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Abstract
The combination of a traditional point-to-point (PtP) frequency band and E-band
in a single radio unit will increase the spectrum efficiency, the peak capacity, the
effective throughput and the service availability for wireless backhaul. The dual
polarization capped bow-tie antenna element in a tightly coupled array (TCA) con-
figuration is designed to perform as a dual band (23 GHz band and E-band), dual
polarization PtP planar array antenna. The planar array is implemented in printed
circuit board (PCB) technology, which is low cost, flexible and provide high mechan-
ical reliability. TCAs have ultra-wideband performance when placed above a ground
plane, as well as high scalability, so as they can be tuned for different combinations
of dual band operation inside a fractional bandwidth of 4.2:1. The return loss of this
design is more than 15 dB in both bands and the polarization orthogonality is more
than 27 dB in 23 GHz band, and more than 15 dB in E-band with potential to reach
27 dB. The isolation between horizontal and vertical polarization ports for 23 GHz
band is more than 20 dB and from 10 dB to 15 dB for E-band. The return loss of
the design displays a shift in frequency in lower band and 2 dB to 6 dB degradation
in the higher band with 10% variance of the structure’s dimensions, as the element
impedance is affected. In addition, a 2-by-1 sub-array is proposed for fabrication
and measurement in order to validate the design.

Keywords: Dual band, Dual polarization, E-band, PCB array antennas, TCAs,
Wireless backhaul, PtP antennas
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1
Introduction

1.1 Motivation

Wireless backhaul is the intermediate wireless communication infrastructure for con-
nection between the smaller networks and the primary network, and it is of great im-
portance for mobile network performance. As demands regarding mobile broadband
performance are growing, new methods for higher spectrum efficiency are needed.

One of the methods is the Multiband Booster for backhaul, which is the Radio-
link bonding (aggregation of carriers into a single virtual one) in different fre-
quency bands, in order to achieve enhanced peak capacity, as well as higher effective
throughput if statistical multiplexing is implemented. A bond between a wide high
frequency channel and a narrower low frequency one, will significantly improve the
service availability and guarantee higher capacity. When the high frequency signal
will be degraded due to propagation effects, such as rain, the low frequency will
secure the availability. Two potential band combinations are the bond between 18-
42 GHz bands and E-band (70/80 GHz) for up to 5 km hops, and the bond between
6-15 GHz bands and 8-48 GHz bands for longer hop distances [30].

In future heterogeneous networks, small cell layers will assist in handling traffic
growth. Part of small cells, unable to access the wired backhaul, will be placed
between street level and rooftop, and might neither have a clear line-of-sight (LOS)
path to a macro site with backhaul. As the use of passive reflectors and repeaters to
overcome this problem increases the cost, non line-of-sight (NLOS) backhaul may be
the solution. A research carried out by Ericsson showed how point-to-point (PtP)
and point-to-multipoint (PtMP) microwave in licensed spectrum could be used for
small cell NLOS backhaul [32].

Subsequently, there is great need to develop scalable solutions that will be able to
adapt to technology evolution and needs, and at the same time provide lower cost
for manufacturing and implementation. In terms of antennas, one proposed solution
is to use ultra-wideband dual polarization array antenna optimized to perform at
two different frequency bands, that will be used in a single radio unit.
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1. Introduction

1.2 Thesis Contribution

The aim of this thesis is to investigate the capability of the capped bow-tie antenna
element in a tightly coupled array configuration to operate as a dual band and
dual polarization planar array antenna for 23 GHz band (21.2-23.6 GHz) and E-
band (71-76 & 81-86 GHz). The investigation is localized in PtP antennas for
microwave backhaul systems and as a result, the standards of antennas for PtP
fixed radio systems from 3 GHz to 60 GHz and for higher frequencies, provided
by European Telecommunication Standards Institute (ETSI) [37], [38], constitute
the specifications for this work, and are summarized in the Table 1.1. The useful
conclusions will be also related to antennas for other type of radio systems.

Table 1.1: Specifications for class 3 antennas at PtP fixed radio systems [37].

Specification Value Specification Value
Gain 1 32 dBi and 38 dBi VSWR < 1.2
Inter-port Isolation > 35 dB XPD 2 27 dB

The specification for voltage standing wave ratio is translated to a return loss
> 20 dB, however the internal interface requirement for return loss is 15 dB and
more.

For single polarization antennas the cross-polarization decoupling (XPD) should
be more than 27 dB and for dual polarization antennas the orthogonality between
orthogonal ports should be more than 27 dB.

Moreover, in order to test the gain specification a full feeding network for a large
array (thousands of elements) must be designed and the losses should be included.
This is outside of the scope of this work, and only the approach for calculating the
gain versus the size of the array will be shown.

Finally, a proposal for fabrication and measurement of a dual polarization 2-by-1
sub-array prototype is included, in order to validate the design in a future work.

1.3 Thesis Outline

The thesis starts with a description of some fundamental principles of phased array
antenna theory, the analysis of the balanced structures, as well as an approach
to tightly coupled array theory found in research articles. Chapter 3 contains the
detailed design description together with the results taken from HFSS software,

1Minimum gain for 23 GHz band is 23 dBi and for E-band is 38 dBi [38].
2XPD is the difference in dB between the co-polarized main beam gain and the cross-polarized

signal within a defined region [37]. It can be seen as cross-polar decoupling [33].

2



1. Introduction

as well as some problems and some solutions to meet the specifications. Chapter
3 concludes with the dimension tolerance analysis of the structure. The prototype
proposal and description is mentioned in Chapter 4. Finally, in Chapter 5 the reader
can find the conclusion of this thesis and some suggestions for future work.
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2
Theory

In the following sections, the phased array antenna theory is shown, focusing on
the principles that are important for this work. It is advised that the reader should
look for the entire theory in [33] and [34], as the intention of this work is not to give
all the meanings and the important derivations around antenna theory, but only to
show the ones behind the simulations that carried out.

2.1 Planar Phased Array Antennas

An array is a collection of elements integrated within one module that includes a
signal distribution network. In planar arrays the elements are located in a planar 2D
grid in an optimal way to achieve enhanced performance compared to single element
antennas. One of main advantages of the array configuration is the possibility of
beam shaping, having narrower beam-width that provides higher gain, transmission
in longer distances or lower transmitted power.

Moreover, arrays can also be used for beam scanning or even for transmission with
multiple beams, as well as the side lobe position and level can be controlled. On the
other hand, the cost may be higher, depending on the design. Design and fabrication
of arrays are more complicated, compared to horn and reflector antennas.

