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Dual Polarized Circular Waveguide Aperture Antenna Element in PCB and
Hardback Technology

Design of a Single Element and Analysis of Phased Array Performance

TRA LUNDGREN

Department of Signals and Systems

Chalmers University of Technology

Abstract

This MSc thesis investigates the use of Printed Circuit Board (PCB) hardback
technology as a method to manufacture a dual polarized circular aperture
antenna element for use in phased arrays operating at mm-wave frequencies.
The manufacturing idea is to drill hole(s) in a post-bonded hardback of a PCB,
i.e. a 5 mm thick sheet of copper, to create the radiating aperture. The design
requirements include:

i A vertical sub-array should have a co-polar gain larger than 2 dBi at
+60° in the azimuth cut.

ii The reflection- and mutual coupling coefficients of the antenna element
should both be lower than -13 dB over a frequency band of at least 6%
given the center frequency

iii The diameter of the radiating aperture should be sufficiently small to
allow for an inter-element spacing in the array grid of 0.53\

In order to achieve the inter-element spacing of 0.53\ the waveguide needs
to be loaded. Both dielectric filling and ridges are investigated in this MSc
thesis. The element feeding network (i.e. either a stripline feed or a cavity
backed slot feed) is included in the element design by using a multilayer stack-
up approach. Extensive parametric studies were carried out by using the
ANSYS High Frequency Electromagnetic Field Simulation (HFSS) software.
The dielectric filled waveguide aperture design, fed with the cavity-backed
cross-slot, was found the most promising. It was capable of fulfilling almost
all performance requirements, both for the single element and the array.

Keywords: aperture antenna, dual polarized, phased array, hardback PCB,
circular waveguide
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Introduction

In today’s society the continuous development of technology goes toward a
networked society where everything is connected. The increasing demand for
higher data rates, increasing number of devices being connected and a desire
to decrease the energy consumption drives the development forward. All these
demands are taken into account with the coming of the next generation of
mobile networks, the fifth generation: 5G. [1, pp. xxxiii]

One part of the 5G evolution is the use of antenna arrays. [1,2] At the mo-
ment, the base stations in the cellular network mainly use antennas with broad
beams to cover the cell. This makes the energy efficiency low since the main
part of the energy does not reach the user. Furthermore, the different base
stations together with user equipment can cause interference [1,2], lowering
the efficiency of the system and affecting the experience for the end user. The
use of antenna arrays could overcome these problems and it is the reason for
them being viewed as the next generation of antennas in cellular networks.
Antenna arrays present several advantages [3, pp. 330 - 331]:

o Large transmitting planar array antennas have a high directivity which
results in a high gain when low-loss materials are used [4].

e In contrast to reflector antennas, which also are highly directional and
thus could have a high gain, antenna arrays can have a low profile and
thereby occupy less volume.

o The direction and the shape of the beam can be controlled by changing
the phase and amplitude of the antenna element excitations, also known
as electrically steered beam.

With the beam-forming capability, the energy efficiency will increase since
the energy can be concentrated towards the user equipment (UE), e.g. a cell
phone. This will also decrease the risk of interference since the signals will be
concentrated to smaller areas with less overall transmitted power. [1, pp. 75]

When an antenna element is considered for a 5G phased array the scanning
area is relatively large. This means that the antenna element needs to be able
to handle a large scan angle and still have a decent bandwidth. Some common
element types are: [5]
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o Waveguide aperture elements: small bandwidth but handling wide scan
angles well.

o Fragmented aperture antenna: large bandwidth but handles wide scan
angles bad.

o Tapered-slot antenna: large bandwidth, handles wide scan angles well
but is harder to manufacture and has a large physical volume.

Ericsson AB is currently developing 5G technology where the Antenna Sys-
tem and Network Performance department is researching low-cost and high
efficiency antenna arrays for 5G.

1.1 Purpose

The purpose of the MSc thesis is to investigate possible aperture antenna
element designs with a future use in 5G phased arrays in mind. The aim is to
see if it is possible to use a Printed Circuit Board (PCB) with a hardback (see
section 2.1) to create a radiating aperture.

1.2 Scope

The project is limited to antenna elements of aperture type and a manufactur-
ing method using PCB hardback technology. Different design concepts are to
be investigated and the most suitable antenna element design will be studied in
more detail. The investigation is limited to simulations, the aim of the project
is to demonstrate the feasibility of the element type and a full optimization of
the design is not intended.

1.3 Objective

The antenna designs investigated should fulfill certain requirements in order
to determine their performance. The first requirement is that the antenna
element shall be implementable into a vertical sub-array. For this MSc thesis,
the following design goals for the sub-array design were set:

The sub-array shall be a vertical two element sub-array

The antenna element diameter shall be < 0.53\

The antenna elements in the sub-array shall be dual polarized

The reflection coefficient S,,,, of the sub-array shall be less than —13 dB

The bandwidth shall be more than 5% of the center frequency (% > 0.05)
given the above return loss criteria. Furthermore, the bandwidth should
have an added margin of 20% to allow for e.g. impedance bandwidth.
This gives a bandwidth criteria of: 0.05-1.2 = 0.06 = 6%

G W
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6. Minimum gain of +2 dBi at £60° in azimuth for a sub-array (-1 dBi for
a single element)

7. The difference in the co-polar gains between the two orthogonal polar-
izations shall at maximum be 3 dB

8. Sub-array loss < 1.0 dB (e.g. difference between directivity and gain
< 1.0 dB)

9. Inband isolation between the orthogonally-polarized ports should be be-
low —15 dB
10. The cross-polar decoupling (XPD) [3, pp. 28] should be above 20 dB over

Geo(0,9) )
Gap(0,0)

11. The magnitude of the coupling coefficients to adjacent unit cells (not
sub-arrays) in a 0.53\ array grid should be less than —13 dB

the entire operating area: 20 < 10 logy(

The frequency range of the antenna element was not specified in the require-
ments. For the MSc thesis a center frequency of 15 GHz was chosen, see
section 3.2. The operating area of the array was set to +60° in azimuth and
+15° in elevation for this MSc thesis.

1.4 Outline of report

First the report start with an introduction to the PCB hardback manufactur-
ing technique in section 2.1 In section 2.2 the basic theory concerning circular
waveguide elements is presented. The theory chapter then proceeds to present
some of the previous designs of circular apertures in phased arrays that are
documented in the literature, see section 2.3. Two of the excitation methods
used in this project are also documented in section 2.4. The theory section
then concludes with the theory of phased arrays in section 2.5

Chapter 3 deals with the different design concepts investigated in this project.
The structure is chronological and summarized accordingly. Here the main
focus is on the parametric studies made of each design concept. Finally, the
design closest to fulfill the requirements is optimized (section 3.2.3.4) and it is
afterwards analyzed in a finite array environment.

The resulting performance of the optimized isolated element and the finite
array is presented in chapter 4, where the fulfillment of the requirements stated
in section 1.3 is the main focus. In chapter 5 a summary of the conclusions
made during the MSc thesis are presented, along with possible future work
and questions that could be researched further.



