θ (3.8a)

T2(sec θm cos θ) = 2 sec2 θm cos2 θ − 1 (3.8b)

T3(sec θm cos θ) = 4 sec3 θm cos3 θ − 3 sec θm cos θ (3.8c)

T4(sec θm cos θ) = 8 sec4 θm cos4 θ − 8 sec2 θm cos2 θ + 1, (3.8d)
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where cosn θ is expanded in terms of cos (nθ) using

cosn θ =
1

2n

(
n
n
2

)
+

1

21−n

n
2−1∑
k=0

(
n

k

)
cos (n− 2k) θ for even n (3.9a)

cosn θ =
1

21−n

n−1
2∑

k=0

(
n

k

)
cos (n− 2k) θ for odd n. (3.9b)

This results in

T1(sec θm cos θ) = sec θm cos θ (3.10a)

T2(sec θm cos θ) = 2 sec2 θm (cos 2θ + 1)− 1 (3.10b)

T3(sec θm cos θ) = 4 sec3 θm (cos 3θ + 3 cos θ)− 3 sec θm cos θ (3.10c)

T4(sec θm cos θ) = 8 sec4 θm (cos 4θ + 4 cos 2θ + 3)− 8 sec2 θm (cos 2θ + 1) + 1, (3.10d)

where higher order polynomials are obtained by substituting x = sec θm cos θ in (3.7). The resulting
expression for the n-th order Chebyshev transformer is

Tn(sec θm cos θ) = 2 (sec θm cos θ) · Tn−1(sec θm cos θ)− Tn−2(sec θm cos θ). (3.11)

The equal-ripple passband in an N -section Chebyshev transformer is obtained by equating (3.5)
and (3.11)

Γ(θ) = 2e−jNθ [Γ0 cosNθ + Γ1 cos (N − 2) θ + · · ·+ Γn cos (N − 2n) θ + · · · ] (3.12)

= Ae−jNθTN (sec θm cos θ) , (3.13)

and grouping similar terms of cos (nθ). Solving for Γ(0) yields

Γ(0) =
ZL − Z0

ZL + Z0
= ATN (sec θm) (3.14)

from which it follows that

A =
ZL − Z0

ZL + Z0

1

TN (sec θm)
. (3.15)

Since the maximum value of TN sec θm cos θ is 1, setting the maximum reflection coefficient in the
passband to be Γm yields that |A| = Γm. It follows that

TN (sec θm) =
1

sec θm

∣∣∣∣ZL − Z0

ZL + Z0

∣∣∣∣ , (3.16)

from which we can determine θm as

sec θm = cosh

[
1

N
cosh−1

(
1

Γm

∣∣∣∣ZL − Z0

ZL + Z0

∣∣∣∣)]. (3.17)

Finally, Zn is determined using

Zn = Zn−1 · e2Γn , (3.18)

where Γn is obtained by solving (3.12) for terms of cosnθ. The fractional bandwidth of a Chebyshev
transformer is found from (3.17) to be

∆f(Γm)

f0
=

2(f0 − fm)

f0
= 2− 2fm

f0
= 2− 4θm

π
, (3.19)
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Figure 3.1: Reflection coefficient versus frequency of a 1- to 4-section Chebyshev transformer where
Γm = 0.05.

where fm is related to the reflection coefficient Γm through fm = (2θmf0)/π and (3.17). The
reflection coefficients for a 1- to 4-section, 1 to 5 Chebyshev transformer are shown in Fig. 3.1,
where Γm = 0.05 is used.

The −10 dB bandwidth of a Chebyshev transformer for the 1 to 5 impedance transformation
is obtained from (3.19) as

∆f

f0
= 2− 4

π
sec−1

(
cosh

[
1

N
cosh−1

(
1

Γ

∣∣∣∣ZL − Z0

ZL + Z0

∣∣∣∣)])
= 2− 4

π
sec−1

(
cosh

[
1

N
cosh−1

(
1

10−
10
20

∣∣∣∣5− 1

5 + 1

∣∣∣∣)])
= 2− 4

π
sec−1

(
cosh

1.37728

N

)
. (3.20)

3.1.4 Tapered Transformer

Another form of transformer is one where the impedance changes as a continuous function of
position. As will be seen below, this type of transformer has an infinite bandwidth due to its
monotonously decreasing reflection coefficient peak height. Many functions can be used for the
tapering of the impedance from one value to another. Here, two different tapers and their perfor-
mance will be considered. First, the exponential taper and the method to discretize it is discussed,
after which the triangular taper and its discretization are shown.

Exponential Transformer

The exponential transformer varies its impedance in a continuous manner as a function of distance,
according to

Z(z) = Z0e
az for 0 < z < L, (3.21)

where a determines the impedance at z = L. Since we desire the impedance at the end of the
taper to be equal to the load impedance (Z(L) = ZL), we use

a =
1

L
log

ZL
Z0

. (3.22)

This function is shown in Fig. 3.2a to smoothly vary from the input impedance Z0 to the load
impedance ZL. Using the theory of small reflections [25, eq. 5.67], the total reflection coefficient
at z = 0 can be determined as

Γ(θ) =
1

2

∫ L

z=0

e−2jβz d

dz
log

(
Z

Z0

)
. (3.23)
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Figure 3.2: (a) Impedance profile and (b) reflection coefficient versus frequency of an exponential
transformer.

Substituting Z in this equation with Z(z) yields

Γ(θ) =
1

2

∫ L

z=0

e−2jβz d

dz
log (eaz)

=
logZL/Z0

2
e−jβL

sinβL

βL
, (3.24)

which is shown in Fig. 3.2b. It can be seen that the first null is found at βL = π, which is the point
where the total length of the transformer is half-wave (L = λ/2). The level of each consecutive
sidelobe is seen to be continuously decreasing.

The −10 dB bandwidth of an ideal continuous 1 to 5 exponential transformer is obtained using
(3.24) and ranges from βL = 0.68π to infinity. This gives an infinite fractional bandwidth.

Discretization of the Exponential Transformer

Since a continuous impedance taper cannot be synthesized by an artificial dielectric slab, it must
be discretized and built using multiple sections. We define an N -section transformer where the
impedance of the nth section is given by

Zn = Z

(
n− 0.5

N
L

)
= Z0 exp

(
a
n− 0.5

N
L

)
, (3.25)

for 1 ≤ n ≤ N , where a is as defined in (3.22). The reflection coefficient for this discretized
exponential transformer is obtained by summing the reflection at each interface between sections
as

Γ(θ) =

N∑
n=0

Γn (3.26)

=

N∑
n=0

Zn+1 − Zn
Zn+1 + Zn

exp
(
−j2k0

n

N
L
)
. (3.27)

The impedance profile and resulting reflection coefficient for a 5-section 1 to 5 discretized expo-
nential transformer are shown in Fig. 3.3. It is seen that instead of the continuously decreasing
sidelobe levels of the continuous case, the discretized transformer becomes mismatched at the point
βL = Nπ. At this point, the length of each discretization section becomes λ/2.
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Figure 3.3: (a) Impedance profile and (b) reflection coefficient versus frequency of a 5-section
discretized exponential transformer.

The −10 dB bandwidth of an N -section 1 to 5 discretized exponential transformer is obtained
using (3.27) and ranges from βL = 0.68π to βL = (N−0.68)π. From this, the fractional bandwidth
is obtained as

∆f

f0
=
N − 2 · 0.68

2L/λ0
. (3.28)

Triangular Transformer

The triangular transformer derives its name from the fact that the derivative of the log of the ratio
of the impedance (d(logZ/Z0)/dz) is triangular in shape. It offers lower peaks in the reflection
coefficient than the exponential taper, but the lower edge of the passband shifts up, as will be seen
below. The impedance of the triangular taper is given by

Z(z) =

Z0 exp
(

2 z
2

L2

)
logZL/Z0 for 0 ≤ z ≤ L/2

Z0 exp
(

4 zL − 2 z
2

L2 − 1
)

logZL/Z0 for L/2 ≤ z ≤ L,
(3.29)

and is shown in Fig. 3.4a. The reflection coefficient can again be evaluated using (3.23) and is
found to be

Γ(θ) =
1

2
e−jβL log

(
ZL
Z0

)[
sin (βL/2)

βL/2

]2

, (3.30)

which is shown in Fig. 3.4b.

The −10 dB bandwidth of an ideal 1 to 5 triangular transformer is obtained using (3.30) and
ranges from βL = π to infinity. This means that to obtain the same bandwidth as the exponential
transformer, the triangular transformer’s length L must be 50% higher.

Discretization of the Triangular Transformer

The process used to discretize the triangular transformer is very similar to the process used for the
exponential transformer. We again define an N -section transformer where the impedance of the
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Figure 3.4: (a) Impedance profile and (b) reflection coefficient versus frequency of a 1 to 5 triangular
transformer.
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Figure 3.5: (a) Impedance profile and (b) reflection coefficient versus frequency of a 5-section
discretized triangular transformer.

nth section is given by

Zn = Z

(
n− 0.5

N
L

)
(3.31)

=

Z0 exp
(

2
(
n−0.5
N

)2)
logZL/Z0 for 0 ≤ n < N/2

Z0 exp
(

4n−0.5
N − 2

(
n−0.5
N

)2 − 1
)

logZL/Z0 for N/2 ≤ n ≤ N,
(3.32)

for 1 ≤ n ≤ N . The reflection coefficient is then calculated as in (3.27). The impedance profile
and resulting reflection coefficient for a 5-section discretized triangular transformer are shown in
Fig. 3.5.

The −10 dB bandwidth of an N -section 1 to 5 discretized triangular transformer is obtained
using (3.27) and ranges from βL = 0.96π to βL = (N−0.96)π. From this, the fractional bandwidth
is obtained as

∆f

f0
=
N − 2 · 0.96

2L/λ0
. (3.33)
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Table 3.1: Comparison of required parameters to achieve a 1 to 5 bandwidth for a 1 to 5 impedance
transformation using a Chebyshev transformer, or with a discretized Exponential or Triangular
transformer.

Chebyshev Exponential Triangular

Required Length L 1.25λ0 1.7λ0 2.6λ0

Required Sections N 3 5 7
Passband Depth −10 dB −18 dB −31 dB

0.2f0 0.4f0 0.6f0 0.8f0 f0 1.2f0
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Figure 3.6: Reflection coefficient versus frequency of a 1 to 5 impedance transformation using the
transformers and parameters listed in Table 3.1.