The radiation pattern (the shape of the levels of radiation in space) of regular arrays
can be determined by the following parameters that must be taken into account
during the design process:

• The grid geometry

• The distance between the elements (known as Element Spacing)

• The amplitude and the phase of the excitation of each element

5



2. Theory

2.1.1 Radiation Fields

According to electromagnetic radiation theory for single elements located in free
space, the radiated field at a point r with distance and direction r̂ = r/r in the
far-field is described by [33]:

E(r) = G(r̂)ejkr/r ⇐⇒ E(r, θ, φ) = G(θ, φ)ejkr/r (2.1)

where G(r̂) is a function of amplitude and phase of the field with direction, and
k is the wave number. The far-field (or Fraunhofer) is the region that satisfies
r ≥ 2D2/λ, where D is the largest antenna dimension. In this region the radiated
field waves are considered planar and the radiation pattern’s shape remains constant
with distance.

Figure 2.1: Rectangular grid with positions of the elements of the planar array.

For a planar array of equal and equally spaced N by M elements placed in xy- plane
as in Fig. 2.1, the radiated field of the nmth element for unit amplitude at a point
r is described as [33]:

Enm(r) = 1
r
ejkrG(r̂)ejkRnm·r̂ (2.2)

where Rnm is the reference point of each element and for n=1,2,. . . ,N, m=1,2,. . . ,M
can be written as:

6



2. Theory

Rnm = Rc + (n− N + 1
2 )dxx̂ + (m− M + 1

2 )dyŷ (2.3)

The geometrical center of the planar array is Rc and dx, dy are the element spacing
(distance between adjacent elements) in each direction. The amplitude and the
phase of the current excitation of the nmth element are Anm and Φnm respectively,
so after the summation for all the elements the far-field function of the whole array
can be written as [33]:

GA(r̂) =
N∑
n=1

M∑
m=1

Anme
jΦnmG(r̂)ejkRnm·r̂ = G(r̂)AF(r̂) (2.4)

where G(r̂) is the far-field function of the embedded element and AF(r̂) is the array
factor [33]:

AF(r̂) =
N∑
n=1

M∑
m=1

Anme
jΦnmejkRnm·r̂ (2.5)

2.1.2 Grating Lobes

Assuming a smooth and continuous planar phase function of the current excitation:

Φ(x, y) = Φc − kΦxx− kΦyy (2.6)

the propagation constants in x̂ and ŷ direction can be written as:

kΦx = −∆Φx/dx with − π < ∆Φx < π
kΦy = −∆Φy/dy with − π < ∆Φy < π

(2.7)

The location of the grating lobes can be found through the maximum values of the
array factor:

Kxp = kΦx + p
2π
dx
, p = ±1,±2, . . . ,

Kyq = kΦy + p
2π
dy
, q = ±1,±2, . . . ,

(2.8)

and if the uv - coordinates are used (u = sin θ cosφ and v = sin θ sinφ ), where kx/k
= sinθ cosφ and ky/k = sinθ sinφ, Eq. 2.8 becomes:

7



2. Theory

sin θpq cosφpq = sin θ0 cosφ0 + p
λ

dx

sin θpq sinφpq = sin θ0 sinφ0 + q
λ

dy

(2.9)

The location of the grating lobes can be represented in a rectangular grid in uv-
plane, as seen in Fig. 2.2 (a). The total radiation pattern that includes both the
main lobe and the grating lobes, is determined by the visible space, which is defined
as the area that satisfies | sin θ| ≤ 1 and is represented by the circle in Fig. 2.2 (b).

Figure 2.2: (a) Array factor with main and grating lobes, (b) Total radiation
pattern [33].

In order to satisfy the requirement for no grating lobes, we can either make sure
that they are located outside the visible space, or that they are suppressed by the
element pattern. The former is achieved when sin θpq > 1 + λ/D for all pq, where
D is the is the diameter of the array in the φ-plane, which corresponds to:

√√√√(sin θ0 cosφ0 + p
λ

dx
+ sin θ0 sinφ0 + q

λ

dy

)2

> 1 + λ

D
(2.10)

Therefore, for broadside transmission (at ẑ direction for θ, φ = 0 according to Fig.
2.2) the sufficient condition for non-radiating grating lobes becomes [33]:

dx ≤
λ

1 + λ/D

dy ≤
λ

1 + λ/D

(2.11)
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2. Theory

2.1.3 Steering Main Lobe

An array antenna is able to steer the main beam in a specific direction r̂s = rs/rs,
or (θs, φs). This can be accomplished by exciting the elements along the vector of
steered beam with a linearly progressive phase, while the amplitude is uniform [33].
In this case the array factor becomes:

AF(r̂) =
N∑
n=1

M∑
m=1

Anme
jΦnmejkRnm·r̂ejkRnm·r̂s (2.12)

When δx, δy are the phase difference between two adjacent elements in x̂, ŷ direction
respectively, that are calculated for a specific beam direction, and for

ξ = kdx cosφ sin θ + δx = kdxu+ δx

η = kdy sinφ sin θ + δy = kdyv + δy

(2.13)

the array factor becomes:

AF = Anm
N∑
n=1

ejnξ
M∑
m=1

ejmη ⇐⇒ |AF| =

∣∣∣∣∣∣∣∣
sin Nξ2
N sin ξ2

∣∣∣∣∣∣∣∣
∣∣∣∣∣∣∣∣
sin Mη

2
M sin η2

∣∣∣∣∣∣∣∣ (2.14)

2.1.4 Polarization

The polarization of an electromagnetic wave is determined by the characteristics
of the electric field (or E-field). The E-field can have both x- and y- components
(assuming propagation at ẑ direction), so two different signals at the same frequency
can be modulated at the same time in order to double the capacity of the trans-
mission, as long as the fields form a pair of orthogonal polarizations. Orthogonality
provides high isolation between the two polarizations as well as low mutual interfer-
ence. In linear polarization, one component is referred as horizontal (HOR) and the
other as vertical (V ER), both relative to the ground. When for example the antenna
transmits and receives using the horizontal polarization, the isolation is defined as
the ratio between the horizontal and vertical components of E-field. One method to
test the isolation is to calculate the cross-polar decoupling [33]:

(XPD)dB = 10log10

∣∣∣∣∣EcoExp

∣∣∣∣∣
2

(2.15)
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where ĉo = ˆHOR and x̂p = ˆVER for the above example. XPD can also be
found as cross-polar discrimination and the specification regarding XPD for single
polarization PtP antennas is 27 dB [37].

In dual polarization antennas when both polarizations are desirable, one is interested
to see how much parallel are the two orthogonal polarizations in terms of E-field
vectors. One method to test the orthogonality is to calculate the Polarization
Parallelity, by exciting both polarizations one at a time, and each time measure
the E-field vector in the direction of the excitation. Then the measured E-field
vectors are divided by their magnitude to become unit vectors and compared by
taking their product:

ρ = EHOR(θ, φ) · EV ER(θ, φ)∗∣∣∣EHOR(θ, φ)
∣∣∣ ∣∣∣EV ER(θ, φ)

∣∣∣ (2.16)

where Ei = Ei
θθ̂ + Ei

φφ̂ for i = HOR or V ER is the electrical field vector at the
far-field when horizontal and when vertical polarization is excited respectively.