1. Introduction




2

Theory

In this chapter the theory of aperture type antenna elements and antenna
arrays is presented. The chapter starts with an introduction to the PCB
hardback manufacturing technique.

2.1 PCB Hardback Technology

PCBs consists of dielectric material with copper foil on one or both sides, this
copper foil is etched and thus used to create circuits. A common problem
when designing PCBs is the generated heat during operation. One method
of handling the excessive heat is to use a metal hardback as a heatsink, e.g.
one of the copper foils is made thicker to dissipate heat. The metal hardback
is usually made from copper or aluminum with a thickness ranging from 1 -
10 mm, where thinner hardbacks are easier to manufacture.

PCB stack up layer {
|

N layers

Dielectric

Figure 2.1: Generic overview of a PCB stack up with a post-bonded metal hardback using
an adhesive.

There are two types of hardbacks: pre- or post-bonded, relating to the when
the hardback is added to the PCB design. The pre-bonded method is limited
to a lower thickness range as the hardback then is included in the etching
and manufacturing process of the PCB. The post-bonding alternative enables
a thicker hardback since it is applied after the etching process. This can be
done either by soldering or using an adhesive which can be conductive or non-
conductive. In figure 2.1 a generic overview of a PCB with a post-bonding
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hardback can be seen. [6-12]

In this MSc thesis a new usage of the metal hardback will be investigated; the
possibility of creating a radiating antenna aperture with the hardback, opposed
to the original thermal management purpose. To create a radiating aperture,
a hole could be drilled in the hardback during the PCB manufacturing process.
An advantage of this approach is the simplicity of creating the aperture and
the possibility of using the PCB layers underneath the hardback to create
the feeding network. In figure 2.2 the general design idea is shown where the
feeding and aperture parts of the PCB stack up are marked.

Waveguide/Aperture

PCB stack up layer

Dielectric

. N layers Feeding

Figure 2.2: A generic PCB stack up showing the design idea of the feeding and aperture
placement.

2.2 Aperture Antenna Elements

An aperture antenna element is an element which radiates through an opening
in a metal surface [3]. The following elements belong to the aperture antenna
family:

1. Waveguides
(a) Radiating through the aperture at the end of the waveguide (the
cross-section area), see figure 2.3a
(b) Radiating slots in a waveguide wall, see figure 2.3b
2. Horn antennas, see figure 2.3c

All of these element types were reviewed at the start of the project. However,
both the horn (item 2) and the slots (item 1b) were discarded as possible so-
lutions.

The horn was not considered further due to the requirement of an element di-
ameter smaller than 0.53\. The element diameter of a horn is too large to be
able to fulfill this requirement. [13] Furthermore, a horn is harder to manufac-
ture because of the tapering of the walls. This implies higher production costs
and a possible increase in sensitivity due to tolerance issues, when compared

6



2. Theory

to the other alternatives.

=\

(a) Standard waveguides, picture taken (b) Different slots in waveguide walls, picture
from [3]. taken from [3].

e

(c) Example of horn antennas, picture taken from [3].

Figure 2.3: Antennas belonging to the aperture family of antennas, pictures taken from [3].

Radiating slots in the waveguide walls (item 1b) was not considered further due
to the requirement of a future implementation of the sub-array into a phased
array. This requirement requires individual excitation of each element in order
to enable beam steering (see section 2.5.1.1). This is a problem with the slots
in a waveguide wall due to the difficulty to individual excitation of the slots
which in practice would require a complex feeding network. To accomplish an
individual excitation, the design would have to be altered and the resulting
element would be more alike a rectangular waveguide radiating through their
main opening than slots in a waveguide wall.

When both the horns and slots in a waveguide wall are dismissed, the only
remaining element is (1a), waveguides radiating through their aperture. This
element type is therefore the element type further considered in this MSc thesis.

Another requirement that limits the available design options is the requirement
of dual polarization. This requirement infers a constraint on a symmetrical an-
tenna element design, since the resonant frequency needs to be present in two
perpendicular dimensions. If the element is not symmetric the different di-
mensions of the waveguide will result in two different resonant frequencies.
Therefore, the waveguide needs to have a symmetric cross-section e.g. circular
or square. The usual rectangular design can not be used without a heavy im-
pact on matching conditions for the different polarizations. [14] [15] [16]
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2.2.1 Waveguide Elements

Waveguides are a well established RF component invented in the late 19th
century [17]. Since then they have been used in different applications, espe-
cially where their ability to handle high power is an important factor, e.g. in
radars. Waveguides guide the EM-field through encapsulation by metal walls,
forcing the field to propagate between the walls.

Waveguides can be seen as a cavity where different discrete solutions exist
for a propagating field, called modes. The first mode to propagate has a A,
of which half fits in the largest diameter of the waveguide (d,,; = A;/2). In
figure 2.4 the first mode for a rectangular and a circular waveguide is shown
where a half A, fits over the largest dimension. The corresponding frequency,
the cutoff frequency f,, is the lowest frequency to propagate in the waveguide
without being significantly attenuated. However, the attenuation still has a
large impact close to f..

il BN

Figure 2.4: The first mode for a rectangular and a circular waveguide, TE;g and TEq;
respectively. Picture taken from [18].

A waveguide can have two different types of modes propagating; Transverse
Electric- (TE) and Transverse Magnetic-modes (TM). The difference between
these two types is which of the F,- and H,-components equals zero (£ ori-
ented in the propagating direction). When the electric field component in the
propagating direction is zero (F, = 0) the mode is of TE type and when the
magnetic component is zero in the propagating direction (H, = 0) the mode is
a TM-mode. These two types of modes have different solutions to Helmholtz
equation which result in different cutoff frequencies. [19, p. 100-101]

0 Jiow Jo Jhigh frequency

T >

Figure 2.5: Overview of the frequencies involved when designing a waveguide. f. is the
cutoff frequency of the waveguide, fio., and frign are the lower respectively higher frequencies
of the operating bandwidth (B). fo is the center frequency of the bandwidth. Between f.
and fj there should be a margin of 10-20%, fiow = m - fe.
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In order to not operate too close to the cutoff frequency a rule of thumb
is to add between 10-20% margin to the lowest operating frequency, e.g.
fiow = m-fo = 1.1f.. A generic overview of the design frequencies when
designing an aperture antenna are shown in figure 2.5. The cutoff frequency
can be expressed in terms of the center frequency, fy, the bandwidth B (in
percent of fy) and the chosen margin m from the cutoff frequency according
to B B
fw=5(1-5) = mh=h(1-3) =
1_B (2.1)
= f c = f 0 <2> .
m

Equation (2.1) will prove useful later on.

As mentioned in section 2.1 the design idea is to create the aperture by drilling
into the hardback. The most common drills create circular holes, but there
exist drills that make squared holes. However, these drills are not as common
as the circular ones and information about them is scarce, especially concerning
PCB manufacturing techniques. Therefore, with this uncertainty in mind, the
MSc thesis was limited to circular apertures, since circular drills are readily
available in the PCB manufacturing process.