3.1.5 Transformer Comparison

The transformers described in this chapter each have their own advantages and disadvantages.
The transformers are compared by their requirements when at least a 0.2f0 to f0 bandwidth is
to be obtained with a 1 to 5 impedance transformation. Table 3.1 shows the parameters required
to achieve the desired bandwidth for the Chebyshev, discretized Exponential, and discretized
Triangular transformers.

The length L of the discretized exponential and triangular transformer is given by the lower
edge of the bandwidth. A certain choice of L sets the lower edge of the bandwidth irrespective of
N . The upper band is then given by the number of layers N , which is set such that the reflection
coefficient is still <−10 dB at f0. Fig. 3.6 shows that the upper band of these transformers is
higher than is required for a 1 to 5 bandwidth, but fewer layers would not achieve the desired
bandwidth. It is seen that the Chebyshev transformer achieves a similar bandwidth with fewer
required sections and a lower overall length.

However, when the reflection coefficient is calculated for each of these transformers, as seen in
Fig. 3.6, it is seen that the matching of the Chebyshev transformer is right at −10 dB around 0.4f0

and 0.8f0 and at the edge of the target bandwidth. Since a mismatch will be introduced when the
transformer is coupled to the connected array antenna elements and when fabrication uncertainties
are considered, the exponential transformer is chosen for the initial design of the array.

3.2 Homogenization of a Structure

As shown in Section 2.2, the metal layers in the ADL affect the behavior of a plane wave that
travels through it. It is shown that the TE and TM component of the scattering from a layer of
metal patches are decoupled, and that the ADL is azimuthally independent. As such, the ADL
can be considered bi-anisotropic and the effective constitutive parameters can be extracted using
S-parameters determined from plane-wave incidence. These parameters then allow the ADL to be
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Figure 3.7: Example of (a) an ADL slab and (b) its homogeneous equivalent dielectric.

modeled as a homogeneous dielectric with permittivity and permeability matrices given by

ε =

εx 0 0
0 εy 0
0 0 εz

 (3.34)

µ =

µx 0 0
0 µy 0
0 0 µz

 . (3.35)

The method to extract these parameters from an arbitrary bi-anisotropic stratification that is
infinite in two directions is described in [26]. It uses the S-parameters for two polarizations (TE and
TM) from oblique and normal incidence to extract the relevant parameters necessary to populate
the matrices given in (3.34) and (3.35). The equations for the extraction of the parameters are
given in Appendix B. Fig. 3.7a shows an ADL slab of height d under test, for which the equivalent
homogeneous dielectric slab is shown in Fig. 3.7b.

The azimuthal independence of the ADL means that the ADL behaves identically irrespective
of the azimuth of the incident wave. This means that εx = εy. The vertical component of the
electric field of an incident wave does not interact with the horizontal planar metal patches, which
means that the z-component of the permittivity is equal to that of the host medium, εz = εhost.
It is shown in [24] that there is a strong diamagnetic effect that occurs in the ADL structure due
to loop currents excited in the patches. This results in a reduction of the magnetic field inside the
structure compared to the external field, which means that µz < 1. The horizontal components of
the permeability are shown to be µx = µy = 1.

3.3 Designing an ADL

The design process starts with the choice of a transformer design, for which the lengths Ln and
impedances Zn of a certain number of sections N are defined. Since the transformer will be
constructed using ADLs, the impedances are converted to relative permittivities through

εr,n =

(
Z0

Zn

)2

, (3.36)

where Z0 = 120π is the impedance of free space.
Since changing the permittivity of a material also changes the wavelength inside this material,

the lengths of the sections defined by the transformer must be scaled accordingly. The length Ln
of each section is therefore scaled by the inverse of the square root of the permittivity, that is

LADL,n =
Lsection,n

n
, (3.37)
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Figure 3.8: Steps to go from an ideal transmission line to an ADL. (a) Continuous impedance
tapering. (b) Discretized version. (c) Homogeneous dielectric slabs, scaled vertically according to
(3.37). (d) ADL version of the homogeneous slabs.

where n is the refractive index of the material which, since µx = µy = 1, is equal to
√
εx.

This is shown in Fig. 3.8, where the ideal tapered line is shown in Fig. 3.8a, which is discretized in
N sections of length Lsection,n in Fig. 3.8b. These transmission line sections are then implemented
using homogeneous dielectric slabs in Fig. 3.8c, which are scaled vertically according to (3.37).
Finally, the permittivities of these homogeneous dielectric slabs are implemented in ADL slabs as
seen in Fig. 3.8d.

Using the method described in Section 3.2 the effective permittivity of an ADL slab can be
determined. Using an iterative process, the parameters of an ADL slab can therefore be designed
such that the slab behaves like a homogeneous dielectric with a given permittivity. As shown in
the previous section, εx = εy. This enables the design of an ADL based on a single output value,
being εx, which means that 1D error minimization techniques can be used.

3.3.1 Limitations on Design

The choice of transformer and slot unit cell fix several parameters prior to the design. The height
of each section of the transformer fixes the distance between metal layers dz = Hsection/N in the
ADL for a given number of layers N . The unit cell size dx of the slot limits the choice of unit
cell size p of the ADL to p = dx/α, where α = 1, 2, . . . . The manufacturing process gives a lower
limit to the gaps between the patches wmin. It also sets an upper limit on the number of metal
layers Nmax based on the minimum thickness tmin of the dielectrics between the metal layers,
Nmax = LADL,n/(2tmin). The maximum gap between the patches is chosen to be wmax = 0.7p.
Fig. 3.9 shows the effect of N and α on an example ADL.

3.3.2 Design Process

The design of the ADL is done iteratively using the Newton Raphson method. The process starts
with a single layer N = 1, which is increased as needed. An arbitrary gap width w = w1 is chosen,
and the shift is set to its maximum value, s = p/2. The process described below is shown as a
flow graph in Fig. 3.10. The S-parameters are simulated using the transmission line model given
in Section 2.2, and the permittivity εx,1 is determined using the method described in Section 3.2.
A second simulation is run for the same parameters except that w2 = w + ∆w, which gives the
permittivity εx,2 for the point w = w2. The error |εx,1 − εdes| between the permittivity in w = w1
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Figure 3.9: Illustration of the effect of N and α on the structure of the ADL when a given
permittivity is realized. The number of layers N in the stack is varied from 4 to 6 in (a) to
(c), respectively. The unit cell size p = dx/α is shown for α varying from 1 to 3 in (d) to (f),
respectively.
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Figure 3.10: Flow graph showing the process of designing an ADL slab to have a certain given
permittivity.

and the desired value εdes is calculated and w is changed according to

w1,new = w1,old +
εx,1 − εdes

εx,2 − εx,1
∆w. (3.38)

This process repeats until either the desired epsilon is found or one of two scenarios is found. These
scenarios are as follows

• A maximum is found, but it is still too low. In this case, the number of layers N is increased,
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Figure 3.11: Effect of neighboring sections on the permittivity of an ADL section. (a) Behavior
of permittivity as a function of gap width w. (b) ADL section in free space, and (c) ADL section
with neighboring sections.

resulting in a lower distance between layers dz = hsection/N . The process is restarted with
the new N .

• The width w reaches the minimum width wmin defined by the manufacturing process. This
means the desired permittivity is higher than what can be achieved with this number of
layers. As before, the number of layers is increased and the process is restarted with the new
N .

• A minimum is found, but it is still too high. In this case, either the number of layers N
is decreased or, if it is already a single layer, the shift s is reduced to zero. The process is
restarted with the new N or s.

• The width w reaches the maximum width wmax. This means the desired permittivity is lower
than what can be achieved with this number of layers. As before, the number of layers or
shift is reduced and the process is restarted.

If the desired permittivity is still lower than what can be achieved with a single layer and zero
shift, the desired section cannot be realized without reducing the unit cell size p. Since the number
of layers is only increased when the current number of layers is insufficient, the final design will
have the minimum number of layers. This is advantageous as each layer adds extra fabrication
costs.

3.3.3 Adjacent Sections

Since an impedance transformer often consists of multiple sections, each section is adjacent to
one or two other sections. This means that, as follows from the equations in Section 2.2, the
susceptances of the metal layers on the edges of each section are influenced by the edge layer in
the next or previous section. The effect of the presence of neighboring sections on the behavior of
the permittivity is shown in Fig. 3.11, where the permittivity is shown for a section is shown as a
function of its gap width w. It is seen that for the desired permittivity, there is a large difference in
gap width between the two scenarios. If the effect for the neighboring sections was not taken into
account in the design, it is seen that there would be an error of 20% in the realized permittivity
of this section.

The effect of the neighboring sections means that each section cannot be designed separately
from the others. As such, two design iterations are performed on each section. First with only
the previous section, since the rest is unknown. Then again with both the previous section the
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previous iteration of the next section. If the number of layers in any section changes during this
process, another iteration is done to ensure each layer is optimally close to the desired epsilon.

3.4 Design Performance

To show the accuracy of this method, it is applied to design an 8-section exponential transformer
with an impedance transformation from 100 to 377 Ω. The height of the transformer is taken to
be L = 2λ0 and the unit cell is taken to be p = 0.225λ0. Table 3.2 shows that the worst error in
this design is approximately 0.1%, along with the parameters of the resulting ADL stack.

This design was generated in an average of 3.77 seconds over 10 runs1. In each run, over 14000
different designs are generated, simulated, and homogenized. In a commercial solver such as CST
Microwave Studio, the time for a single-frequency simulation of the first section of the generated
design is 9.5 seconds, averaged over 10 runs. This shows that it would be infeasible to do this
design process in a commercial solver.

1Computer used: Dell Optiplex 7050, Intel R© CoreTM i5-7500 CPU, Intel R© HD Graphics 630.
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Figure 3.12: (a) Input impedance for a 377-100 Ω exponential transformer using 8 sections and
a total electric height of 2λ0, implemented using 9 ADLs at broadside incidence. (b) Reflection
coefficient when matched to 100 Ω. (c) Geometry of the ADL in the design example given in
Table 3.2. The sections are shown using dashed lines, and the extent of the unit cell is shown with
solid lines.

Table 3.2: Example of an 8-section exponential transformer from 100 to 377 Ω, implemented using
ADLs.