In this work the antenna radiates at ẑ direction so in Eq. 2.16 angle θ is zero. When
the two polarizations are orthogonal to each other the Eq. 2.16 gives ρ = 0, whereas
if they are parallel it gives ρ = 1. It is convenient to take the logarithm of 1 − ρ,
which is the Polarization Orthogonality, and compare it with the level in dB of
XPD. We can assume that the specification for polarization parallelity is the same
as for XPD (it is not clearly specified from ETSI for dual band antennas).

2.1.5 Directivity

Directivity is defined as the maximum value of the directivity function at the di-
rection of interest. In simple words, it provides an indication of the ability of the
antenna to concentrate the beam in a specific direction. So one can use the formula
[33]:

D = 4π |G(θ0, φ0)AF(θ0, φ0) · ĉo∗|2

P
= egrtepoleill cos θ0Dmax (2.17)

where P is the power integral of the planar array:

P =
∫ 2π

0

∫ 2π

0
|GA(θ, φ)| sin θ dθdφ (2.18)

where GA(θ, φ) is the far-field function of the array. The factors in the second part
of the equation are the maximum available directivity:

10
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Dmax = 4π
λ2NAcell N : number of elements

Acell : element aperture area
(2.19)

the illumination efficiency:

eill = 1
NAcell

∣∣∣∣∫∫
A
A(x, y) dxdy

∣∣∣∣2 / ∫∫
A
|A(x, y)|2 dxdy (2.20)

the polarization efficiency:

epol = |G(θ0, φ0) · ĉo∗|2 /
(
|G(θ0, φ0) · ĉo∗|2 + |G(θ0, φ0) · x̂p∗|2

)
(2.21)

and the grating efficiency:

egrt = |G(θ0, φ0)|2 /
(∑
pq

|G(θpq, φpq)|2
cos θ0

cos θpq

)
(2.22)

2.1.6 Array Gain

The realized gain Garray of a passive array with equally spaced and equal element
size and shape can be found if the second part of the equation 2.17 is multiplied by
the radiation efficiency erad, which is the ratio between the radiated and the incident
power. So the realized gain can be expressed as [33]:

Garray = eradegrtepoleill cos θ0Dmax (2.23)

In the Eq. 2.23 the array realized gain increases linearly with the number of elements.
When the number of elements are small the feeding network losses are not too large,
so the gain continues to increase with size. However, the gain is ultimately limited if
the losses are not negligible. For a planar array of N elements with element spacing
d in both directions and transmission lines with length (N1/2−1)d, the realized gain
at broadside when all elements are assumed matched is given by [34]:

Garray = eradegrtepoleill
4π
λ2NAcell10−(d/λ)(N1/2−1)(adB/λ/10) (2.24)

where adB/λ is the loss of the transmission line in decibels per wavelength due to
attenuation, and Acell is the aperture area of a single element. In order to be more
precise, the losses due to power divider need to be added for the total losses.
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Figure 2.3: Gain limitation with line losses at 86 GHz for eradegrtepoleill = 1.

In Fig. 2.3 we can see the gain in dBi versus the number of elements in a planar
array for different transmission line losses at 86 GHz. For this scenario it is assumed
that illumination, polarization, grating and radiation efficiency are one (ideal case).
In addition, the element spacing is 1.894 mm in both directions as this is the value
that used in the simulations of this work. It is obvious that the maximum achievable
gain saturation depends on the line losses of the feeding network.

Figure 2.4: Gain limitation with line losses at 21 GHz for eradegrtepoleill = 1.

12
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In Fig. 2.4 we can see the gain limitation for 21 GHz under the same assumptions.
It is observed that the maximum gain is at the same level as in 86 GHz and with
the same element spacing more elements required to achieve that gain.

Finally, in Fig. 2.5 we can see the gain limitation at 86 GHz in a more realistic case
where eradegrtepoleill = 0.6. The maximum achievable gain saturates faster and is
lower in this case, as expected.

Figure 2.5: Gain limitation with line losses at 86 GHz for eradegrtepoleill = 0.6.

For example, a waveguide filled with air has approximately 0.004 dB/λ line losses
at 10 GHz and a microstrip line around 0.23 dB/λ line losses (alumina substrate)
at the same frequency [35]. So for a passive array with eradegrtepoleill = 0.6 and
microstrip lines, the maximum achievable gain at 86 GHz is around 31 dBi.

2.2 Tightly Coupled Array Antennas

In phased planar array antennas a single element is designed in an infinite array
environment (which can be realized by array periodic boundary conditions) so that
the mutual coupling is included in the design. The element is then tuned to achieve
the desirable bandwidth, return loss and isolation. The array formulation results in
an enhanced performance, mainly in terms of directivity, gain and beam shaping,
as discussed in the beginning of the Chapter 2. It has been observed [13] that when
the elements are tightly coupled and placed above a ground plane, the array can
obtain a ultra-wideband performance. Moreover, this behaviour has been modeled
[14] and used in designs that can achieve a 4.5:1 fractional bandwidth.
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A representation of the equivalent circuit for a tightly coupled dipole array in free
space can be seen in Fig. 2.6. For a single element a RLC network is formed
from dipole’s self inductance (Lself ), dipole’s self capacitance (Cself ), the radiation
resistance (Rrad = 2R ) and the mutual capacitance (Ccouple) between elements, with
a resonance frequency [27]:

fr = 1
2π
√

2Lself (Cself + Ccouple)
(2.25)

If the dipoles were connected with infinite capacitance (Ccouple = ∞), which is
a short, then the array would be a wire array with very narrowband performance.
Therefore, for wideband performance the planar arrays must be capacitively coupled
rather than shorted [27].

Figure 2.6: Equivalent circuit for a tightly coupled array in free space [27].

At approximately 0.3λ distance from the ground plane (λ is calculated for the high-
est frequency of interest), the inductive reactance of ground plane and the capacitive
reactance of array are cancelled for low frequencies, as well as the capacitive reac-
tance of ground plane and the inductive reactance of array are cancelled for high
frequencies, resulting in an antenna with a resistive behaviour that can achieve more
than 4:1 fractional bandwidth [28].
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Figure 2.7: (Top) Equivalent circuit for an array in free space. (Bottom) Equiva-
lent circuit for an array with a ground plane [27].