2.2.1.1 Characterization of Circular Apertures

When designing a circular waveguide the radius, a, is the main design param-
eter since it determines the cutoff frequency, f.. The cutoff frequency can be
calculated through [19, pp. 121-130]

Gnm kc . dnm

fe= 2ra e = o e with k. = - (2.2)
where ¢, is the mth root to the Bessel function of order n for TM-modes and
the mth root to the derivative of the Bessel function of order n for TE-modes,
(1t is the permeability, € is the permittivity and k. is the cutoff wave number. In
table 2.1 the first TE and TM modes’ ¢, are listed. [19, pp. 121-130] As can
be seen, the first mode to propagate is the TE;;-mode since its Bessel constant
is the lowest one.

Table 2.1: The Bessel constant, g, for the first TE and TM modes for a circular waveg-
uide. The lowest constant is for the TE;;-mode meaning it has the lowest cutoff frequency
and it is therefore the first mode to propagate. [19]

n TEnl TEng TEng TMnl TMnQ TMng

0 3.832 7.016 10.174 2.405 5.520 8.654
1 1.841 5.331 8536 3.832 7.016 10.174
2 3.054 6.706 9970 5.135 8417 11.620
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The size of the antenna element is important and an upper limit is set by
the requirement stating that the element diameter should be smaller than
0.53\g (requirement 2). If equations (2.1) and (2.2) are combined and the
radius is expressed in terms of wavelengths (a = a. - o), the aperture radius
can be expressed as a function of the bandwidth and margin as specified in
equation (2.1).

Je=1lo <1m}§> = dum Jo (1 . 5) = (2.3)

£, = 27:1:;% 2ma /e
An m

{a [m] = ac [AO]} - e 27r\/;%' (11— B/2)

If only the first fundamental mode is assumed to propagate, the margin from
the cutoff frequency is chosen to be 15% and the bandwidth is set to 6% (from
requirement 5); equation (2.3) reduces to

(2.4)

L 187l L5 _ 03530 . (25)
‘T e (1—-0.06/2) e 0 '
g, = 209 o] |Gom = grEn = 1.871, m =1.15, B=10.06|.  (2.6)

/i Er

As can be seen, the diameter of the aperture, d., is too large when the require-
ment of an element diameter below 0.53)\ (requirement 2) is considered, if no
alteration of the relative permeability or permittivity is made. The conclusion
is that a circular aperture element needs to be loaded in order to fulfill require-
ment 2. The two main methods of loading a waveguide is to fill the element
with dielectric material or to use ridges. Both of these two methods enables
a smaller physical size whilst keeping the electrical size of the waveguide the
same [20].

The aperture radius also affects the radiation pattern, for example the beamwidth
in the E- and H-planes. [21] If the field distribution in the circular waveguide
corresponds to a TE;;-mode, which is valid for a circular waveguide operating
with the first fundamental mode, the E- and H-fields expressed in a spherical
coordinate system are [22, pp. 688]

E.=0 H.=0
o 1(2) _ B
E9—0231H(¢)T HG__W (2.7)
Ji(2) Eyp
Ey = C5cos(0) cos(¢p ! Hy=—7,
o = Uy cos(0) cos( )1_(Z/QTE11)2 6=

where J,,(x) is the Bessel function of order n of the value z, r is the distance
from the aperture and

10
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Z = kasin(0), JU(Z)=Jo(Z)— (Z)]Z, k = wy/pu€,
_ jkaEyJi(qren)e " (2.8)
. :

n=\/1/€ and Cy

Both E-field components (Ep and Ey) are proportional to a, the radius of the
aperture.

In figure 2.6 these two field components are shown for different values of the
aperture radius, a (equation (2.7)). Ey and Ey4 corresponds to the E-field in the
E- and H-plane respectively. From the specifications listed in section 1.3 the
difference in co-polar gain between the two polarizations in any plane should
be less than 3 dB (requirement 7). The E- and H-plane cuts are orthogonal
and thus a comparison between them can be used as a first control of this
requirement (the E- and H-planes would correspond to the two polarizations
given a symmetric antenna).

From figure 2.6 it can be seen that a larger aperture size narrows the pattern
of the E-plane co-polar gain, making it more similar to the H-plane cut. The
edge of the operating area is at £60° and at this point the difference between
the E- and H-plane cuts are the largest. As can be seen the difference at +60°
decreases with increasing aperture radius and at a = 0.22)\g the difference be-
tween the co-polar gains is AFgpe = 3.0369 dB.

The conclusion is therefore that the aperture radius needs to be slightly larger
than 0.22)\g in order to fulfill requirement 7. When using equations (2.7)
and (2.8) the relative permittivity was set to €, = 4 since this dielectric filling
is available in the PCB manufacturing process (see section 3.2). The radius of
the aperture was rescaled to free space wavelengths to remove the frequency
dependency and make it easier to assess the unit cell size requirement (require-
ment 2).

2.2.1.2 Dielectrically Loaded Circular Apertures

One method commonly used to load a waveguide is the use of dielectric filling
inside the waveguide, meaning that a material with a higher permittivity than
unity is used (e, > 1). [5,20,23] When the relative permittivity, €,, is increased
the physical size of the waveguide can be smaller while keeping the electri-
cal size of the waveguide the same, see equation (2.5). The wavelength of a
specified frequency scales proportionally with the square-root of €, according
to [19, pp. 16-17]

Ao
Ay = : (2.9)

9 \/a
This can also be seen in equation (2.2) where an increase in permittivity de-
creases the cutoff frequency, meaning a larger wavelength now fit in the waveg-
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a= 0.15)\0, AE60o =4.8414 dB a= 0.2)\0, Aano =3.7003 dB
of —E,|] of —&,[]
5F 51
< -10 < -10
15+ -15¢+
-20 : : : : : -20 : : : : :
-90 -60 -30 0 30 60 90 -90 -60 -30 0 30 60 90
0 [deg] 0 [deg]

(a) E-field components of a circular aper- (b) E-field components of a circular aper-
ture with a radius of a = 0.15\g. The dif- ture with a radius of a = 0.2Ag. The dif-
ference of the E-field in the E- and H-plane ference of the E-field in the E- and H-plane

cuts are 4.84 dB at 60°. cuts are 3.70 dB at 60°.
a= 0.22)\0, AE60° =3.0369 dB a= 0.25>\0, AE60° =1.6992 dB
Ot ‘ ‘ ‘ ‘ ] Or ‘ ‘ ‘ ‘ ]
51 51
S -10. S -10}
15+ -15¢F
-20 : : : : : -20 ‘ : ‘ : :
-90 -60 -30 0 30 60 90 -90 -60 -30 0 30 60 90
60 [deg] 0 [deq]

(c) E-field components of a circular aperture (d) E-field components of a circular aperture
with a radius of a = 0.22\g. The difference with a radius of a = 0.25)\g. The difference
of the E-field in the E- and H-plane cuts are of the E-field in the E- and H-plane cuts are
3.04 dB at 60°. 1.70 dB at 60°.