Section Zsection εr,des Error dz (λ0) w (λ0) s (p) N

1 108.6597 12.03776 +0.0003% 0.0360 0.0234 0.5 2
2 128.3107 8.63290 +0.0099% 0.0850 0.0068 0.5 1
3 151.4762 6.19432 +0.0785% 0.1038 0.0116 0.5 1
4 178.7545 4.44804 +0.0303% 0.1185 0.0199 0.5 1
5 210.9786 3.19305 +0.0060% 0.1388 0.0327 0.5 1
6 249.0378 2.29166 +0.0014% 0.1651 0.0524 0.5 1
7 293.9625 1.64474 +0.0020% 0.1949 0.0842 0.5 1
8 347.0023 1.18036 -0.1122% 0.2301 0.1428 0.5 1
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Chapter 4

Preliminary Design:
Design Steps of a Unit Cell

This chapter will detail the steps used to design the wide-band wide-scan connected array antenna
array. First, the design of the transformer is discussed in Section 4.1. Next, the design steps for the
connected slot unit cell are shown in Section 4.2. After this, the scanning performance is assessed
in Section 4.3. Finally, the change to a dual-polarized unit cell is shown in Section 4.4.

4.1 ADL Transformer Design

The design of the antenna array starts with the design of the ADL transformer. For the reasons
given in Section 3.1 the exponential transformer is chosen. The feed impedance of the slot is chosen
to be Zslot = 50 Ω, an impedance commonly used for feeding lines.

Using the equations described in Section 3.1, it is found that to obtain a 0.2-1.0f0 bandwidth,
N = 5 sections are required. As seen in Fig. 3.6, the upper edge of the −10 dB passband is far
above f0, while the lower edge is right on 0.2f0. Therefore the height of the transformer is chosen
slightly above the theoretical minimum of 1.7λ0, which moves both the upper and lower edge of the
passband to a lower frequency. For this design, the electrical height is chosen to be L = 2λ0. This
transformer is first implemented in ideal transmission lines, and the reflection coefficient of this
transformer when matching free space (ZL = 377 Ω) to Zslot is shown in Fig. 4.1a. The parameters
of this transformer are shown in Table A.4 in Appendix A. It is seen that the implementation using
ideal transmission lines reaches the desired bandwidth, but that the ADL-based implementation
does not.

The reason that the ADL-based implementation does not reach the desired bandwidth is due
to the frequency dispersive behavior of the metal patches in the ADL. A section consisting of
only one or two layers cannot be described as a homogenized medium at all frequencies but only
over a narrow bandwidth. The normalized error in the dielectric permittivity of each layer versus
frequency is shown in Fig. 4.1b. In this figure, the error is given by

Normalized error =
εADL − εdesired

εdesired
, (4.1)

where εADL is the permittivity given by the ADL and εdesired is the desired permittivity as given
by the desired impedance of this section of the transformer. It is seen that the error is highest
for the sections consisting of only a single metal layer, and that the error for a high-permittivity
section is higher than that of a lower-permittivity section. The figure also shows that there is no
error at the chosen design frequency of 0.6f0.

To improve the matching at higher frequency, the dispersion is to be reduced. This can be
done by increasing the number of layers in a section. This is done in Fig. 4.2a, where the first two
sections are now implemented using 1 extra layer each. The parameters of this transformer are
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Figure 4.1: (a) Matching performance for a 377-50 Ω exponential transformer using 5 sections and
a total electric height of 2λ0, implemented in ideal transmission lines and 11 ADLs at broadside
incidence, matched to 50 Ω. (b) Normalized error between realized and desired permittivity for
this transformer.
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Figure 4.2: (a) Matching performance for a 377-50 Ω exponential transformer using 5 sections and
a total electric height of 2λ0, implemented in ideal transmission lines and 13 ADLs at broadside
incidence, matched to 50 Ω. (b) Normalized error between realized and desired permittivity for
this transformer.

shown in Table A.5 in Appendix A. It is seen that the high-frequency performance is significantly
improved. Fig. 4.2b shows that the dispersion of the first two sections is reduced.

Alternatively, using the same number of metal layers, the number of sections can be increased
to 8. Fig. 4.3a shows the performance of this transformer. The parameters of this transformer are
shown in Table A.6 in Appendix A. The matching at high frequencies is further improved, and
Fig. 4.3b shows that the maximum dispersion is also reduced compared to both previous designs.
The dispersion is reduced due to the lower distance between the patches, reducing the impact of
frequency on the electric height of the intermediate transmission lines.

The number of layers can be reduced and the matching can be improved by designing the
transformer to start from a higher impedance. This is done for Fig. 4.3c, where an 8-section 11-
layer 377-80 Ω transformer is shown. The matching is shown to be improved both on the low- and
on the high-end of the frequency band. The dispersion for this design, shown in Fig. 4.3d, is similar
to the previous design. The parameters of this transformer are shown in Table A.7 in Appendix A.
An issue with designing the transformer for this higher impedance is that the feeding network is
generally realized using 50 Ω transmission lines, which means that another impedance transformer
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Figure 4.3: Matching performance for an exponential transformer with a total electric height of
2λ0, implemented in ideal transmission lines and ADLs at broadside incidence. (a)(b) A 377-50 Ω
transformer using 8 sections and 13 metal layers, matched to 50 Ω. (c)(d) A 377-80 Ω transformer
using 8 sections and 13 metal layers, matched to 80 Ω. (a)(c) Matching performance and (b)(d)
normalized error between realized and desired permittivity for this transformer.

from 80-50 Ω is required.

4.2 Slot Design

Once the ADL transformer is designed, the slot itself can be optimized. The slot must be designed
such that the input impedance seen from the feeding point is equal to that of the feeding network.
The input impedance is a complex value, the slot is matched when the imaginary part is zero
and the real part is equal to the impedance of the feeding network. There are several important
parameters which impact the behavior of the slot. To show the impact of each of these parameters,
the slot is combined with a backing reflector and the 377-80 Ω ADL designed in Section 4.1. The
slot is chosen to have a unit cell of dx = dy = 0.45λ0, with a slot width of ws = 0.1λ0 and a
feed length of ds = 0.1λ0. The backing reflector is placed at a distance of hback = 0.2λ0. These
parameters are summarized in Table 4.1. The parameters of the ADL are shown in Table A.7. The
effect of each individual parameter is shown by varying it while keeping other parameters constant.

Backing Reflector Distance

Fig. 4.4a and Fig. 4.4b show the effect on the input impedance of the connected array from varying
the distance to the backing reflector from 0.1λ0 to 0.25λ0 in 4 steps. Several effects are visible as
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Table 4.1: Parameters used for validation of implementation connected slot equations.

Parameter Value Description

dx 0.45λ0 Unit cell size
dy 0.45λ0 Unit cell size
ws 0.1λ0 Slot width
δs 0.1λ0 Feed length
hBR 0.2λ0 Backing reflector distance

the distance to the backing reflector increases:

• The very low-frequency real impedance increases.

• The high-frequency real impedance decreases.

• The low-frequency imaginary impedance decreases.

• The very low-frequency imaginary impedance increases.

Slot Width

Fig. 4.4c and Fig. 4.4d show the input impedance for a slot width varying from 0.02 to 0.14λ0.
Several effects are visible as the slot width increases:

• The high-frequency real impedance increases.

• The mid- to high-frequency imaginary impedance increases.

The imaginary part shows an inductive effect that appears due to the inductance associated with
the feed.

Feed Length

Fig. 4.4e and Fig. 4.4f show the input impedance for a feed length varying from 0.04λ0 to 0.14λ0
in 4 steps. Only one effect is visible as the feed length increases:

• The mid- to high-frequency imaginary impedance decreases.

The feed of the slot is described as an inductance in series to the fundamental Floquet wave
impedance, its value does not affect the real part of the input impedance

Optimisation Process

Using the effects shown before, the array can be optimized such that is has an imaginary impedance
close to 0 and a real impedance close to 80 across the 0.2f0 to f0 band. The slot width is in-
creased to increase the high-frequency real impedance, which increases the high-frequency imagi-
nary impedance as well. To compensate for this, the feed length is increased, which again reduces
the high-frequency imaginary impedance.

The resulting performance is shown in Fig. 4.5, where the real impedance is seen to closely
follow 80 Ω and the imaginary impedance is close to zero at f0. At lower frequencies, the imaginary
impedance is still quite high, and while changing the backing reflector distance can improve this,
it would also worsen the low-frequency real impedance and impact the mid to high frequency
imaginary impedance. Instead, to correct this imaginary part, a lumped capacitance is placed in
series with the feed. The input impedance to then given by

zin = zin,slot +
1

jωC
. (4.2)
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Fig. 4.5 shows the resulting input impedance and reflection coefficient, where a 2 pF capacitance
is used. The real impedance is unaffected by the series capacitance and the imaginary impedance
is close to 0 Ω across the 0.2-1.0f0 band. The reflection coefficient is seen to be below −14 dB
across this band, meaning the array is well-matched. The parameters used in both of these designs
are shown in Table A.1.
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Figure 4.4: Input impedance of a connected slot array while varying (a)(b) backing reflector
distance from 0.1λ0 to 0.25λ0, (c)(d) slot width from 0.02λ0 to 0.14λ0, and (e)(f) feed length from
0.02λ0 to 0.14λ0. (a)(c)(e) Real part and (b)(d)(f) imaginary part. Arrows denote the direction
of increasing values.
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Figure 4.5: Simulated results of optimized design. (a) Input impedance and (b) reflection coefficient
when matched to 80 Ω. Impedance and reflection coefficient for series feed capacitance shown in
gray.
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Figure 4.6: Simulated results from scanning the connected array loaded with an 377-80 Ω ADL
transformer. (a) Real and (b) imaginary impedance, and (c) reflection coefficient when matched
to 80 Ω.

4.3 Scanning the Array

Fig. 4.6 shows the effect of scanning the array described in Section 4.2 to 60◦. The angular
dependence of the characteristic impedance for the TE and TM polarization [16, app. A] are
clearly visible in the real part of the input impedance of the H- and E-plane, respectively. The
imaginary impedance is seen to increase for both planes, with oscillations increasing in the H-plane
and decreasing in the E-plane due to the aforementioned angular dependence. It is seen that the
real and imaginary impedance for both planes are often on opposite sides of the 80 Ω or 0 Ω lines.
This means that if for example the high-frequency real impedance is increased, the matching for
the E-plane is improved, but the matching for the H-plane deteriorates. As such, each change to
the design is a trade-off between performance in the two planes.

The grating lobe is seen through the discontinuity or zero of the real input impedance for the
E- and H-plane. It appears at a frequency of 1.19f0, which corresponds exactly to the frequency
that is expected to appear at, based on the 0.45λ0 spacing.