In order to understand the effect of the ground plane one can refer to equivalent
circuit that can be seen in Fig. 2.7. The top sub-figure illustrates the circuit
representation of an ideal array in free space, where the elements are electrically
small with absence of grating lobes making the circuit valid. Assuming that the two
half spaces have characteristic impedance 2RA0, the input impedance of the array
becomes (the symbols are kept the same as the reference article for simplicity) [27]:

ZA = RA0 + jXA0 (2.26)

where XA0 is the array reactance. In the bottom sub-figure the ground plane has
been inserted, which has an impedance from transmission line theory [35]:

Zgp = 2RA0(ZL + 2RA0 tanβd)/(2RA0 + ZL tanβd) (2.27)

So the input impedance of the array becomes [27]:

ZA = 2RA0//Zgp + jXA0 (2.28)

As a result, the Eq. 2.28 obtains two solutions, which can be represented in Smith
Chart where the curve of ZA gets a second passage from the center [27].

In conclusion, a good interpretation of the behaviour of this technology can be sum-
marized with the phrase of Moulder et al. [20], “Tightly coupled arrays (TCAs)
act as “meta-structured” apertures rather than arrays of discrete ele-
ments”. Recent work in the field of TCA technology can be found in [14], [17], [18],
[19], [20] and [21].
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2.3 Balance to Unbalance Feeding Structures

In a “balanced” connection between two circuits or between two devices, the signal
is between two terminals - conductors that have the same impedance to ground. In
a proper balanced connection, a balanced output must be connected to a differential
input, where the two conductors transmit the same signal with opposite polarity.

Many types of antennas, for example dipole or bow-tie antennas, have a differential
input and require a transformer before them in order to be connected with a circuit
that has a single-ended signal as output. Those transformers, which are called
baluns (balance-to-unbalance), are very important elements for the performance of
the antenna and usually are the limiting factors in terms of bandwidth, losses, space
requirements and cost.

It has been an extensive work around the design and implementation of baluns in
antenna structures. However, only the analysis of the Marchand BALUN and a
version of it [18] will be presented, as they are used to feed the element of this work.
The reader can refer to [28] and [29] for more information regarding some different
balun designs and their advantages and disadvantages.

Figure 2.8: Marchand balun diagram.

The diagram of a Marchand balun can be seen in Fig. 2.8. It is based on two coupled
line couplers (theory is available at [35]) and the S-parameters can be written as
[15] (symbols are kept same as the reference article):

S11 = x4 − y4 − y2z2

z2(z2 + y2) S22 = S33 = −x2z2

z2(z2 + y2)

S12 = S21 = x3y − xyz2 − x3y

z2(z2 + y2) S13 = S31 = xyz2 + xy3 − x3y

z2(z2 + y2)

S23 = S32 = y4 + y2z2 − x2y2

z2(z2 + y2)

(2.29)

16



2. Theory

where x =
√

1− k2, y = jk sin θ and z =
√

1− k2 cos θ + j sin θ, k is the coupling
coefficient between the coupled lines and θ is the electrical length [15]. The most
important performance characteristics of the balun that should be taken into account
during design process are following:

• Frequency Range

• Amplitude & Phase Balance - How close to equal power and 1800 phase
difference are the output signals.

• Common Mode Rejection Ratio - Total common-mode signal attenua-
tion/rejection.

• Return Loss - The ratio of the signal reflected back from a device under test,
to the signal inserted to that device.

• Impedance Ratio - The ratio of unbalanced impedance to balanced impedance.

Figure 2.9: (a) Equivalent circuit of a differential feeding network [18]. (b) Lumped
impedance equivalent circuit [22] .

In Fig. 2.9 (a) there is the equivalent circuit of the differential feeding structure that
is used in this work. Markus H. Novak et al. [18] proposed this structure in order
to minimize the size and the cost, as it requires three via holes for PCB antenna
configuration. It is based on the theory for the optimum design for broadband
baluns [22], where the lumped impedance equivalent circuit for such designs can be
seen in Fig. 2.9 (b). Using the symbols from [18] the port impedances from [22] can
be expressed as:

Zin = 4ZantZ2
short tan2 θ + j(2Z2

antZshort tan θ − 4ZopenZ2
short tan θ − Z2

antZopen cot θ)
4Z2

short tan2 θ + Z2
ant

Zout =
2Zshort(2ZsourceZshort tan2 θ + j(Z2

open cot θ − 2ZopenZshort tan θ + Z2
source tan θ))

4Z2
short tan2 θ + Z2

ant + Z2
source cot2 θ − 4ZopenZshort

(2.30)
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where θ is the electrical length of the short-circuit. If the designed balun satisfies
the Zshort >> Zopen condition then it obtain ultra-wideband (UWB) performance
[18].

2.4 UWB Antenna Research Activities at Chalmers
University of Technology

The Antenna Group at Chalmers University of Technology has been developing
several UWB antennas. Some of the work that has been done and is still carried out
is the hat-feed reflector antenna, which is a kind of wideband antenna [1-6] that can
be applied in satellite communication systems. The self-grounded bow-tie antenna
[7-11] is another kind of UWB antenna and it can be applied under many scenarios,
for instance, UWB radar and medical detection. Finally, the quad-ridge horn is an
UWB antenna [12] applied mainly in radio telescopes.
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3
Design Analysis and Simulated

Results

In the following sections, the dual polarization capped bow-tie array antenna design
is analyzed and the results from simulations are then discussed.

3.1 Dual Polarization Capped Bow-Tie TCA

3.1.1 Dual Polarization Bow-Tie Element

The design of this work is based on the bow-tie antenna element. In Fig. 3.1 all the
versions of the dual polarization element that tested for in this work can be seen.

In the most simple one (a), the horizontal and the vertical elements are united. This
structure does not have the properties of the tightly coupled arrays, thus provides a
fractional bandwidth less than 3:1 when placed above a ground plane. In addition,
due to symmetry conservation in horizontal and vertical dimensions, the freedom in
design parameters is limited.

Next, the horizontal and vertical elements are separated in Fig. 3.1 (b). The slots
that are inserted between the elements provide the TCA ultra-wideband property
when placed above a ground plane, that together with a parasitic cap on top of the
slots, as well as the cap on top of the element, pushes the fractional bandwidth to
more than 4:1.

The structure for ideal simulations with lumped ports (does not include a feeding
network) revealed that the element differential impedance is around 75 ohm. How-
ever, it was observed that when the element is shaped as in Fig. 3.1 (c), it obtains
differential impedance around 150 ohm while maintains the same performance. This
characteristic gives an extra advantage to the design, as it can be adjusted to oper-
ate with different feeding networks, with different manufacturing limitations, that
can provide different differential impedance.
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Finally, in Fig. 3.1 (d) one extra design parameter is inserted, providing one more
freedom for better fine tuning.

Figure 3.1: Progress of dual polarization capped bow-tie element. In the 2-by-1
sub-arrays that are shown the caps (hexagonal copper structures) have been removed
from figure for better view of the element, as well as the feeding parts. (a) First
design, (b) Slotted element, (c) Slotted and shaped element, (d) Slotted element
with extra design freedom.