Figure 2.6: The Fy and Fy; components of the E-field of a circular aperture for different
radii, obtained using equations (2.7) and (2.8). The fields have been normalized to 0.
The specifications requires a maximum difference in the co-polar gain between the two
polarizations to be below 3 dB (requirement 7). AFEggo is the difference between the two
E-field cuts at 60° which can be used as an indication of wether or not requirement 7 can
be fulfilled. To fulfill this requirement a radius of at least 0.22)\ is needed.
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uide even though the physical size remains the same. Equation (2.3) can be
rewritten to express the permittivity instead

o= [t (M) T @

By expressing the aperture radius a in terms of free space wavelengths, a = a. - A,
equation (2.10) can be rewritten as

Gnm m

€p =

| -1
o ooy

} - (2.11)

[ .mmr:l Gm M r
2mac/ee. (1—B) )

to make it frequency independent.

In figure 2.7 this relationship is graphically shown for the first propagating
mode (TEj;) in a circular waveguide with different values of B and m, the
relative permeability pu, is set to one. From the graph one can see that in
order to get an element diameter smaller than 0.5\ (i.e. a radius < 0.25)¢) an
€, > 2 is needed, for a bandwidth percentage > 5%.

2.2.1.3 Ridged Circular Apertures

The other method used to reduce the physical size of a waveguide is to alter
the geometry of the waveguide cross-section by using ridges. In order to have
the two polarizations of the antenna element to have similar characteristics the
cross-section of the waveguide needs to be symmetric in two planes, meaning
that the waveguide needs to be of the four ridged type. In figure 2.8 a quad
ridge circular waveguide cross-section can be seen. [5,20, 23]

The cutoff frequency of a quad ridge waveguide can be calculated through [24]

%mm:fumxvmw (2.12)
which gives for a TE-mode (only circumferential component)

p—=p
lp— 7|

2Jt(p) - ]kc%Jt(pl) sin <tA/7 ) X H1(2)(kc‘p - ,O/’)dl/ =0 (213)

and for a TM-mode (only axial component)
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Radius vs. € for TE
r 11

8-
—B [%] =0.05 and m =1.1
—B [%] =0.15and m =1.1
61 B [%] =0.05 and m =1.2
—B [%] =0.15 and m =1.2

0 0.1 0.2 0.3 0.4 0.5
Radius [\]
Figure 2.7: Graph of equation (2.11) for the first propagating mode in a circular waveguide,

TE;;. The available dielectric filling (e, = 4) in the PCB manufacturing process and a radius
of 0.25)\¢ are marked in the graph.

Figure 2.8: A generic layout of a quad ridged circular waveguide’s cross-section.
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/_
p) — jke ]{J Sm< T pp/|) x H? (k.|p— p/|)dl' =0 (2.14)

where the sine-function is the angle between two unit vectors, ' is the tangen-
tial unit vector and p is the position vector. Through these equations Balanis
and Sun [24] created a graph showing the cutoff frequencies for different ge-
ometries, see figure 2.9.

Circular Qludruple-mdged Waveguide

T T T

T m— -

Ly s e s g s b aa g N a ]

LA 4 4 i A 1 4o

| ——— 8/2a = 0.06

.- 822 = 0.12
— s/2a = 030

l I.I..I.Ilillllllll'lllllllI.l.ll.l.llll.lll.l.ll.l.LLl_l.‘l.
0 0.3 0.6 0.9

(2a-d)/2a

Figure 2.9: Cutoff frequencies for a circular quad ridged waveguide, see figure 2.8 for
notations. Graph is taken from [24].

Waveguides with four ridges suffer from mode splitting which can be seen in
figure 2.9 where TEy; has an upper and a lower version of its original form.
These are created by two different excitations of the TEy;. The lower version,
TEs 1, is created by two in-phase TEs; whilst the upper version, TEsy, is
created by two anti-phase TEq;. [24] [25]
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As can be seen in figure 2.9 the second mode to propagate is TEs;7,. This mode
has a closer cutoff frequency to the fundamental mode than in a waveguide
without ridges. Therefore, the available bandwidth for a ridge waveguide,
in this regard, is smaller. The TEs;;, needs to be suppressed in order for a
quad ridge circular waveguide to be able to fulfill the bandwidth requirement.
Another characteristic seen in figure 2.9 is that the ridge height is the main
parameter affecting the cutoff frequency.

2.3 Earlier Designs of Circular Apertures in
Phased Arrays

At the start of the MSc thesis a thorough investigation of previous work con-
cerning circular apertures in phased arrays was made. In this section a short
summary of the relevant articles from this study is presented.

The use of waveguide aperture antennas as elements in phased arrays was
mainly investigated during the 1960’s to the 80s. Using PCB to create the
aperture elements was not an established manufacturing method during this
time period. The most common approach was to use standard waveguides with
either ridges, dielectric filling or a combination of both and assemble these into
an array. The specifications for these early designs differs from the specifica-
tions for this project. The main differences are a larger bandwidth with a lower
requirement of S,,,, (e.g. |S11| < —10 dB compared to |S11| < —13 dB for this
project).

As mentioned, most of the work was done 50-30 years ago, where a handful
of persons wrote a major part of the available material. Three of the main
design concepts (ridges, dielectric filling and disks/grooves) are described in
more detail below by two of the main authors, C. C. Chen and J. J. Lee. Other
relevant material found are listed in table 2.2.

2.3.1 Circular Waveguides in Phased Arrays by C. C.
Chen

Chen investigated different methods to implement waveguides as antenna el-
ements in phased arrays and compared the performance of these designs. In
particular, he presented two designs for squared and circular waveguides re-
spectively. However, only the circular designs implements a dual-polarization.
The circular waveguide designs comprise one using dielectric filling and one
using ridges to reduce the element size. [20]
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Table 2.2: Short summary of relevant articles related to circular aperture antenna elements
in phased arrays.

Ref. no. | Short summary

[13] Ridged square and circular waveguides and their performance
given the geometry of the ridges.

[14] Three geometries of rectangular waveguides in phased arrays and
their performance.

[25] Theoretical expressions and analysis of ridged waveguides.

[26] Resonances, surface waves and reflection at aperture of circular

waveguides in phased array. Numerical analysis of the theoretical
boundary value problem of triangular grid.

[27] Shorter version of [26].

[28] Matching of circular waveguide element with dielectric disks.

[29] Design of dielectric sheet above array of circular waveguides to
avoid reflections when scanning. Dielectric disks for loading.

[30] Design of element using dielectric filling, metallic disks, ridges
and foam.

[31] Mode degeneracy and impact on bandwidth when using ridges

(dual, quad, octo).
[32] Bandwidth and cutoff frequency of quad ridged waveguides.

[33] Modes, cutoff frequencies and other characteristics of quad ridged
waveguides.