H-plane

The H-plane is the plane where the scanning occurs along the slot. It shows three resonances
between f0 and 1.2f0, which cause the array to become mismatched. To determine the origin of
this resonance, the poles of the dispersion equation of the slot D∞ and the Green’s function of
the ADL Gxx,up are analyzed by taking their inverse. Fig. 4.7 shows their inverse as a function of
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Figure 4.7: (a) Poles in the stratified Green’s function of the ADL stratification and the dispersion
equation of the slot. Poles of the design used in Fig. 4.6 are shown, at a frequency of 1.03f0. (b)
Illustration of the wave guided along the slot.

kρ/k0, the ratio of the transverse propagation constant kρ and the propagation constant k0.
It is seen that there are poles in the Green’s function of the ADL Gxx,up, and that these

are slowed down by the interaction with the slot and backing reflector. The poles are shifted to
kρ/k0 = [1.0130, 1.1528, 1.2924] and correspond to waves that are guided by the ADL along the
slot, which will be excited when

k0 sin θ =
2π

dx
− kρ,sw, (4.3)

where θ is the scanning angle. This means that, for scanning to 60◦, the surface waves corresponding
to these poles are expected at 1.18f0, 1.10f0, and 1.03f0, respectively, which match the frequencies
at which they are seen. These poles are not seen in the E-plane because the effective permittivity
of the ADL for TM incidence goes to 1, as shown in Fig. 1.3.

E-plane

In the E-plane it is seen that the real impedance remains very low until 0.3f0, severely reducing the
matching at those frequencies. This is due to the parallel plate waveguide mode between the slots
and the backing reflector. This effect is removed by placing vertical metal walls between the slots,
as shown in the top of Fig. 4.8, which stop this wave from reaching the next slot. The effect of this
is that the scanning angle in the y-direction is no longer relevant for the medium below the slots,
resulting in ky0 = 0 in (2.4). The 2πmy/dy periodicity remains, due to the appearance of virtual
sources when the image theorem is applied to the vertical walls. Implementing this change in the
equations used to model the slot enables simulation of the slots in the presence of these vertical
metal walls. The resulting performance of the array is shown in Fig. 4.8, where it is seen that the
real part of the input impedance has improved significantly at low frequencies on the E-plane.

Asymmetry Between Planes

Fig. 4.8b shows that there is an asymmetry between the matching performance of both planes. It
is seen that inside the 0.2f0 to 0.9f0 band, the H-plane performs better than the E-plane, as it has
a peak value of −9.4 dB versus the −6.7 dB of the E-plane. This asymmetry can be reduced by
designing the ADL to transform to a higher impedance while still matching the slots to 80 Ω. A
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Figure 4.8: Simulated results from scanning the connected array loaded with an 8-section 11-
layer 377-80 Ω ADL transformer in the presence of vertical metal walls between the slots in the
y-direction. (a) Input impedance on the E-plane and (b) reflection coefficients when matched to
80 Ω.

design where a 377-100 Ω transformer is used is shown in Fig. 4.9. It is seen that the peak value in
both planes is now −7.7 dB. The matching is slightly worse at broadside, but it is still well below
−10 dB.

Improving Bandwidth

It is seen that the H-plane is mismatched at 0.95f0 as the resonance is approached. To improve the
matching at this point, the ADL is adapted such that the best matching on the H-plane is achieved
right before the resonance. For this, the matching of the ideal discretized exponential transformer
is studied when an incident TE-polarized plane wave arrives at an angle of 60◦. Fig. 4.10 shows
that for the exponential transformer the best matching near f0 is achieved at 0.72f0 and 1.07f0.

Due to the strong dependence of both the upper and the lower edge of the passband on the
length of the transformer, it is difficult to place the points of optimal matching for an exponential
transformer. For this reason, the transformer is changed to a 4-section 5λ0/3 Chebyshev trans-
former, which is shown to have its point of optimal matching at f0 and a better matching across
the band when scanning.

The change to the Chebyshev transformer has the additional advantage of having a lower
permittivity in its first stage of εr = 8 versus εr = 12. This means that the guided wave sees a
lower permittivity and therefore is excited only at a higher frequency. The matching performance
of the slot loaded with this Chebyshev transformer is shown in Fig. 4.11. The matching is below
−10 dB for broadside and below −6 dB when scanning on both planes across the 0.2f0 to f0

bandwidth. The parameters used for the slot and the ADL transformer are shown in Appendix A
in Table A.8 and Table A.9, respectively.
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Figure 4.9: Matching performance when scanning the connected array loaded with an 8-section
10-layer 377-100 Ω discretized exponential ADL transformer in the presence of vertical metal walls
between the slots in the y-direction. (a) Real and (b) imaginary input impedance, (c) reflection
coefficients when matched to 80 Ω.
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Figure 4.10: Matching performance for an ideal discretized 377-100 Ω 2λ0 exponential transformer
and an ideal 377-94 Ω 5λ0/3 Chebyshev transformer when matched to 80 Ω. Reflection coefficient
shown for TE incidence at (a) broadside and (b) at 60◦.
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Figure 4.11: Matching performance for an ideal 377-94 Ω 5λ0/3 Chebyshev transformer when
matched to 94 Ω. Reflection coefficient shown for TE incidence at (a) broadside and (b) at 60◦.
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4.4 Dual-Polarized Slot Design

The equations for the connected array as described in Section 2.1 only account for single-polarized,
x-oriented slots. Since a dual-polarized operation is targeted, the design process must continue
in a commercial solver. Here, CST Microwave Studio [27] will be used for the rest of the design
process. First, the design shown in Fig. 4.9 is placed in CST with a dual-polarized slot layout.
Here, the vertical walls present in the simulation of Fig. 4.9 can not be realized since they would
interfere with the orthogonal slot. The layout that is used is shown in Fig. 4.12a, the gap between
patches in the first layer of the ADL transformer is aligned with the slots, as shown at the top of
the figure.
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Figure 4.12: Geometrical parameters of the dual-polarized unit cell (a) without and (b) with vias.

Fig. 4.13 shows the result of this simulation. The response of the x-oriented slot when scanning
in its H-plane (φ = 0◦) is identical to the response seen by the y-oriented slot when scanning in
its H-plane (φ = 90◦). The parameters used for the slot and the ADL transformer are shown
in Appendix A in Table A.9 and Table A.10, respectively. It is seen that the results are similar
to those obtained using the analytical expressions for a single-polarized slot array, except that
the guided wave appears earlier than was previously seen, at 1.02f0 instead of 1.1f0. However,
due to the steep slope achieved by placing the point of optimal matching using the Chebyshev
transformer, the reflection coefficient is still below −7 dB at f0.

To emulate the effect of the vertical walls used in the previous design, vias are placed between
the two orthogonal slots, as shown in Fig. 4.12b. To compensate for the change in reactance, both
the width of the slot ws and the feed length δs are reduced to 0.15λ0. The result of this is shown
in Fig. 4.14, where it is seen that the E-plane is improved significantly at the low frequency. The
parameters used for the slot and the ADL transformer are shown in Appendix A in Table A.9 and
Table A.11, respectively. Both planes are below −6.5 dB across the band.
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Figure 4.13: Simulation results of a dual-polarized slot loaded with a 4-section 8-layer 377-94 Ω
Chebyshev ADL impedance transformer. Input impedance is shown for (a) broadside, scanning to
60◦ in the (b) H- and (c) E-plane. (d) Reflection coefficients when matched to 94 Ω.
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Figure 4.14: Simulation results of a dual-polarized slot loaded with a 4-section 8-layer 377-94 Ω
Chebyshev ADL impedance transformer with vias of radius λ0/30 at a distance of dx/2 from the
center of the slot. Input impedance is shown for (a) broadside, scanning to 60◦ in the (b) H- and
(c) E-plane. (d) Reflection coefficients when matched to 94 Ω.
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Chapter 5

Final Design:
Realistic Materials and Feed
Structure

This chapter will detail the impact of the fabrication process, which imposes limitations on the
choice of materials and gives some minimum dimensions. First, the effect of realistic materials on
the ADL is shown, and the transmission line model of the ADL is extended to include these mate-
rials in Section 5.1 Next, the tolerances in the manufacturing process are discussed in Section 5.2,
where their impact on the matching performance is shown. After this, the impact of the PCB of
the radiating slot elements is shown in Section 5.3. The design process of the feeding network is
then shown in Section 5.4. Finally, the performance of the final design is shown in Section 5.5.

5.1 Fabrication of the ADL

In the previous Chapters, the ADL was modeled as metal patches floating in free space. However,
for a realistic implementation, a dielectric stratification to support the patches is needed. A
practical example of realization of the ADL was done in [14] using the materials shown in Table 5.1.
Since the applicability of these materials to the fabrication of ADLs is proven, they will be used in
this study. The foam ROHACELL R© 31 HF [28] is used to emulate the free space currently used
in the simulation. The copper cannot be placed on a foam substrate, so DupontTM Pyralux R©
AP [29] is used upon which the copper is deposited. The layers of foam and substrate are then
glued together with CuClad R© 6250 [30].

In the derivation of the equations for the ADL, a homogeneous host medium was assumed.
However, with the inclusion of the glue layers, the field between the patches will no longer see a
constant host medium. This effect is illustrated in Fig. 5.1, where several field lines are drawn in
a constant host medium (Fig. 5.1a) and in a layered host medium (Fig. 5.1b). The effective host
permittivity seen by the field between the patches is taken as the effective permittivity seen by a
wave propagating along the gap between the patches. This was determined for various gap widths
w, after which a model was fit to the simulated points to obtain the effective permittivity for any

Table 5.1: Parameters of materials used in the realization of the ADLs.

Material εr Min. Thickness Function

ROHACELL R© 31 HF 1.045 100µm Foam between metal layers.
DupontTM Pyralux R© AP 3.4 25.4 µm Substrate with copper patches.
CuClad R© 6250 2.32 38 µm Glue used to bond layers together.
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(a) (b)

ROHACELL® 31 HF

Arlon CuClad® 6250

Dupont™ Puralux® AP

Arlon CuClad® 6250

(c)

Figure 5.1: Illustration of several field lines in (a) a constant host medium and (b) a layered host
medium. The foam-glue-substrate-glue-foam stack is illustrated in (c).

gap width w. The result of this is shown in Fig. 5.2, where the fitted model is of the form

εr,eff(w) = awb + cwd + e, (5.1)

where the values of a, b, c, d, and e are defined in Table 5.2.
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Figure 5.2: Simulated permittivity seen by a
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Figure 5.3: Transmission line model for a
single layer of metal patches in the presence
of the substrate and glue layers.