3.1.2 Analysis of Dual Polarization Capped Bow-Tie TCA

The dual polarization capped bow-tie array antenna is configured in multi-layer
printed circuit board (PCB) technology. Single-layer PCB designs are flexible, their
weight is light and they provide high mechanical reliability. On the other hand, the
insertion loss is higher compared to horn and parabolic antennas, so achieving high
gain is always an issue [36]. Moreover, adding more layers will increase the cost, but
still it remains competitive.

In Fig. 3.2 (a) an array antenna structure can be seen. It consists of a core laminate
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(the “green” layer) that has the ground plane on the bottom side and the element
on the top side. On the top of that, a bonding material follows (the middle “yellow”
layer), having the parasitic caps (hexagonal copper structure) and the feeding stubs
on top. The properties of the substrates used are summarized in Table 3.1.

Figure 3.2: (a) Multi-layer PCB design of a 4-by-4 sub-array. (b) Substrate design
parameters, feeding network included.

Notice that in this layer only the four feeding stubs are shown. Finally, an extra
bonding material follows, which has the caps (hexagonal copper structure) on top.
In Fig. 3.2 (b) the side view of the structure can be seen, together with the via holes
that are part of the feeding network.

Table 3.1: Laminate and bonding material properties.

Manufacturer Material Permitivity Loss Tangent
Rogers RT/duriod 5880 2.2 0.0009
Taconic Fast Rise 27 2.7 0.0014
TUC TU-933P 1 3.4 0.0025

3.1.3 Feeding Structure

The feeding structure that is used in this work, is the one that introduced by Novak
et al. [18] and its principles were discussed in Chapter 2. The structure consists
of three via holes, two that connect each arm with the ground plane and one that

1TU-933P will be used for measurement purposes that will be seen in Chapter 4
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starts from the source below the ground place and ends in the feeding stub (see Fig.
3.3 (a)). The output differential impedance that is connected to the arms of the
bow-tie is considered as the impedance between the two parallel wires (via holes in
this case) B and C (see Fig. 3.3 (b)) as seen from the element, and its value can be
calculated as [35]:

Zout =
√
µ

ε

1
π

acosh( M1

�D
) = 120
√
εr

acosh( M1

�D
) (3.1)

Moreover, it can easily be seen that Zshort is the impedance between B and C, Zopen
is the impedance between the feeding stub and the right arm of the element, Zin
is the impedance between A and B as seen from source and its value is determined
again by Eq. 3.1. Their relationship is described by Eq. 2.30.

Figure 3.3: (a) Feeding network top view [18]. (b) Twin parallel wire.

It is important to notice that the fabrication limitations regarding the center-to-
center distance of via holes when placed in the same layer, as well as the via hole
diameter and annular ring, do not allow for Zout to be less than a specific value. This
value also depends of the permittivity of the substrate. For a minimum center-to-
center distance of via holes 0.3 mm when place in the same layer, minimum via hole
diameter 0.1 mm and a material with permittivity 2.2, the differential impedance
limitation is around 143 ohm.

3.2 Simulated Results

All the simulations of this work are done with HFSS software, provided by ANSYS.
In order to save simulation time and at the same time take realistic results regarding
large array configurations, the infinite array function of the software is used, where
a unit cell with element spacing dimensions (S-by-S) is selected and assigned with
periodic boundaries (for an array placed in xy- plane that radiates at ẑ direction,
fields in xz- boundary planes assigned to have the same phase, and so do fields in
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yz- boundary planes). Moreover, a floquet port is assigned in xy- plane at the top
instead of a radiation boundary. In Fig. 3.4 the capped bow-tie array structure can
be seen.

The simulations started with the absence of the balun. A lumped port is used so
as to tune the element and achieve the best performance that it could provide in
“ideal” situation.

Figure 3.4: Design parameters of dual polarization capped bow-tie. (a) Element,
(b) Parasitic Cap, (c) Cap, (d) Feeding Stub.

The balun is added afterwards and the whole structure is tuned again, having the
“ideal” situation as the target. In order to visualize the radiation patterns in 23 GHz
band, more elements apart from the unit cell needs to be excited for larger aperture
area. For that purposed in the infinite array 8-by-8 elements are exited (the array
model function is provided by the software). The design parameter values after
optimization for best return loss and used for all the figures of this Chapter are
summarized in Table 3.2. This work follows the design rules found in [31].

Table 3.2: Optimized element design parameter values.

Parameter (mm) Parameter (mm) Parameter (mm)
W1 0.15 S 1.894 M1 0.22
W2 0.6 a 0.5 M2 0.39
L1 0.38 b 0.163 H1 1.03
L2 0.15 c 0.5 H2 0.073
L3 0.3 d 0.226 H3 0.357
L4 0.124 F1 0.346 � D 0.1
G 0.11 F2 0.558 � E 0.2
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3.2.1 Return Loss and Isolation

The placement of element in xy- plane is symmetric in both directions, whereas
the feeding structure is asymmetric. It is tested that there is no difference if the
feeding stub is placed in the left or in the right side of the element in a large array.
Furthermore, there is no difference which direction is the HOR ports and which the
V ER ports, as long as they are orthogonal each other. It is assumed that the HOR
port is the one seen at the center in Fig. 3.4 (d).

In Fig. 3.5 the return loss of the array when theHOR ports are excited with periodic
feeding with zero phase, can be seen. The return loss is >15 dB for both 23 GHz
band and E-band, which satisfies the specifications.

Figure 3.5: Return loss simulation result for the infinite array in HFSS software.

In Fig. 3.6 the isolation between HOR and V ER ports of the infinite array, when
the HOR ports are excited with periodic feeding with zero phase, can be seen. The
isolation in 23 GHz band is better than the isolation in E-band. The decreased
isolation is caused by the feeding network, as the feeding via holes for each element
are not shielded, having mutual coupling and as a result some resonance frequencies
occur close to the frequencies of interest.
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Figure 3.6: Isolation between HOR and V ER ports for the infinite array in HFSS
software.

3.2.1.1 Common-mode Resonance Frequencies Analysis

From the isolation plot in Fig. 3.6, one can observe three main peak values of s21
dB-curve inside the frequency range, at around 37 GHz, 63 GHz and 88 GHz. This
behaviour can be interpreted by the common-mode resonance frequencies that exist
due to coupling between the feeding via holes, and can be estimated from [18] using:

fResonance = C0

2D√εr
(3.2)

where D is the distance between two feeding via holes, C0 is the speed of light in
vacuum and εr is the relevant permittivity of the material.

If D is replaced by K1 to N4 from Fig. 3.7, when εr is 2.1 (slightly less than
2.2 which the relevant permittivity of the substrate that is used), the calculated
resonance frequencies are summarized in Table 3.3.
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Figure 3.7: Distance between adjacent feeding via holes that cause common-mode
resonant frequencies.