[34] Quad ridged waveguide with hollow ridges as feed. Dual frequency
bands.

[35] Quad ridged square waveguide with dielectric slab in middle to
create circular polarization.

[36] Wide-angle, wide-band phased array elements; waveguides inves-
tigated but discarded in favor of a tapered slot.

[37] Characteristics of squared dual and quad ridged waveguides in a
phased array environment.

[38] Square and circular ridged waveguides: attenuation, power han-

dling and cutoff frequency of first fundamental mode.
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FEED END

RADIATING END S’

Figure 2.10: Chen’s circular waveguide aperture element design using a dielectric filling.
The element has a square waveguide section at the feeding point which then smoothly tran-
sitions to a circular waveguide in order to suppress the circular TMg;-mode. The drawing
and design were taken from [20].

2.3.1.1 Dielectric Filled Waveguide Design

In figure 2.10 the dielectric filled element can be seen. The dielectric material
numbered 2 at the radiating end is chosen so that its permittivity, €5, prevents
the TMg;-mode. This means that e; should be low enough to only admit the
first circular mode TE ;. Prevention of the circular TMy;-mode from propa-
gating is also the purpose of the square feed. By suppressing the TMy;, which
is the next propagating mode for a circular aperture after the first fundamental
mode TE;;, the bandwidth of the element is increased. The other dielectric
material (number 3), with the permittivity €3, together with the physical di-
mensions of the different parts of the element is chosen so as to impedance
match the element. [20]

The reason for the TMy; prevention at both the radiating and feeding end of
the element is to make sure that the mutual coupling between the elements in
the array does not excite the TMy;-mode in either end. The resulting band-
width is shown in figure 2.11 where a bandwidth of ~30% is achieved with a
VSWR of 2 (RL = -9.5 dB).

Problems with this design according to Chen (]20] p. 5-1) is:

“..fabrication of this array is very cumbersome from the standpoint
of weight, cooling, packaging, efficiency and cost effectivness.”

Those are all troublesome points with the requirements of this MSc thesis in
mind. Furthermore, using two different dielectric materials adds complexity
to the manufacturing process. The continuous transition between a squared
feed and a circular aperture is also hard to accomplish if a simple drilled hole
is the considered manufacturing technique. A discrete step solution could be
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Figure 2.11: Graph of reflection coefficient and VSWR versus frequency of Chen’s dielectric
design in a phased array implementation. With a VSWR of 2 the corresponding bandwidth
between frequencies 3.3 and 4.45 GHz is ~30% with a center frequency of 3.875 GHz. Figure
is taken from [20] with modifications in blue.

possible by using drills of different sizes and layouts. However, this is outside
of the scope since only circular drills are to be used.

2.3.1.2 Ridged Waveguide Design

In figure 2.12 the ridged design by Chen can be seen. The waveguide has four
ridges in order to facilitate a dual polarization. The ridges are slightly tapered
as can be seen in figure 2.12b and its radiating end has a dielectric plug before
the ridges. According to Chen, the ridges increase the available bandwidth
between TE;; and TMy; and give rise to a lower attenuation of the field than
the dielectric filled design. In Chen’s design the TMy;-mode is evanescent in
the ridged part of the waveguide and the dielectric part suppresses the TEo;-
mode. [20]

The return loss of the design implemented in an array is seen in figure 2.13
where a VSWR of 2 (corresponding to a return loss of 9.5 dB) gives a band-
width of ~20% with 3.85GHz as the center frequency. [20]

Ridges of the common type, rectangular thick metal sheets protruding into
the waveguide, is hard to create by drilling into a PCB hardback. Especially
when they are tapered and a dielectric plug is used as well, as was the case in
Chen’s design. The problem with a dielectric plug is that the dielectric filling
created during the PCB manufacturing process is in liquid form at first and
then solidifies.
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FEED END

RADIATING END

(a) Overview of ridged waveguide, design and picture
taken from [20].
APERTURE PLANE

Dielectric plug

Taper
LA T -5 e
—1
|
— + FREE SPACE
Ridges : UNIT CELL
N
N L
|

(b) Sideview of ridged waveguide, worth noting is the taper of the ridges
and the dielectric filling close to the aperture. Design and picture taken

from [20].

Figure 2.12: Ridged circular waveguide element for phased array use. Picture taken

from [20].
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Figure 2.13: Graph of reflection coefficient and VSWR versus frequency of Chen’s ridged
design in a phased array implementation. With a VSWR of 2 the corresponding bandwidth
between frequencies 3.45 and 4.25 GHz is ~20% with a center frequency of 3.85 GHz. Picture
is taken from [20] with modifications in blue.

2.3.2 Lee’s Dielectric Groove Design

Lee presents in [39] a design where a circular groove in the dielectric filling of a
circular waveguide is used for impedance matching. The starting idea for Lee
was his conclusion that an infinitely thin metal iris would create a good match-
ing for a waveguide element. Lee deduced that manufacturing an infinitely thin
iris was too complex and he investigated a different realization, i.e. a dielectric
groove. In figures 2.14 and 2.15 the first design idea is presented as well as the
realization where the iris is exchanged for a thinner dielectric slab of a lower
permittivity than the dielectric filling material. [39]

However, Lee found the manufacturing of two different dielectric materials too
complex and therefore changed the design once more. Lee exchanged the di-
electric slab with an H-shaped plug of the same dielectric constant as the filling
which can be seen in figure 2.16 where the final design is shown. Lee combined
simulations and measurements to find the best design of the dielectric plug. [39]

The return loss of Lee’s final design using a dielectric plug in an array can be
seen in figure 2.17 for vertical polarization in the H-plane when scanning to

21



2. Theory

Dielectric matching sheet

€. * Metal iris

g, \ Dielectric filling

Figure 2.14: Sideview of Lee’s design, a waveguide with dielectric filling and an infinitely
thin metal iris, the starting idea.

Dielectric matching sheet

[ *
&€, Dielectric slab

»

X A"

Dielectric filling

Figure 2.15: Sideview of Lee’s design, a waveguide with a thin dielectric slab (2) with
lower permittivity than the dielectric filling (e2 < €;1) used as a substitute for an infinitely
thin metal iris.

Dielectric matching sheet

84*

Air

Dielectric filling

Figure 2.16: Lee’s final design of the replacement of the thin metal iris using a dielectric
plug in the waveguide instead. The plug is created by removing some of the dielectric
material, shown in the figure as the white portion in the waveguide filled with air.
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32° with the array. For a return loss value of 10 dB a relative bandwidth of
~6% is achieved for a center frequency of 9.325 GHz. [39]

EXPERIMENT ==Om=O=One
o VERTICAL POLARIZATION
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o W H-PLANE 32° SCAN
RETURN LOSS MATCHED WITH
-20 LOG p1d8) N\, THEORETICAL IRIS

oo N e _____] 080"
1 1
1 1 —| | ——
! ! |
1 ~ 1
1 1 v

15 150
1 MATCHED WITH GROOVE

r_ i Iy DIELECTRIC PLUG

1 1
1 1 »v.-l l.._.
1 1

20 1 1 ! I ] 1 1757

9.0 9.2 94 96 98 10.0
FREQUENCY (GHz) GROOVE #2
9.05 9.6

Figure 2.17: The return loss versus frequency of Lee’s final design with a dielectric plug as
well as an unmatched element. Both simulations and measurements are presented for both
designs. With a return loss of 10 dB the corresponding bandwidth between frequencies 9.05
and 9.6 GHz is ~6% with a center frequency of 9.325 GHz. Picture is taken from [39] with
modifications in blue.