Using the permittivity found using this model in (2.35) allows calculation of the susceptance of
the metal layers in the presence of the realistic stratification. To simulate the behavior of the ADL,
the transmission line of the ADL as shown in Fig. 2.9 is adjusted to account for the layers of glue
and substrate. This is done by replacing the transmission line for each layer with several sections of
transmission lines for each of the layers that are introduced. This adjustment to the transmission
line is shown for a single layer in Fig. 5.3, where the lengths dg and ds are the thicknesses of the
glue and substrate layers, respectively.

Using the effective permittivity seen by the slot allows design of a transformer using the same
steps as shown in Chapter 3. The 377-100 Ω discretized exponential transformer used in Fig. 4.9
is reproduced using the realistic materials and the result is shown in Fig. 5.4. It is seen that the
matching has deteriorated for broadside, but has dramatically improved for the E-plane due to its
higher real impedance across the band. The H-plane is similar at −6.5 dB, but the guided wave
has moved to the lower frequency of 0.96f0. It is above −6.5 dB starting at 0.85f0 due to increase
in imaginary impedance leading up to the resonance, but this can again be reduced by placing
the point of optimal matching closer to the resonance. Due to the limited effect of the glue layers
on the matching performance, and the significant effect on simulation time of the stratification in
CST, the design is continued using the free-space version of the ADL transformer.
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Table 5.2: Fit parameters of the model used to fit the simulated values shown in Fig. 5.2.

Parameter Value

a 0.30602
b -0.35028
c 0.54567
d 0.08426
e 0.31275
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Figure 5.4: Simulation results of a single-polarized slot loaded with a 4-section 8-layer 377-100 Ω
discretized exponential ADL impedance transformer in the presence of realistic material layers and
vertical metal walls. (a) Real and (b) imaginary input impedance, (c) reflection coefficients when
matched to 80 Ω.
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5.2 Tolerance Study

To study the effect of inaccuracies in the manufacturing process, a tolerance study is performed
on the ADL impedance transformer. The effect of these inaccuracies is determined by applying
them on the parameters of the 377-100 Ω discretized exponential transformer in Fig. 4.9. Each
parameter is randomly adjusted within the manufacturing tolerances and 100 simulations are run,
of which the best and worst matching are shown for broadside and for scanning to 60◦ in the H-
and E-plane. The tolerances used for the various parameter are as follows:

• The shift s is adjusted by up to 1 mm.

• The width w of the gap between patches is adjusted by up to 20µm.

• The distance dz between the metal layers is adjusted by up to 5%.

Layer Misalignment

Since the ADL is constructed using many alternating layers of foam and dielectric, the layers must
be independently aligned and glued together. If the layers are misaligned, the shift between the
layers of metal patches is affected, causing the susceptance of each metal layer to change. Fig. 5.5a
shows the original matching performance and the range in which it will be when the alignment
between each layer of metal patches has an error of up to 1 mm. It is seen that there is little effect
on the matching performance at broadside or either of the scanning planes.

Patch Size Variation

The production process of the metal patches that make up the layers of the ADL may introduce
an error on the size of each patch. This error in the size of the patches means there is a change
in the gap width between the metal patches. The susceptance of each layer of metal patches will
change as a result, changing the effective permittivity of the ADL. Fig. 5.5b shows the original
matching performance and the range in which it will be when the gap between the metal patches
has an error of up to 20 µm. It is seen that there is little effect on the matching performance at
broadside or either of the scanning planes.

Layer Distance

The distance between the metal layers of the ADL is determined by the thickness of the foam layers
between them. The thickness of these foam layers may vary slightly, causing the susceptance of
each layer of metal patches to change, but also changing the length of the transmission line sections
between the layers. Fig. 5.5b shows the original matching performance and the range in which it
will be when the height of each foam layer has an error of up to 5%. It is seen that the effect of
this is larger than the effect of the layer misalignment and gap width, but is still limited to within
1 dB on the E- and H-planes.

Aggregate Tolerance Effects

When combining all of the aforementioned tolerances, the number of permutations increases signif-
icantly. Due to this higher number of permutations, the number of simulations where all three of
these parameters are adjusted randomly is increased to 1000. The best and worst-case changes in
matching performance are shown in Fig. 5.5d, where it is seen that the matching at broadside may
decrease significantly, but is still well below −10 dB across the 0.2f0 to f0 band. The matching on
the H-plane is still within 1.7 dB of the original matching at its point of worst matching, which is
around 0.8f0. The E-plane is within 1.1 dB of the original matching at its point of worst matching,
which is around 0.9f0.
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Figure 5.5: Effect of manufacturing tolerances on the active matching of a connected slot array
with 377-100 Ω discretized exponential ADL impedance transformer. (a) Up to 1 mm error in the
shift between layers. (b) Up to 20µm error in the gaps between patches. (c) Up to 5% error in the
distance between metal layers. (d) All of the errors combined.

5.3 PCB of Radiating Slot Elements

The substrate between the slot plane and the backing reflector is to be manufactured using Rogers
RO4350BTM [31]. This material has a permittivity of εr = 3.66.

Cavity Resonance

Fig. 5.6a shows the effect of the substrate material, where the design from Fig. 4.8 is adjusted to
include the substrate material below the slot. A narrow resonance is visible at 0.62f0, where the
matching is severely impacted. This resonance is due to a standing wave that forms between the
vertical walls between the slots, illustrated at the top of Fig. 5.6b. It can be shifted to a higher
frequency by changing the horizontal electrical size of the cavity below the slot. The horizontal size
of the cavity can be adjusted by increasing the thickness of the vertical metal walls, as is shown
at the bottom of Fig. 5.6b. The result of the thicker walls is also seen in Fig. 5.6a, where it is
seen that the resonance is shifted from 0.62f0 to 0.79f0. The parameters of the slot and the ADL
transformer are found in Appendix A in Table A.12 and Table A.7, respectively.

The thickness of the walls can be chosen such that the resonance is outside of the frequency
band of interest. However, to move the resonance shown in Fig. 5.6 beyond f0 requires the width
of the cavity to be reduced by 45%, where it will severely impact the matching obtained for the
slot unit cell. The horizontal electric size can also be adjusted by lowering the effective dielectric
constant of the substrate material. The effective dielectric constant is lowered by cutting away
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Figure 5.6: Response of a 377-80 Ω discretized exponential ADL transformer when the substrate
material (Rogers 4350BTM) is introduced. (a) Reflection coefficient for thin walls and walls that
reduce the cavity width by 20%, when matched to 80 Ω. (b) Illustration of the standing wave at
the frequencies of the resonances shown in (a).

part of the material below the slot. The cut shown in Fig. 5.7b is made in the substrate of the
design shown in Fig. 5.6, with wcavity = 4λ0/15 and dms = 0.0085λ0. The result of this is shown
in Fig. 5.7a, where the resonance is seen to have shifted from 0.62f0 to 0.91f0.

In a dual-polarized design, the effect of the thicker walls is emulated by placing the vias closer
to the feeds of the slots. The cavity in the dual-polarized design is shown in Fig. 5.7c. A bridge
is introduced across the gap to ensure that the substrate is a continuous slab of material without
islands.
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Figure 5.7: Response of a 377-80 Ω discretized exponential ADL transformer when the substrate
material (Rogers 4350BTM) is introduced which is partially cut away. (a) Reflection coefficients
when matched to 80 Ω. (b) Shape of the cut in the substrate for a single-polarized slot. The
substrate material is shown in grey, and the cut part is shown in white. (c) Shape of the cut in
the substrate in a dual-polarized slot unit cell. The metal plane is shown in dashed lines.

5.4 Feed Design

The designs thus far have all used ideal feeding ports located in the slot plane. This is unphysical,
so this section will detail the design process of the feeding structure that will implement a transition
from a 50 Ω coaxial feeding cable to the feeding point in the slot plane. The feed consists of two
sections, an integrated coaxial cable implemented using vias, and a microstrip section that feeds the
slot itself. This structure is shown in Fig. 5.8, where the geometrical parameters are highlighted.
The feed design is done separate from the slot and impedance transformer, and is designed such
that it matches an 80 Ω impedance at the slot plane to the 50 Ω impedance of the port at the
ground plane.

5.4.1 Narrowing of the Slot

Thus far, the feeding point has been as wide as the slot ws and has had a feed length of δs. To
approximate such a feed, a very wide microstrip would be necessary, which would have a very low
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Figure 5.8: Illustration of the feed shape with geometrical parameters.
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Table 5.3: Parameters used in the sweep of various patch areas.

Parameter Value

wms,3 0.0073λ0

Lp,1 0.0667λ0

Lp,2 0.0007λ0to0.0292λ0

θp 55◦

Apatch 0.0024λ2
0to0.0058λ2

0

line impedance. To be able to use a narrower microstrip, the slot is narrowed at the point where
the feed is to be located. This narrowing was already shown in the geometry of the dual-polarized
slot in Fig. 4.12a, where the slot width and feed width were separated into two parameters wslot

and wfeed, respectively. Similarly, the feed length and the length of the narrowing were separated
into Lfeed and Lfeed,out. This gives two more parameters to use in optimization of the design.
Fortunately, the input impedance remains similar if the ratio of wfeed and Lfeed is kept similar to
the ratio of ws and δs.

5.4.2 Microstrip Feed and Series Capacitance

The narrowing in the slot is fed using a microstrip, which is placed on the bottom of the top
dielectric plane shown in Fig. 5.7b. The series capacitance that was introduced in the feed in
Section 4.2 is implemented by placing a patch at the end of the feed microstrip, as illustrated in
Fig. 5.8.

To see the effect of replacing the ideal feed with the microstrip and of replacing the lumped
series capacitance with the patch, the 377-100 Ω discretized exponential transformer from Fig. 4.9
is placed over a dual-polarized slot plane of which the parameters are shown in Table A.13. In this
simulation, the Rogers 4350BTM substrate is present with the cavity cut shown in Fig. 5.7c. It is
seen that the effect of the microstrip feed can be compensated by adjusting the slot parameters.
Various patch areas are simulated, and it is seen that the area of the patch has limited influence
on the real impedance, while it has the desired effect on the imaginary impedance. It is seen that
the capacitance of the patch is frequency dependent, since the imaginary input impedance of the
shorted microstrip with lumped capacitance crosses that of various patch areas. The parameters
of the microstrip and the patch are shown in Table 5.3. In this simulation, only section 3 of the
microstrip and the patch are present.