The frequencies where the three main peak values of dB(S21) curve (Fig. 3.6) occur,
are related to N1 to N4, K2 and K3 distances respectively. With careful tuning of
the feeding network, the isolation can be improved to a certain level. However, any
distance changes that are related to the feeding network affect the output impedance
of the structure and as a result the return loss. Therefore, when tuning the feeding
network it is necessary to observe isolation and return loss changes at the same time.

Table 3.3: Common-mode resonant frequencies from adjacent feeding via holes.

Parameter Frequency Parameter Frequency
K1 57.5 GHz N1 31.3 GHz
K2 62.5 GHz N2 33.7 GHz
K3 88.3 GHz N3 34.4 GHz
K4 111.5 GHz N4 37.7 GHz

Moreover, there is a relationship between the isolation and the via hole diameter.
From Fig. 3.8 it is observed that for thinner via hole the isolation slightly improves
at E-band, but becomes worse for 23 GHz band. Again, via hole diameter changes
affect the output impedance of the structure and as a consequence the return loss.
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Figure 3.8: Isolation between HOR and V ER ports for different values of via hole
diameter.

Another way to improve isolation is to use a feeding network that is shielded with
a metal structure so as to avoid radiation. Such an example is the work of Timothy
E. Durham et al. [24], which based on the technology developed by D. S. Filipovic
et al. [25].

3.2.2 Co-Polarization and Cross-Polarization

In Section 2.1.3 of Chapter 2, the metric Polarization Parallelity and its importance
regarding the dual polarization antennas were discussed. In Fig. 3.9 polarization
parallelity is plotted versus the frequency for the final design.

For the 23 GHz band the dB level of polarization parallelity is between -38 dB
and -60 dB, which fulfills the 27 dB requirement. In addition, from 71 GHz to
76 GHz and from 81 GHz to 84 GHz the polarization parallelity is below -27 dB.
However, for 85 GHz and 86 GHz it is below -16 dB, which does not fulfill the
requirement. It is clear that there is a strong relationship between the isolation and
polarization parallelity. As a result, a more careful tuning of feeding network and
element dimensions that will improve isolation at higher frequencies, can also set
polarization parallelity to a desirable level.

Polarization parallelity does not provide the information for the direction of E-field
vectors, in a sense that E-fields can be orthogonal but might be rotated right/left
handed from the original excitation direction, or even have elliptical polarization.
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Figure 3.9: Polarization Parallelity in dB using the Eq. 2.16. Provides the level of
orthogonality between the E-field when HOR port is excited and the E-field when
V ER port is excited.

Through gain simulation in the direction of excitation and in its orthogonal one,
XPD is calculated using Eq. 2.15 and it is plotted in Fig. 3.10.

Figure 3.10: Cross-polarization Decoupling (XPD) in dB versus frequency when
the HOR port is excited, for broadside radiation (8-by-8 elements of the infinite
array are excited).
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In a single polarization receiver antenna the cross-polarization level is the power
of the orthogonal to excitation wave that can be received from the antenna. In a
dual polarization situation there are elements in the orthogonal polarization so this
power can received from the antenna through them. In addition, the rotation of the
E-field vectors will give higher XPD.

Fig. 3.10 reveals that when a signal with HOR polarization is transmitted it reaches
the receiver antenna rotated in the azimuth, and a significant portion of it is entering
the V ER port. However, this is not an indication for the performance of a dual
polarization antenna, as when both HOR and V ER signals are transmitted they
arrive in the receiver with high orthogonality, which is the desirable outcome. In
addition, the placement of the receiver array antenna rotated around the boresight
direction in respect to the transmitter array antenna, will help the separation of the
orthogonal signals during the reception.

From polarization parallelity the polarization orthogonality can be calculated using
the formula:

ΠdB = 10 log10(1− ρ) (3.3)

It is useful to plot polarization orthogonality and XPD in the same figure (see Fig.
3.11) in order to have a better overview for each frequency.

Figure 3.11: XPD and Polarization Orthogonality in dB versus frequency for
broadside radiation (8-by-8 elements of the infinite array are excited).
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3.2.3 Radiation Patterns

In Fig. 3.12 the normalized 2D radiation pattern at 22 GHz for broadside radiation
can be seen. For the simulations in HFSS, 8-by-8 elements of the infinite array are
excited in order to see how the radiation lobes formed in a large array.

In addition, in Fig. 3.13 and 3.14 the normalized radiation patterns at 73 GHz and
83 GHz are shown, using the same configuration. The absence of grating lobes in
broadside direction is an outcome that was expected from the theory.

Figure 3.12: Normalized 2D radiation pattern at 23 GHz when 8-by-8 elements of
the infinite array are excited in HFSS software.

Figure 3.13: Normalized 2D radiation pattern at 73 GHz when 8-by-8 elements of
the infinite array are excited in HFSS software.
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Figure 3.14: Normalized 2D radiation pattern at 83 GHz when 8-by-8 elements of
the infinite array are excited in HFSS software.

3.3 Beam Steering

In this section the capability of the array to steer the beam is tested. It is reminded
that the array antenna is designed for PtP fixed beam applications. It is useful to
test the beam steering performance around broadside in small angles as it can be a
useful feature for automatic fine antenna alignment.

Figure 3.15: Planar array located in zy-plane with broadside radiation at x̂ direc-
tion. E-field vector’s direction is the one used for the simulations when V ER port
is excited.
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Assuming a scenario where the elements of the array are placed in the zy-plane, the
broadside radiation is at x̂ direction (θ = 900 and φ = 00), as seen in Fig. 3.15.
Furthermore, the V ER ports are excited and the E-field vector has ẑ direction.

In order to test the beam steering along z-axis (y-axis), the phase of the excitation
of the V ER (HOR) elements should vary linearly, whereas the amplitude is kept
uniform. For the simulations in HFSS the unit cell for an infinite array was used,
where a phase delay was assigned in the periodic boundaries.

Figure 3.16: Return loss for beam steering in the xz-plane of the infinite array in
HFSS software.

For beam steering along z-axis a parameter theta_scan is introduced that takes
values for 0 to 40 degrees. In Fig. 3.16 the return loss for theta_scan variations of
θ around the broadside direction (θ = 900 and φ = 00) can be seen. In addition, in
Fig. 3.17 the radiation patterns at 22 GHz and at83 GHz for those scan angles can
be seen.

The array antenna can successfully steer its beam 25 degrees at xz-plane for φ = 00,
which is more than enough for fine antenna alignment. Moreover, it shows great
potential in beam steering capability, as it manages to steer the beam even though
it has not been designed for that purpose.
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Figure 3.17: Realized gain at 22 GHz and 83 GHz for different beam θ angles and
φ = 00 (in the xz-plane) when 8-by-8 elements of the infinite array are excited in
HFSS software.