This design approach is hard to implement given the PCB hardback manufac-
turing technique, since the considered dielectric filling is made by filling the
drilled hole with a liquid dielectric material which later harden and becomes
solid. This is not compatible with the creation of the groove shown in Lee’s
design.

The same is not entirely true for the metal iris which was the starting point.
The drilled hole could be partially filled with dielectric filling, a metal iris
added when the filling has solidified and then another layer of dielectric filling
could be added. This would add complexity to the manufacturing process but
it could be done.

2.4 Feeding of Circular Apertures

In order for an antenna to function it has to be excited. The signal comes from
the receiver or transmitter circuit and the impedance of these parts needs to
be transformed to the antenna impedance. In this section different feeding
concepts are presented which will be used later in the project.
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2.4.1 E-field Probes

One common feeding method when feeding a waveguide is to use an E-field
probe, e.g. a stripline, inserted a distance of approximately \,/4 from the
end wall. The probe should be inserted along the E-field lines of the mode(s)
that is excited. It acts as a current source which excites the E-field where
the intensity depends on where in the E-field it is inserted. If the probe is
at the point where the E-field has its maximum amplitude (e.g. the middle
of the waveguide for the first mode) the coupling between the probe and the
waveguide is maximized. The probe excites higher order modes as well which
are evanescent, they alter the impedance of the probe and as such the distance
to the end wall is not exactly A,/4. In figure 2.18 a cross-section of the probe
is seen, using the distance from the end wall and the length of the probe the
performance of the excitation can be optimized. [40, pp. 276-281]

t 4 Waveguide

Probe

Figure 2.18: Generic cross-section of a waveguide fed with an E-field probe.

An E-field probe is often made by using a coax transition where the center pin
is inserted into the waveguide through a slit. Another possibility is to make
the probe from a stripline. Since this project is limited to a PCB hardback
design technique, a stripline approach is likely.

2.4.1.1 Striplines

A stripline consists of a conductor in between two dielectric substrates, a cross-
section view is seen in figure 2.19 for an asymmetric stripline. It is considered
asymmetric since the two substrate heights are different. To calculate the
impedance of an asymmetric stripline is somewhat tedious, but can be done
by using [41, pp. 126-133]
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When the width of the stripline is increased the resistance is decreased and
vice versa.

Copper

Copper

Figure 2.19: Cross-section of an asymmetric stripline with notation.

2.4.2 Bandwidth Enhanced Slot

A waveguide can also be excited by a slot which in turn is excited by e.g. a
probe or a stripline. A slot can be seen as a waveguide aperture where the
waveguide is very short in the propagation dimension. The first resonant fre-
quency of a slot is the frequency with a wavelength corresponding to the slot
length of L = \,/2 [3,22,42,43] (the same as for a rectangular waveguide,
see section 2.2.1).

In [42] a way to improve the bandwidth of a slot excited by a microstrip is pre-

sented by creating a dual resonance. The microstrip creates a fictitious short
circuit when the microstrip feeds the slot close to the edge, see figure 2.20. As
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a result the slot exhibits two resonances since it, from an electric field view-
point, has two effective lengths. The first resonant frequency is the standard
frequency corresponding to a slot length of L = \;/2. The second resonant
frequency is higher since the length of the slot has become shorter, as the fic-
titious short circuit is seen as the slot edge.

Fictitious short
circuit plane

* Stub: Lm

Slot

Ls

Microstrip

Figure 2.20: Schematic view of a double resonant slot fed by a microstrip line creating a
fictitious short circuit.

The idea can be seen in figure 2.21 where the simulated electric field of the
slot is seen for the two resonances, in figure 2.22 an overview is seen. In
figure 2.22 (a) the lower resonance is seen without the fictitious short circuit.
The higher resonance’s E-field is seen in figure 2.22 (b) where the slot length
is shorter. The distance from the slot edge to the microstrip, Lg, is the main
design parameter which determines the second resonant frequency. The stub
length, L,, and width of the slot, W, are then used to create a matched case
for both resonances. [42], [43]

2.4.2.1 Paryani’s Cavity Backed Crossed Slot

In [44] Paryani describes a cavity backed cross slot designed created with PCB.
The usage of PCB makes the design interesting since a hardback PCB is to
be used in this project. Unfortunately, there are some inconsistencies in the
given parametric values in the report with regards to the pictures, tables and
text. Therefore, no exact values are given here, only the general conclusions
made by Paryani et. al. [44,45]

The PCB stack up consists of a square cavity created by vias in the PCB, a
cross slot to achieve a dual polarization and a feeding layer with microstrip lines
connected with vias to feeding ports on the bottom. In figures 2.23 and 2.24
the design and stackup can be seen. [44,45]
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Figure 2.21: Field distribution of the slot showing the two resonances. In figure (a) the
standard excitation is seen where the whole slot is excited. In figure (b) the field distribution
with the fictitious short circuit is seen. For the excitation case when the microstrip creates
a fictitious short circuit the resulting effective resonant length of the slot is shorter than in
the ordinary case, creating a resonance at a higher frequency. Picture taken from [43].

Dielectric
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Microstrip
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Figure 2.22: Perspective view of the double resonant slot with its ground plane. Picture
taken from [43].
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Probe Fed Microstrip Line

Feed Via Radiating Layer

Cross Slot
SIW Cavity Ground Plane

Figure 2.23: Perspective view of the design made by Paryani. The stackup can be seen
with the cavity, cross slot and feeds shown. Picture taken from [44].
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(a) Cross section view of the design made by Paryani where the layers of the antenna
is seen. At the bottom there are coax connectors connected to vias which in turn
connect to microstrips on top of the PCB stack up. Picture taken from [44].

(b) Topview of the design made by Paryani where several of the parameters
important for the performance of the antenna are defined; L,,, Ls and L.
Picture taken from [44].

Figure 2.24: Paryani’s design viewed from the top and side, where several parameters are
seen. Pictures are taken from [44].
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Paryani uses the theory from section 2.4.2 to create a double resonance in the
slot which increases the bandwidth. The report further describes the different
parameters and their effect on the performance. As mentioned in section 2.4.2
the main design parameters are the placement of the microstrips, the stub
lengths of the microstrips and the width of the slot. Furthermore, the cavity
height is important in order to optimize the excitation of the slot. When the
placement of the feeding microstrips move closer to the middle of the slot, the
difference between the two resonant frequencies increases.