The area of the patch Ap replaces the parameter C in the design of the slot, and determines
value of the series capacitance. The area of the patch Apatch is given in terms of the parameters
that describe the geometry of the patch as

Apatch = Wms,3Lp,1 cos θp + L2
p,1 cos θp sin θp + 2Lp,1 sin θpLp,2 . (5.2)

The width Wms,3 is fixed based on the design of the microstrip, and the angle θp and the length
Lp,1 are chosen as θp = 55◦ and Lp,1 = λ0/15. With these parameters fixed, the final parameter
of the patch Lp,2 is found as

Lp,2 =
Apatch −Wms,3Lp,1 cos θp + L2

p,1 cos θp sin θp

2Lp,1 sin θp
. (5.3)

The widths of first two sections of the microstrip Wms,1 and Wms,2 are chosen based on the
impedance that is to be realized in the microstrip. The width of the third section, Wms,3, is chosen
based on the length of the feeding gap Lfeed and is chosen such that it approximates the constant
field over the slot that was present with the delta-gap feed.
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Figure 5.9: Simulation results of a single-polarized slot loaded with a 8-section 10-layer 377-100 Ω
discretized exponential ADL impedance transformer. The slot is fed by an ideal port, a shorted
microstrip feed or a microstrip terminated with a patch of increasing area.
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Figure 5.10: Illustration of the integrated coaxial line with geometrical parameters.

5.4.3 Feed Impedance Transformer

The antenna is to be fed at the ground plane using a 50 Ω coaxial line. This means that the energy
must be guided from a hole in the ground plane to the slot plane. This is done using an integrated
coaxial line, of which the shape is shown in Fig. 5.10. It is seen that all vias extend from the
ground plane to the slot plane, and that the top of the central via is insulated from the slot plane
using a hole. The hole in the ground plane that is to connect to the 50 Ω coaxial input line is also
shown. This integrated coaxial line replaces one of the vias shown in Fig. 4.12b, as it has the same
effect on the cavity resonance.

Design of the Integrated Coaxial Line

The integrated coaxial of the desired impedance is realized by adjusting the ratio between the
diameter of the inner conductor and the radius of the circular via wall composing the out conductor.
The parameters are selected such that the maximum aspect ratio for the fabrication of the via is
not exceeded.

For a normal coaxial line, the impedance is given in [32] as

Zcoax =
1

2π

√
µ

ε
log

(
router

rinner

)
, (5.4)

54



5.4. FEED DESIGN

�

�ε�

(a)

�

�ε�

(b)

Figure 5.11: Illustration of the geometry of a microstrip line. (a) Original geometry of a microstrip
on a dielectric substrate with permittivity εr. (b) Equivalent geometry with a permittivity εr given
by (5.6). Figure reproduced from [25].

where router and rinner are the radii of the inner and outer conductor, respectively, and µ and ε are
the permeability and permittivity of the host medium. However, since the integrated coaxial line
will only have vias that approximate a half outer conductor, the impedance of this line will be higher
than that of a normal coaxial line. Conversely, the integrated coaxial line will be implemented
near the edge of the cavity, where the permittivity is that of free space. This reduces the effective
permittivity seen by a wave traveling on the coaxial line, which will lower the impedance. This
second effect is much smaller, since most of the field is concentrated between the conductors, and
only little will be near the boundary between the dielectric and the cavity. Overall, the impedance
of the integrated coaxial line is approximately 15-20% higher than that of a normal coaxial line.

Design of the Microstrip Line

The impedance of the microstrip depends on the ratio of the width W of the microstrip and the
distance from the strip to the ground plane d. It is given in [25] as

Z0 =


60
√
εe

log

(
8d

W
+
W

4d

)
for W/d ≤ 1

120π
√
εe [W/d+ 1.393 + 0.667 log (W/d+ 1.444)]

for W/d > 1,

(5.5)

where εe is the dielectric constant of a homogeneous medium that replaces the interface between
the host medium and free space, and is given by

εe =
εr + 1

2
+
εr − 1

2

1√
1 + 12d/W

. (5.6)

It is shown in Fig. 5.8 that the microstrip consists of three sections, sections 1-3. Section 1
is fully buried in the dielectric of the substrate, and will see εe = εr,substrate. Section 2 is on a
dielectric-air interface and will see a εe as given by (5.6). Section 3 is used to feed the slot, and its
width is not determined by a desired impedance but by the desired length of the feeding point in
the slot Lfeed.

Chebyshev Impedance Transformer

Since the feed will consist of two main sections - the integrated coaxial and the microstrip - a
2-section Chebyshev transformer is designed to transform from the 80 Ω port on the slot plane to
the 50 Ω port on the ground plane. The distance to the backing reflector is fixed by the design
of the slot array, which means that the height of the integrated coaxial cable may not be exactly
quarter-wave.
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Figure 5.12: (a) Response of a two-section 80-50 Ω Chebyshev impedance transformer when loaded
with 80 Ω and matched to 50 Ω. (b) Illustration of the loop current that causes the resonance
visible in (a).

An initial design was done for this transformer, where line impedances of 71 Ω and 57 Ω are
realized in the coaxial and microstrip sections, respectively. The lengths of the sections are given
by hBR = Lms = 0.4λd, where λd is the wavelength in the dielectric of the substrate, this makes
them quarter-wave at 0.62λ0. The resulting performance is shown in Fig. 5.12, where it is seen
that it is below −11.5 dB across the 0.2f0 to f0 band. The parameters used in this simulation
are shown in Table A.14. However, a resonance is visible at 0.63f0, which appears because the
current in the feeding network approaches a loop antenna with a length of λ0. This loop antenna
is illustrated in Fig. 5.12b, where the current enters through the inner conductor of the coaxial
cable at the ground plane, travels up along the inner via of the integrated coaxial line, then travels
right along the microstrip and slot plane, then down along the outer conductor of the feed in the
next unit cell, and back left along the ground plane.

This loop resonance can be shifted out of the band of interest by shortening the path of this
current, which can be done in several ways:

1. Reduce the size of the unit cell.

2. Introduce the vias for the cavity resonance and move them closer to the slot.

3. Move the integrated coaxial line closer to the slot.

4. Shorten the length of the coaxial line.

5. Shorten the microstrip.

Option 1 is impossible as it conflicts with the requirements set on the project. Option 2 is limited
due to the distance of the via affecting the matching if it is placed very close to the slot. Option 3
can be achieved by curving the microstrip, but only has limited effect on the length of the current
path due as the length along the microstrip remains the same. Option 4 is infeasible since this
parameter is fixed by the optimization of the slot parameters. Option 5 cannot be used if the
80-50 Ω impedance transformation is to be done using two sections. To move this loop resonance
out of the desired bandwidth, the path of the current has to be reduced by 40%, which cannot be
achieved within the limits on the options discussed above.

Quarter-wave Impedance Transformer

To sufficiently shorten the current path, the impedance transformation is done using a single
quarter-wave section implemented in the integrated coaxial line. This allows it to be moved to
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Figure 5.13: (a) Response of a 63 Ω quarter-wave impedance transformer when loaded with 80 Ω
and matched to 50 Ω. The transformer is quarter-wave at 0.6f0. (b) Illustration of the cylinder
that shortens the integrated coaxial impedance transformer.

right on the edge of the cut in the substrate, and removes the restrictions on the length of the
microstrip.

The impedance of the quarter wave matching section is chosen as Zqw =
√
Z1Z2 =

√
50 · 80 =

63 Ω. This is implemented in the integrated coaxial line, which has a length of 0.41λd, which
makes it quarter wave at 0.6f0. The microstrip is designed such that it has a line impedance of
80 Ω and has a length of Lms = 2λ0/15. In this simulation, the vias that are used to move the
cavity resonance are included at a distance of dvia = 2λ0/15, as they also reduce the current path
length. Fig. 5.13a shows the reflection coefficient when this feed is loaded with 80 Ω and matched
to 50 Ω. It is seen that the best matching is obtained at 0.46f0 instead of the expected 0.6f0. The
parameters used in this simulation are shown in Table A.15. The patch and third section of the
microstrip are not present in this simulation.

This shift is caused by the discontinuity at the transition from the integrated coaxial line to the
microstrip line, where the field must squeeze from the wide coaxial line to the narrow microstrip
line. To compensate for this, the microstrip section from the coaxial to the edge of the cavity is
narrowed to λ0/300. The effect of this is shown in Fig. 5.13a, where the best matching is now
obtained at 0.55f0. However, it is seen that the matching at f0 is still poor, which can be improved
by shifting the point of best matching to an even higher frequency. This is done by extending the
50 Ω coaxial line at the ground plane, which is illustrated in Fig. 5.13b.

The effect of adding this cylinder is shown in Fig. 5.13a, where Lcyl = 0.121λd, reducing the
length of the integrated coaxial section by 30%. This shifts the point of optimal matching to 0.66f0

and makes it so that the matching of the feed when loaded with 80 Ω and matched to 50 Ω is now
below −13.8 dB across the band. The parameters used in this simulation are shown in Table A.16.

5.5 Final Design

The final design is obtained by following the steps towards a dual-polarized design in Chapter 4,
and then introducing the Rogers RO4350BTM substrate, from which part is removed, as shown in
Fig. 5.7c. The matching at this point, when the array is still without feeding structure, is shown
first to allow comparison of the performance of the design with and without feeding structure.
After this, feeding structure is introduced in three steps, starting with the section of the microstrip
that is in the feeding gap, then the capacitive patch, and finally the rest of the microstrip and the
integrated coaxial impedance transformer.

Between each of these steps the design is optimized such that the obtained matching is balanced
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Figure 5.14: Matching performance when scanning the connected array loaded with a 4-section
8-layer 377-94 Ω Chebyshev ADL transformer with a Rogers 4350BTM substrate with cavity and
vias. (a) Real and (b) imaginary input impedance, (c) reflection coefficients when matched to 96 Ω.

across both planes, and is below −10 dB across the band at broadside. This is done to ensure that
the optimization process for the next step starts as close as possible to its optimal, reducing the
complexity of each optimization step.

The final design uses the 377-94 Ω Chebyshev ADL impedance transformer introduced in Sec-
tion 4.3, for which the parameters are shown in Table A.9 in Appendix A. The parameters of the
slot and substrate are shown in Table A.17, and the parameters of the feeding structure are shown
in Table A.18.

5.5.1 With Ideal Delta-Gap Feed

The final design is first shown without feed to show the difference that the introduction of the
feeding structure makes on the matching performance for broadside and scanning along the H- and
E-plane. Fig. 5.14 shows the active input impedance and the active reflection coefficient that is
achieved at this point in the design process.