For beam steering along y-axis a parameter phi_scan is introduced that takes values
for 0 to 40 degrees. In Fig. 3.18 the return loss for phi_scan variations of φ around
the broadside direction (θ = 900 and φ = 00) can be seen. In addition, in Fig. 3.19
the radiation patterns at 22 GHz and at83 GHz for those scan angles can be seen.

Figure 3.18: Return loss for beam steering in the xy-plane of the infinite array in
HFSS software.
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Figure 3.19: Realized gain at 22 GHz and 83 GHz for different beam φ angles and
θ = 900 (in the xy-plane) when 8-by-8 elements of the infinite array are excited in
HFSS software.

The array antenna can successfully steer its beam 15 degrees at xy-plane for θ = 900,
which is enough for fine antenna alignment. We notice that the beam steering
performance in this direction is not so good as at along z-axis for φ = 00.

3.4 Tolerance Analysis

In this section a tolerance analysis of the structure has been performed. The tol-
erance analysis is performed using sensitivity analysis function of HFSS where pa-
rameters vary and a specific performance parameter is measured. Then, from that
variance a curve is created and depending its slope one can see how sensitive is the
structure performance to those variations.

Dimension tolerance analysis can be helpful during fabrication process in order to
know which parameters should be focus and avoid mistakes. In the following figures
there are the results of the analysis for three different frequencies having return loss
(reflection coefficient) as a performance parameter. Each parameter varies around
20% around the optimal value.

3.4.1 Dimension Tolerance Analysis

First, a tolerance analysis of the dimensions of the structure carried out. From Fig.
3.20 it can be seen that the thickness of the copper does not affect the return loss
at 22 GHz, whereas it is sensitive in variation of the substrate thickness, with 3 dB
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to almost 10 dB difference in return loss for 10% substrate thickness variation. The
reason for this is that for different substrate thickness the impedance of the element
is changing and this results in shifting of the lower operation band of the array
towards higher frequencies.

Figure 3.20: Structure’s reflection coefficient variation at 22 GHz for conductor
and substrate thickness variation. Simulations made in HFSS.

Higher frequencies are also not sensitive in copper thickness variation, as it can be
seen from Fig. 3.21 and Fig. 3.22. Moreover, the slope is larger for variation of
substrate thickness, but not so large compared to 22 GHz.

Figure 3.21: Structure’s reflection coefficient variation at 73 GHz for conductor
and substrate thickness variation. Simulations made in HFSS.
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Figure 3.22: Structure’s reflection coefficient variation at 83 GHz for conductor
and substrate thickness variation. Simulations made in HFSS.

Figures 3.23, 3.24 and 3.25 contain the changes in return loss for different frequen-
cies, when the parameters of the feeding network vary. Minor changes of those
parameters result in significant changes of the feeding output impedance, which can
be calculated by Eq. 2.30. The latter changes affect the return loss in all frequencies
in a non related way.

Figure 3.23: Structure’s reflection coefficient variation at 22 GHz for feeding net-
work dimensions variation. Simulations made in HFSS.
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Figure 3.24: Structure’s reflection coefficient variation at 73 GHz for feeding net-
work dimension variation. Simulations made in HFSS.

Figure 3.25: Structure’s reflection coefficient variation at 83 GHz for feeding net-
work dimensions variation. Simulations made in HFSS.

In figures 3.26, 3.27 and 3.28 the reflection coefficient variation due to the element
and the cap dimensions variations are shown.

The most affected frequency is the 22 GHz, where both the size of the element and
the size of the caps shift the frequency. The second more sensitive frequency is the
83 GHz as the 73 GHz seems to be affected only by the size of the cap on top of
the element. As it has been mentioned earlier, E-band and 23 GHz band are at
the ”limit” of the frequency range that the tightly coupled capped bow-tie array
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operates. As a result, the lower frequencies of the 23 GHz band and the higher
frequencies of the E-band are affected more by the variations of the dimensions of
the structure.

Figure 3.26: Structure’s reflection coefficient variation at 22 GHz for element and
cap dimensions variation. Simulations made in HFSS.
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Figure 3.27: Structure’s reflection coefficient variation at 73 GHz for element
dimensions variation. Simulations made in HFSS.
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Figure 3.28: Structure’s reflection coefficient variation at 83 GHz for element
dimensions variation. Simulations made in HFSS.

3.4.2 Material Tolerance Analysis

In this section the material tolerance analysis of the dielectric substrates carried
out. In Figures 3.29, 3.30 and 3.31 we can see the reflection coefficient variation
when the core and the bonding material permittivity changes at 22 GHz, 73 GHz
and 83 GHz respectively. The structure has high tolerance to 10% variation of the
materials permittivity, as the reflection coefficient divergence is less than 1.5 dB.
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Figure 3.29: Structure’s reflection coefficient variation at 22 GHz for material
permittivity variation. Simulations made in HFSS.

Figure 3.30: Structure’s reflection coefficient variation at 73 GHz for material
permittivity variation. Simulations made in HFSS.

Figure 3.31: Structure’s reflection coefficient variation at 83 GHz for material
permittivity variation. Simulations made in HFSS.
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4
Measurement and Fabrication

Considerations

In this chapter there is a proposal for a 2-by-1 sub-array prototype to validate the
capped bow-tie array, by fabrication and measurement of the return loss and the
isolation. The sub-array can be placed upside down in a probe station with an
absorbing material in the side of the radiation. In order to feed the elements an
extra layer of bonding material TU-933P will be added in the bottom of the ground
plane including a transition from probe pad (ground-signal-ground or GSG) to the
feeding via hole. Some extra elements that do not have an input signal are also
included in the design in order to avoid some edge effects. The final prototype
design can be seen in Fig. 4.1.

Figure 4.1: 2-by-1 dual polarization capped bow-tie sub-array prototype design.

The size condition that allows a planar array to radiate in a frequency band is
that the aperture size should be at approximately 5λ-by-5λ, where the wavelength
is measured for the lowest frequency [23]. For this case the lowest frequency of
operation is 21.1 GHz which gives an aperture 71.5 x 71.5 mm2. With an element
spacing S = 1.894 mm (see Table 3.2) the minimum number of excited elements for
radiation at 23 GHz band is 38-by-38. Therefore the aperture area of the prototype
is not large enough to allow radiation at 23 GHz band and the number of elements
is not large enough for tightly coupled array. However, this will provide a first low
cost indication that the design resembles to reality so as we could move to larger
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more costly arrays safely. The whole structure (the sub-array and the transition)
will be simulated and the results will be compared to the measured ones. Good
results are not expected, what matters is the resemblance between simulation and
measurement.

Unfortunately, the fabrication procedure takes a lot of time and as a result the
comparison between simulation and measurement will not be included in this work,
but in a future one.

4.1 Transition from Element to Probe Pad

Figure 4.2: Transition from probe pad to element feeding via hole.