2.5 Phased Antenna Arrays

A common design goal for antenna arrays is a high directivity. One of the
basic relationships in antenna engineering is equation (2.22) where the relation
between maximum directivity and the aperture area of the antenna is clearly
seen. [3,22,46]

47
Doz = ﬁA (2.22)
Therefore, when an antenna with a high directivity is needed there exists two
different solutions

» Designing an antenna with a large aperture area, e.g. a reflector antenna,
and realizing a uniform aperture field distribution.

e Designing an array consisting of many small antenna elements that syn-
thesize a large aperture area.

The last item is an antenna array, where many small antenna elements together
simulate a large antenna. Antenna arrays have several advantages. First, the
excitation of the antenna elements in the array can be used to alter the con-
structive and destructive interference between the elements in order to control
the radiating pattern. This means that a beam can be electrically steered
instead of rotating the antenna mechanically, which is the case for a reflec-
tor antenna with a single feed. [3,22,46] One exception is a reflector antenna
where beam steering is realized by using different array elements to excite the
reflector, a phased array-fed (PA-fed) reflector antenna. [47,48]

Second, the array design is more flexible with regard to the volume it occupies,
often an array is planar whilst a reflector antenna has a curvature and thus it
occupies a larger volume. This distinction is seen in figure 2.25 where a generic
planar array and a reflector antenna is seen both from the side and top. The
disadvantages of an array is a more complex design where the critical effect
of mutual coupling between the elements needs to be handled and a higher
production cost. [3,22,46]
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Reflector Reflector
Planar Array Single feed PA feed
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Figure 2.25: Generic layout of a planar array and reflector antennas with two feeding
concepts; single feed and PA-fed, viewed from the top and from the side. Note the difference
in size in the sideview, where the reflector antennas occupy more volume.

There are many different design parameters available when creating an an-
tenna array. First and foremost are the antenna elements with their radiation
characteristics. An antenna array is not limited to using only one type of
element. Different element types can be used in an antenna array to e.g. cre-
ate a desired radiation pattern or an array with two operating frequency bands.

The other design parameters of an array are the spacing, placement and num-
ber of radiating elements and excitations of the elements. In figure 2.25 a
simple rectangular uniform array grid is shown for the planar array. Other
alternatives are a triangular grid or more complex layouts with irregular ele-
ment positioning. [3,22,46,49,50]

The placement of the elements and the radiation characteristics will be covered
in this section. The theory will be limited to planar arrays consisting of one
element type as well as conventional rectangular array grid layouts since that
is the scope of the project.

2.5.1 Element Placement

As mentioned earlier, the placement of the elements is one of the main design
parameters for an array. The radiated fields from the individual elements in-
teract through destructive and constructive interference, thus the placement
of the elements alters the resulting radiated field from the array. This can be
expressed in several ways, here only one will be covered.
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The array analysis method explained here neglects any mutual coupling be-
tween the elements, e.g. the elements are seen as isolated elements whose
radiated fields together create the array pattern. In order to obtain the field
from the array, the sum of the radiating patterns of each element is needed,
where the field is expressed in vector form including the phase. [3,22,46]

P P eI (FRi+®;)
Etat:E1+E2—|—...+Ep:ZEZ~:ZCii =
i=1 i=1 R (2.23)
e—J(kR1+®1) ¢~ J(kR2+®2) e~ J(kRp+®p)
=C C. oo+ Oy —————
1 R, + Co R, + +Cn R,
P(x,y,2)

Figure 2.26: Three elements in an array where the vector notations are shown. R; is the
vector to the far field point for element i, 7; is the vector in the array plane between the
center element and element i. Picture taken from [46] with some modifications.

The constant C; is the far-field amplitude of antenna element 7, R; is the
spatial vector to the far field point P(z,y, z) where the field is being summed
and ®; is the phase excitation of element 7. A general overview of an array
configuration illustrating the notation can be seen in figure 2.26 with three
elements. Using figure 2.26 the following relationships can be established for a
planar array in the xy-plane with element spacing d, and d,, (in wavelengths)
in the x- and y-direction respectively [3,22,46]

r; = k(mdyd + ndyg + 02) (2.24)
Ro =1 + Ri = {R; > r;} = Ro = R; for amplitudes. (2.25)

The last approximation is called the Fraunhofer approximation and it is valid
since the element spacing is usually small compared to the far field point where
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the array is designed to operate. [3] By using equations (2.24) and (2.25) the
summation of the resulting electric field, from equation (2.23), can be rewritten
as [22]

L P eI (FRi+®;)
Etor = Z E;, = Z C’iT = [uniform excitation} =
i=1 i=1 0
S 2.26
= @ Z e JRRi+®:) _ P AF (). ( )
Ro i=1

Element factor Array factor

As can be seen the total E-field of a uniformly excited array can be written as
a product of the element factor (EF) and the array factor (AF).

Figure 2.27: A layout of a planar array antenna where the element spacing in the x- and
y-directions are uniform and the definitions of d;,d,,® and 6 are shown. Picture taken
from [22].

2.5.1.1 Grating Lobes and Beam Steering

A closer analysis of equation 2.26 shows that the AF function has multiple
maxima, since e/* = cos(x) + jsin(z). These other maxima are called grating
lobes and are an unwanted effect in an antenna array since the grating lobes
lowers the field intensity in the desired direction (main beam). Given a planar
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array with M elements in the x-direction and N elements in the y-direction the
AF can be rewritten (see figure 2.27 for notation)

up = sin(fp) cos(¢o) Ro = uoZ + vof + cos(6p) 2

2.27
vo = sin(fp) sin(¢y) r; = nd,& + md,g + pd, 2 ( )
P P
AF () = Z eI (FRi+®;) _ Z e J(k(Ro—ri)+®i) _
i=1 i=1
P M N
— ¢ JkRo Ze—j(—kri+¢i) — ¢ JkRo Z Z eI (=k(mdsi+ndy§)+®mn) _ (2.28)
=1 m=1n=1
M N
_ efijo Z ej(kmdgc sin(0) cos(¢) —Prmn) Z ej(kndy sin(0) sin(qﬁ)f‘l)ymn)'
m=1 n=1
When the phase is a multiple of 27 the AF has a maxima according to
kd, sin(0) cos(¢) — Py, = £2mm, m=20,1,2, ...
(6) cos(9) 020,

kd,sin(0) sin(¢) — @ypmn = £2n7, n=20,12,..