At broadside the reflection coefficient is seen to be below −10.5 dB across the 0.2f0 to f0

bandwidth, whereas the H- and E-plane are below −6 dB and −7.8 dB, respectively. It can be
noted that the matching is not well-balanced between the two planes, which is due to the fact that
improving the H-plane matching at the low frequency worsens the high-frequency matching of the
H-plane.
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Figure 5.15: Matching performance when scanning the connected array loaded with a 4-section
8-layer 377-94 Ω Chebyshev ADL transformer with a Rogers 4350BTM substrate with cavity, vias
and the feeding network. (a) Real and (b) imaginary input impedance, (c) reflection coefficients
when matched to 50 Ω.

5.5.2 With Feeding Structure

With the parameters for the ADL, the slot plane, the cavity and the vias known, the feeding
structure that was shown in Section 5.4 is introduced. This feeding structure will transform the
impedance seen at the slot (around 80 Ω) plane to the impedance of the 50 Ω coaxial feeding line.

The behavior of this antenna array is first shown in terms of its matching performance, where
the active input impedance seen at the ground plane is shown, as well as the active reflection
coefficient when the array is matched to 50 Ω. This is shown in Fig. 5.15, where it is seen that the
reflection coefficient is below −10 dB across most of the band, but hits −9.3 dB at 0.67f0. The H-
and E-plane are below −5.4 dB and −6 dB across the 0.2f0 to f0 bandwidth, respectively.

Realized Gain

Fig. 5.16 shows The broadside realized gain, based on the infinite array simulations of the unit cell,
is plotted as a function of the frequency in Fig. 5.16. A windowing technique is used to estimate
the patterns of a finite array with 32x32 elements. In the same figure, the maximum directivity
from the array aperture is also shown, to quantify the efficiency. It is seen that the realized gain
of the array is very close the theoretical maximum.
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Figure 5.16: Broadside realized gain versus frequency of an array with 32x32 elements, based on
the infinite array simulation of the unit cell in Fig. 5.15c. The maximum theoretical directivity is
also shown for comparison.
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Figure 5.17: Realized gain patterns for an array with 32x32 elements, for scanning in the (a) H-
and (b) E-plane of the x-oriented slot, based on the infinite array simulation in Fig. 5.15c. The
maximum theoretical directivity, accounting for the cos θ dependence of the projected aperture, is
also shown for comparison.

Realized Gain Patterns

The behavior of the array when it is scanned is evaluated in Fig. 5.17, which shows the realized
gain patterns for broadside and scanning to 30 and 60 degrees in the H- and E-planes. The scan
loss is less than 1.5 dB below the ideal cos θ profile, which is also shown in the figure.

Cross-Polarization

The cross-polarization in the far field of the array is the ratio of the amount of power that is radiated
orthogonal to the desired polarization and the amount radiated in the desired polarization. It is
evaluated at a scanning angle of 60◦ in the diagonal plane (φ = 45◦), where the worst cross-
polarization is found. It is shown in Fig. 5.18a for both of the orthogonal slots in the array,
where it is seen that the cross-polarization starts low and increases with frequency. The cross-
polarization increases to 3 dB at f0, which appears to make the array unsuitable for applications
where the polarization purity of signals is important, such as communications. Fortunately, the
cross-polarization can be reduced by applying cancellation.

If the array is to be used for polarization-sensitive applications in the 0.8f0 to f0 band, can-
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Figure 5.18: Cross-polarization of the array unit cell, given as horizontal/vertical of the Ludwig
3 field components. Cross-polarization is shown (a) without and (b) with cancellation at 0.9f0 or
0.5f0.

cellation can be applied at 0.9f0 to ensure that the cross-polarization in that band is very low.
Cross-polarization cancellation can be done in post-processing, where the received signal from the
two orthogonal slots is combined such that the co-polarized component of one slot nullifies the
cross-polarized component of the other. This requires complete knowledge of the polarization and
phase of the emitted field at the frequency at which the cancellation is to be performed. Sup-
pose that it is desired to cancel the horizontally-polarized field component of slot 1 using the
horizontally-polarized component of slot 2, assuming a Ludwig 3 coordinate system. Let a1,h and
φ1,h be the amplitude and phase of the horizontally-polarized field component of slot 1 at the
desired scanning angle, and a2,h and φ2,h those of slot 2. The signal where the cross-polarized
component is canceled is the given by

scanceled = s1 + s2
a1,h

a2,h
ej(π−(φ1,h−φ2,h)), (5.7)

where s1 is the signal received by slot 1, and s2 the signal received by slot 2.
The result of this is shown in Fig. 5.18b, where this cancellation is done at 0.9f0. It is seen

that the cross-polarized component of the x-oriented slot is below −22 dB across the 0.8f0 to f0

bandwidth. This means that the array can be used for polarization-sensitive applications as well.
The origin of this cross-polarization is the rotation of the wave due to the different propagation

velocity of the TE- and TM-component of the wave, which follows from the different angular
behavior of the permittivity of the ADLs.

61



CHAPTER 5. FINAL DESIGN: REALISTIC MATERIALS AND FEED STRUCTURE

Figure 5.19: Exploded view of the final design, shown in three stages, starting with the ADL, then
the slot plane, and finally the substrate with feeding structure.
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Chapter 6

Conclusion

6.1 Summary and Conclusions

The objective of this thesis was to further improve and optimize the performance of wideband
phased arrays based on the concept of connected slot elements with artificial dielectric superstrates.
More specifically the target performance was characterized by an impedance bandwidth of 5:1 and
scan range up to 60 degrees for all azimuths.

One of the main advantages of this phased array concept is the availability of closed-form
analysis tools for both the radiating connected slots and the artificial dielectric structure. In
Chapter 2, all the equations used for the modeling are reported and validated by comparison with
commercial solvers.

The analytical tools allow for fast simulations, with minimal computational resources. This
enables a synthesis procedure for the design of the artificial dielectric that would be otherwise
impractical. This synthesis procedure, described in Chapter 3, is able to create impedance trans-
formers using artificial dielectrics with impedances within 0.2% of the desired values in seconds.

A single-polarized antenna array for a 5:1 bandwidth using such an impedance transformer can
be rapidly developed and extended to dual-polarized operation with only minor changes to the
geometrical parameters of the slot array. Chapter 4 shows the required steps to obtain this array,
as well as the method used to suppress the parallel-plate waveguide mode between the backing
reflector and the slot plane.

It is shown in Chapter 5 that the inclusion of the glue layers has little impact on the broadside
and E-plane performance, but limits the bandwidth for scanning to 60◦ on the H-plane to 4.7:1.
The inclusion of the PCB material between the backing reflector and the slot plane is shown to not
significantly impact performance of the array. The design process of an integrated feeding network
with is shown through the design of an impedance transformer with a reflection coefficient of under
−13.8 dB across the 5:1 bandwidth.

Finally, a complete design is presented of an array with a reflection coefficient below −5.4 dB
and 6 dB across the 5:1 bandwidth for scanning to 60◦ on the H- and E-planes, respectively. For
a 32x32 array, based on the infinite array simulations, the broadside realized gain vs frequency
is shown to be on average within 0.2 dB of theoretical maximum directivity. The realized gain
is shown to be within 1.5 dB of the ideal gain when scanning to 60◦ on the H- or E-plane. The
cross-polarization of the array is shown to increase up to 3 dB, and a cancellation strategy is shown
to reduce this to below −20 dB across part of the bandwidth.

6.2 Future Work

This thesis shows a design methodology using the analytical expressions developed by the TeraHertz
Sensing Group, and uses a commercial solver to extend this design to allow for dual-polarized
operation. There are several possible future analyses that could improve both this design process
and the design that is offered:
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CHAPTER 6. CONCLUSION

• The cross-polarization of the shown design reaches up to 3 dB, which makes cancellation
a necessity for polarization sensitive applications. The development of an ADL that has
equal angular behavior of the permittivity for the TE- and TM-component would make this
cross-polarization closer to that of a homogeneous material. An option for this would be to
introduce a vertical component to the metal that is used in the ADL, such that the vertical
component of the TM-wave for high scanning still interacts with the metal.

• The analytical model used to design the ADL and the slot array is currently only suitable for
a single-polarized array, and commercial solvers are required to continue the design. It would
be useful if a model were developed that can be used to design a dual-polarized connected
slot array.

• The guided wave that appears just beyond f0 is the main limiting factor of the bandwidth
in the current design. Further investigation into the appearance of this guided wave could
yield insights into how to alter the design such that the guided wave is pushed to a higher
frequency. This would facilitate development of an array with a higher bandwidth.

• The current design assumes that the array is infinite along the x- and y-axis, and a windowing
technique is used to obtain the patterns and realized gain. A study into the effect of having
a finite number of finite slots is required.

• A graphical design tool could be implemented based on the methodologies described in this
report, enabling the design of a connected slot array loaded with ADLs without requiring
implementation of all the equations that are used to model the array and ADLs.
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Appendix A

Simulation Parameters

This appendix lists the parameters used in the simulations done in this thesis.

Table A.1: Parameters used in the optimized design shown in Fig. 4.5.

Parameter Value Description

dx 0.45λ0 Unit cell size
dy 0.45λ0 Unit cell size
ws 0.18λ0 Slot width
δs 0.2λ0 Feed length
hBR 0.2λ0 Backing reflector distance
C 2 pF Series capacitance

Table A.2: Parameters of the connected slot array used to validate the combination of the connected
slots and an ADL transformer, which is shown in Fig. 2.12.

Parameter Value Description

dx 0.45λ0 Unit cell size
dy 0.45λ0 Unit cell size
ws 0.18λ0 Slot width
δs 0.2λ0 Feed length
hBR 0.2λ0 Backing reflector distance
Cfeed 1.5 pF Series feed capacitance
Walls Yes Vertical walls between slots
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Table A.3: Parameters of an 8-section 9-layer 377-100 Ω exponential transformer with a total
electric height of 2λ0. The ADL unit cell size is p = 0.225λ0.

Section Zsection εr,des dz (λ0) w (λ0) s (p) N

1 108.6477 12.0398 0.0360 0.0269 0.5 2
2 128.2514 8.6405 0.0850 0.0068 0.5 1
3 151.3922 6.2009 0.1004 0.0116 0.5 1
4 178.7084 4.4501 0.1186 0.0199 0.5 1
5 210.9533 3.1937 0.1398 0.0327 0.5 1
6 249.0162 2.2920 0.1652 0.0524 0.5 1
7 293.9470 1.6448 0.1950 0.0842 0.5 1
8 346.9848 1.1804 0.2302 0.1431 0.5 1

Table A.4: Parameters of a 5-section 377-50 Ω exponential transformer with a total electric height
of 2λ0. The ADL unit cell size is p = 0.225λ0.