The transition from probe pad to element feeding via hole can be seen in Fig. 4.2.
The first part from the left is a GSG pad with 100 um trace clearance, where
the probe excites the structure. The two ground pads are connected through via
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holes with the ground plane of the sub-array. As a bonding material TU-933P is
used with H0 = 120 um. A tapered transformer follows that is connected to a
50 ohm transmission line. The probe will be calibrated to this point to have 50 ohm
impedance. After that there are two quarter wave transformers till a 77 ohm line,
which is the input impedance of the balun transformer.

From microstrip transmission line theory [35] the widths of the lines are calculated
using as:

W

H
=



8eA
e2A − 2 for W/H < 1

2
π

[
B − 1− ln(2B − 1) + εr − 1

2εr

(
ln(B − 1) + 0.39− 0.61

εr

)]
for W/H > 1


(4.1)

where

A = Z0

60

√
εr + 1

2 + εr − 1
εr + 1

(
0.23 + 0.11

εr

)

B = 377π
2Z0
√
εr

(4.2)

The calculated values that are used in simulations are summarized in Table 4.1.
Moreover the performance of the structure is seen in Fig. 4.3, the input wave port
is de-embedded to the 50 ohm line and re-normalized to 50 ohm.

Table 4.1: Optimized design parameter values for transition from probe pad to
element feeding via hole.

Parameter (mm) Parameter (mm)
WF_0 0.212 LF_0 0.3
WF_1 0.173 LF_1 1.65
WF_2 0.11 LF_2 1.65
WF_3 0.086 LF_3 0.3
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Figure 4.3: Transmission and reflection coefficients of the transition structure seen
in Fig. 4.2.

4.2 Prototype Simulated Results

In this section the simulations of the prototype of the Fig. 4.1 carried out. A
sub-array of 6-by-7 dual polarization capped bow-tie elements in multi-layer PCB
is designed. All the elements have via holes to the ground plane, except from the
edge elements. The 2-by-1 sub-array is connected to four baluns (two for each
polarization), and the baluns are connected to the transitions seen in Fig. 4.2. Only
the horizontal ports are excited (namely port 1 and port 2 for the simulations).

In Fig. 4.4 the return loss of port 1 and port 2 (the excited ports) can be seen.
It is reminded that those results are expected to be worse compared to the return
loss in Fig. 3.5, as the number of the total elements and the number of the excited
elements are very small for TCA performance.

We can compare the return loss in port 1 if the sub-array consists of 3-by-4 elements,
while again 2-by-1 are excited (see Fig. 4.5). The performance has even more
declined, due to the smaller number of elements, despite the fact that in both cases
2-by-1 elements are excited.
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Figure 4.4: Return Loss of the two excited horizontal ports. A sub-array of 6-by-7
dual polarization capped bow-tie elements, where only 2-by-1 elements are excited.

The return loss is poor compared to the return loss of a large array with all the
elements excited, as in Fig. 3.5, especially for the lower band, which confirms that
a large number of elements needed in order to have large enough aperture area and
TCA performance.

In Fig. 4.6 the mutual coupling between the two horizontal ports can be seen. For
large array mutual coupling between ports of the same polarization is expected to
be high.
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Figure 4.5: Return Loss of the two excited horizontal ports. A sub-array of 3-by-4
dual polarization capped bow-tie elements, where only 2-by-1 elements are excited.

Figure 4.6: Mutual coupling between horizontal ports. A sub-array of 6-by-7 dual
polarization capped bow-tie elements, where only 2-by-1 elements are excited.

Finally, in Fig. 4.7 the mutual coupling between the first horizontal port and the two
vertical non-excited ports can be seen. We notice that the S(4,1) in dB is significantly
high for the 23 GHz band (corresponds to low isolation), as the aperture size is small
from this band for radiation and as a result the power goes to port 4 and part of it
returns to port 1 (S(1,1) in dB is high for 23 GHZ band).
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Figure 4.7: Mutual coupling between the first horizontal port and the two vertical
non-excited ports. A sub-array of 6-by-7 dual polarization capped bow-tie elements,
where only 2-by-1 elements are excited.
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5
Conclusion

5.1 General Conclusions

In this work the design of a planar array in multi-layer PCB technology with capped
bow-tie dual polarization elements operating at E-band and at 23 GHz band is
presented. The simulations made with HFSS software, reveal that when the capped
bow-tie element is implemented as a large TCA can provide more than 15 dB return
loss at the two bands of interest, and at the same time keeps the orthogonality
between the two linear polarizations in a level the fulfills the specification (except
of two single frequencies but with potential to fulfill as well). Moreover, the array
is capable of steering its beam 25 degrees around broadside in the plane parallel
to E-field and 15 degrees around broadside in the plane tangent to E-field, which
is satisfying for fine antenna alignment. On the other hand, the level of isolation
between orthogonal ports should be higher. One, but still expensive solution is the
use of a shielded feeding network.

In terms of dimension tolerance, the performance of the design can be easily declined
and the lower operation band can be shifted, as more than 2 dB difference in return
loss is observed with 10% changes in element/feeding dimensions and substrate
thickness. The reason for that is the high dependence of the differential input
impedance with the size of the element and the balun. On the other hand, the
structure has high tolerance in changes of the materials permittivity.

Furthermore, the design shows high scalability potential, the size of the element, the
size of the caps and the impedance provided by the feeding network can be tuned
for operation at different frequency bands. It must be noticed that the frequency
range limit expressed in fractional bandwidth is 4.2:1, so the two operating bands
should be inside this fractional bandwidth.

In order to achieve an array gain more than 38 dBi at E-band, which consists a
specification for PtP antennas, several thousands of elements are needed, and the
complexity of the feeding network as well as the mechanics of the array will determine
the total manufacturing cost.

When compared to access point antennas in street level or in residential and public
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areas this solution is more promising, as gain specification is more relaxed requiring
less elements and less complex feeding structure. Furthermore, the operating fre-
quencies are lower, so making elements and element spacing larger results in lower
fabrication cost and higher inter-port isolation (feeding via hole distance is larger).

In addition, a prototype is designed and simulated in order to be fabricated and
measured. Simulations revealed that the performance in terms of return loss is
degraded compared to a large array, as the number of elements is not sufficient for
TCA operation and radiation at 23 GHz band. However, the resemblance between
the simulations and the measurements can be a first indication to validate the design
and proceed to larger arrays fabrication.

5.2 Future Work Proposal

This work only includes a proposal for a prototype and the validation of it requires
its fabrication and measurement. For this reason a future work that will focus on
the this matter should be done.

In addition, it would be interesting to test the dual polarization capped bow-tie
TCA antenna design for access point array antennas and also test the beam steering
capability.

Finally, a more detailed work for the feeding network that includes the total losses
should be done. Different structures for differential feeding network should be inves-
tigated, in order to improve the isolation between orthogonal ports and the losses.
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