Section Zsection εr,des dz (λ0) w (λ0) s (p) N

1 61.1936 37.9533 0.0162 0.0399 0.5 4
2 91.6597 16.9163 0.0324 0.0160 0.5 3
3 137.2937 7.5398 0.0728 0.0097 0.5 2
4 205.6472 3.3606 0.2182 0.0114 0.5 1
5 308.0314 1.4979 0.3268 0.0691 0.5 1

Table A.5: Parameters of a 5-section 377-50 Ω exponential transformer with a total electric height
of 2λ0, where each section has at least 2 metal layers. The ADL unit cell size is p = 0.225λ0.

Section Zsection εr,des dz (λ0) w (λ0) s (p) N

1 61.1936 37.9533 0.0162 0.0399 0.5 4
2 91.6597 16.9163 0.0324 0.0160 0.5 3
3 137.2937 7.5398 0.0728 0.0097 0.5 2
4 205.6472 3.3606 0.1091 0.0335 0.5 2
5 308.0314 1.4979 0.1634 0.1013 0.5 2

Table A.6: Parameters of an 8-section 377-50 Ω exponential transformer with a total electric height
of 2λ0. The ADL unit cell size is p = 0.225λ0.

Section Zsection εr,des dz (λ0) w (λ0) s (p) N

1 56.7290 44.1623 0.0125 0.0661 0.5 3
2 73.0256 26.6509 0.0242 0.0174 0.5 2
3 94.0037 16.0832 0.0312 0.0244 0.5 2
4 121.0084 9.7058 0.0401 0.0321 0.5 2
5 155.7708 5.8572 0.1032 0.0087 0.5 1
6 200.5187 3.5347 0.1330 0.0211 0.5 1
7 258.1223 2.1331 0.1712 0.0493 0.5 1
8 332.2701 1.2873 0.2204 0.1163 0.5 1
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Table A.7: Parameters of an 8-section 377-80 Ω exponential transformer with a total electric height
of 2λ0. The ADL unit cell size is p = 0.225λ0.

Section Zsection εr,des dz (λ0) w (λ0) s (p) N

1 88.1389 18.2948 0.0292 0.0153 0.5 2
2 106.9850 12.4170 0.0355 0.0297 0.5 2
3 129.8607 8.4277 0.0431 0.0356 0.5 2
4 157.6279 5.7200 0.1046 0.0091 0.5 1
5 191.3322 3.8823 0.1268 0.0179 0.5 1
6 232.2433 2.6350 0.1540 0.0348 0.5 1
7 281.9022 1.7884 0.1870 0.0658 0.5 1
8 342.1792 1.2138 0.2270 0.1300 0.5 1

Table A.8: Parameters of the slot used in Fig. 4.11.

Parameter Value Description

dx 0.45λ0 Unit cell size
dy 0.45λ0 Unit cell size
ws 0.1λ0 Slot width
δs 0.2λ0 Feed length
hBR 0.2λ0 Backing reflector distance
Cfeed 1 pF Series feed capacitance
Walls Yes Vertical walls between slots

Table A.9: Parameters of a 4-section 8-layer 377-94 Ω Chebyshev transformer with a total electric
height of 5λ0/3. The ADL unit cell size is p = 0.225λ0.

Section Zsection εr,des dz (λ0) w (λ0) s (p) N

1 128.34 8.63 0.0709 0.0094 0.5 2
2 164.33 5.26 0.0908 0.0202 0.5 2
3 215.65 3.06 0.1192 0.0417 0.5 2
4 276.14 1.86 0.1526 0.0771 0.5 2

Table A.10: Parameters of the slot used in Fig. 4.11.

Parameter Value Description

dx 0.45λ0 Unit cell size
dy 0.45λ0 Unit cell size
wslot 0.1λ0 Slot width
Lfeed 0.2λ0 Feed length
wfeed 0.1λ0 Feed width

Lfeed,out 0.2λ0 Feed tapering length
hBR 0.2λ0 Backing reflector distance
Cfeed 1 pF Series feed capacitance
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Table A.11: Parameters of the slot used in Fig. 4.14.

Parameter Value Description

dx 0.45λ0 Unit cell size
dy 0.45λ0 Unit cell size
wslot 0.105λ0 Slot width
Lfeed 0.14λ0 Feed length
wfeed 0.105λ0 Feed width

Lfeed,out 0.14λ0 Feed tapering length
hBR 0.2λ0 Backing reflector distance
Cfeed 1.5 pF Series feed capacitance
rvia 0.033λ0 Via radius
dvia 0.133λ0 Distance from via to center of slot

Table A.12: Parameters of the slot used in Fig. 5.6.

Parameter Value Description

dx 0.45λ0 Unit cell size
dy 0.45λ0 Unit cell size
ws 0.165λ0 Slot width
δs 0.165λ0 Feed length
hBR 0.1λ0 Backing reflector distance
Cfeed N/A Series feed capacitance
Walls Yes Vertical walls between slots

Table A.13: Parameters used for the slot plane in the sweep of various patch areas.

Parameter Value Description

dx 0.45λ0 Unit cell size
dy 0.45λ0 Unit cell size
wslot 0.09λ0 Slot width
Lfeed 0.0433λ0 Feed length
wfeed 0.0225λ0 Feed width
Lfeed,out 0.1733λ0 Feed tapering length
hBR 0.1867λ0 Backing reflector distance
rvia 0.033λ0 Via radius
dvia 0.133λ0 Distance from via to center of slot

Table A.14: Feed parameters for the Chebyshev transformer implemented using the combination
of the integrated coaxial line and the microstrip line.

Parameter Value

rtr 0.0067λ0

rcoax 0.0090λ0

dcoax 0.0533λ0

wms,1 0.0083λ0

wms,2 0.0110λ0

Lms 0.2010λ0

rtophole 0.0067λ0

rgh 0.04λ0
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Table A.15: Feed parameters for the quarter-wave transformer implemented using the integrated
coaxial line.

Parameter Value

rtr 0.0050λ0

rcoax 0.0067λ0

dcoax 0.05λ0

wms,1 0.0033λ0

wms,2 0.0153λ0

Lms 0.0867λ0

rtophole 0.0067λ0

rgh 0.04λ0

Table A.16: Feed parameters for the quarter-wave transformer implemented using the integrated
coaxial line, which is shortened by introducing a cylinder.

Parameter Value

rtr 0.0050λ0

rcoax 0.0067λ0

dcoax 0.05λ0

wms,1 0.0033λ0

wms,2 0.0153λ0

Lms 0.0867λ0

rtophole 0.0067λ0

rgh 0.04λ0

hcyl 0.0633λ0

Table A.17: Slot and substrate parameters
for the final design.

Parameter Value

dx 0.45λ0

dy 0.45λ0

Lfeed 0.0433λ0

Lfeed,out 0.1733λ0

wslot 0.0800λ0

wfeed 0.0266λ0

hBR 0.2166λ0

dms 0.0169λ0

wcavity 0.1666λ0

wcavity,diag 0.3666λ0

wcross 0.0333λ0

dcross 0.0666λ0

rvia 0.0333λ0

dvia 0.1333λ0

C 0.8 pF

Table A.18: Feed parameters for the final
design.

Parameter Value

rtr 0.0050λ0

rcoax 0.0067λ0

dcoax 0.05λ0

wms,1 0.0033λ0

wms,2 0.0153λ0

wms,3 0.0267λ0

Lms 0.0867λ0

Lp,1 0.0667λ0

Lp,2 0.0393λ0

θp 55◦

Apatch 0.0084λ2
0

rtophole 0.0067λ0

rgh 0.04λ0

hcyl 0.0633λ0
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Appendix B

Homogenization of a Structure

Homogenization is the process of determining the equivalent permittivity and permeability of
a given structure such that a homogeneous dielectric material with those parameters exhibits
the same behavior. The permittivity of an arbitrary structure can be determined from its S-
parameters [26]. The behavior of a material for plane waves of different polarizations and incident
from different angles varies with the permittivity and permeability of the material. Using this
relation and the S-parameters of a structure for the TE- and TM-polarization for incident plane
waves from broadside and a certain angle θ.

ηTE = ±

√√√√(1 + STE11

)2 − (STE21

)2(
1− STE11

)2 − (STE21

)2 sec θ (B.1)

ηTM = ±

√√√√(1 + STM11

)2 − (STM21

)2(
1− STM11

)2 − (STM21

)2 cos θ (B.2)

nTE =

√(
log |ζTE |+ j [∠ (ζTE) + 2πm]

−jk0d

)2

+ sin2 θ (B.3)

nTM =

√(
log |ζTM |+ j [∠ (ζTM ) + 2πm̄]

−jk0d

)2

+ sin2 θ, (B.4)

where m and m̄ are integers, d is the height of the structure, and

ζTE =
STE21

1− STE11 (ηTE cos θ − 1) / (ηTE cos θ + 1)
(B.5)

ζTM =
STM21

1− STM11 (ηTM/ cos θ − 1) / (ηTM/ cos θ + 1)
. (B.6)

From these values, the permittivity and permeability are extracted using

εx =
nTE

ηTE

∣∣∣∣
θ=0

(B.7)

εy =
nTM

ηTM

∣∣∣∣
θ=0

(B.8)

µx =
(
nTEηTE

)∣∣
θ=0

(B.9)

µy =
(
nTMηTM

)∣∣
θ=0

. (B.10)
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Figure B.1: Example of (a) an ADL slab and (b) its homogeneous equivalent dielectric. Fig. 3.7,
repeated here for clarification.

These can not yet be evaluated, as the values of m and m̄ are still unknown. These branch indices
are chosen by determining two sets of longitudinal parameters, for both εz and µz given by

ε(1)
z = εx

sin2 θ

sin2 θ − (nTM )
2

+ (nTM |θ=0)
2 (B.11)

ε(2)
z =

sin2 θ

(nTMηTM )|θ=0 − εx/ (ηTM )
2 (B.12)

µ(1)
z =

sin2 θ

(nTE/ηTE)|θ=0 − µx/ (ηTE)
2 (B.13)

µ(2)
z = µx

sin2 θ

sin2 θ − (nTE)
2

+ (nTE |θ=0)
2 . (B.14)

The correct value of m and m̄ are found by equating the two sets of expressions

ε(1)
z = ε(2)

z (B.15)

µ(1)
z = µ(2)

z . (B.16)
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