By altering the phase excitation, ®,,,, between the elements, the interference
can be used to form a beam in a specific direction. In order to steer a beam
to (¢o, ) the phase excitation should be

D, = krix - Rox = kmdupz = kmd, sin(60y) cos(¢o)
Dy = kriy - Roy = kndyvog = knd,, sin(6y) sin(¢g)y

D, = kriy - Ro, = kpd, cos(6p)2
b

mnp = k:(malgC sin(6y) cos(¢o)& + nd, sin(6y) sin(¢po )y + pd. cos(90)§>

(2.30)
This resulting ®,,,, is the phase steering inserted in the array factor in equa-
tion (2.28). The phase steering is here expressed in all three dimensions, for
a planar array in the xy-plane the element spacing in 2 (d, = 0) is zero. If
equations (2.29) and (2.30) are combined, an expression for the grating lobe
locations is achieved.

kd, sin(0) cos(¢) — kd, sin(y) cos(¢po) = £2mm,  m =0,1,2, ...
kd, sin(f) sin(¢) — kd, sin(fy) sin(¢o) = £2n, n=0,1,2..

kdx(sin(ﬁ) cos(¢) — sin(fy) cos(gzﬁg)) = +2mm
)

kdy<sin(0) sin(¢) — sin(fy) sin(¢p) | = £2n7 (2.31)
sin(f) cos(¢) — sin(fy) cos(pg) = qugj\
sin(#) sin(¢) — sin(fy) sin(¢g) = ig)\
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If equation (2.31) is solved for 6 and ¢

1 (sin(Bg) sin(¢o) £ mA/d,
¢ = tan <sin(6’0) cos(do) £ n)\/dy>
. _y (sin(By) cos(¢g) £ mA/d,
0 = sin ( 203(0) )

. 1 (sin(fy) sin(¢pg) £ nA/d,

o ( sin(¢) )
(2.32)

The main maxima is when m = n = 0, and the grating lobes have m # 0V n #

0. It can now be seen, in equation (2.32), that the element spacing needs to

be d, < A\/2 and d, < \/2 in order to avoid grating lobes.
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Design Methods

This chapter first describes the workflow during the project and the tools used.
Secondly, it describes the design process chronologically, enabling the reader
to follow the ideas and decisions taken during the work as it unfolded.

3.1 Overview of Workflow

The design and optimization of the element were done using ANSYS High
Frequency Electromagnetic Field Simulation (HFSS), an EM-field simulation
software. By parametrizing the model the different parameters were altered
in order to find a good match. The starting point for each design, i.e. the
starting values of the design parameters, was chosen through a combination of
theory and previous work.

A first investigation of the performance was done with the starting parameters
and then a parametric study was performed. Using the conclusions from the
parametric study the appropriate parameters were then altered in order to
achieve a better performance. In figure 3.1 the general method of the simula-
tions is shown in a flow chart.

At the start, the feeding network was not taken into consideration in order
to lower simulation time and design complexity. This stage helped to identify
inherent problems with the chosen aperture design and gave a basic under-
standing of the performance of the aperture. The distinction between the
feeding and aperture parts of the PCB stack up is shown in figure 3.2, from
the figure it is seen that the first simulation stage only considered the metal
hardback.

A parameter can affect the impedance (resistance and reactance) and resonant
frequency (ies) of the design. Since these are a limited set of responses several
parameters affected the performance in similar ways. The choice of which
parameter to alter in these cases was often determined by manufacturing lim-
itations and considerations (low-cost, tolerances etc.).

The results of the parametric studies are presented by S-parameters in dB-scale
together with Smith charts. By combining these two graphs the frequencies
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Figure 3.1: Flowchart of the simulation workflow for the designs.

Waveguide/Aperture

PCB stack up layer {

. N layers Feeding

Figure 3.2: The PCB stack up for a generic design where the location of the feeding and
the aperture is shown.
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of the Smith chart can be mapped since a dip in the S-parameter plot corre-
sponds to a point close to the middle in the Smith chart. The resonance (the
loop in the Smith chart) determines the available bandwidth, the resonance
should not be too large since then the S-parameter requirement is not fulfilled.

It should neither be too narrow since the bandwidth requirement then is not
fulfilled.

The parametric studies were made with the overall behavior of all of the pa-
rameters in mind. Specific numbers and performance were not the focus. As
such, the results presented in the parametric studies are not detailed, instead
the trends are documented. These were later used to optimize the element
and the details of this iterative process are not covered in this report, the end
result will instead be presented.

3.2 Designs

The designs investigated in this project had the goal of fulfilling the specifica-
tions listed in section 1.3. However, the exact frequency was left unspecified
in the requirements and a decision of designing frequency had to be made.
A frequency of 15 GHz was chosen since Ericsson AB has made designs for
that frequency earlier. Furthermore, PCB manufacturing restrictions are not
as limiting around 15 GHz compared to higher frequencies given the longer
wavelength. The choice of 15 GHz gives a starting point for the waveguide
radius using equation (2.1). This gives the cutoff frequency

1- 8 _0.06
— 2 _ 2 _
fe=1To ( - ) =15 ( RE ) GHz = 12.65 GHz (3.1)

when a 6% bandwidth and a 15% margin from the cutoff frequency, m, is used,
see section 2.2.1.1 for details.

Additionally, there are manufacturing restrictions which need to be taken into
consideration when investigating possible design ideas. The following toler-
ances, material choices and manufacturing techniques impose restrictions to
the design:

« Standard radius of vias are 0.25 mm
o The dielectric filling available for the waveguide has an €, ~ 4 — 4.5

o A copper thickness of 0.0347 mm was used for the striplines and ground
planes. This corresponds to a PCB standard of 1 oz/ft? copper (1 oz of
copper evenly spread over ft? gives a thickness of 0.0347 mm).

3.2.1 Drilled Ridged Waveguide

The first design concept was to use ridges to load the waveguide aperture. The
idea was to create the ridges by drilling holes into the PCB hardback. A top
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view of the design can be seen in figure 3.3 and a perspective view of the HFSS
model in figure 3.4.

The main design parameters are the radii of the drilled holes, r and rs, to-
gether with the placement of the smaller holes, p, as shown in figure 3.3. The

placement can be expressed through the total radius of the waveguide.

a=r+2ro+(p—ro—r1)=p+rs = p=a—ry (3.2)

Figure 3.3: Top view of a ridged circular aperture created by drilling five holes in a metal
block.

Figure 3.4: Perspective view of the HFSS model of the drilled ridged design.

The excitation of the model was done with a wave port in HFSS with the same
shape as the drilled holes united together. The aim of the first parametric
sweep was to find a correct starting point with a cutoff frequency correspond-
ing to 12.65 GHz from equation (3.1). As previously mentioned, only the
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hardback part was studied in the beginning to evaluate the basic aperture de-
sign.

The starting values of the parameters were chosen to be close to the design de-
scribed in section 2.3.1.2, which meant a = 0.252\,,, r; = 0.3a and r, = 0.38a.
In table 3.1 the values of the parameters are presented.

Table 3.1: Summary of the design parameters and their values investigated during the
design process of the drilled ridged waveguide. See figure 3.3 for the definitions of the
parameters.

[mm]| | Start  Sweep
Inner Radius ry | 1.5 0.5-3.5
Outer Radius o | 1.9 1.7-2.25
Total Radius a 5 4-6
Height | 14 -
Total Radius R 10 -

The different modes excited by HFSS are seen in figure 3.5 where the first two
modes are the same mode but rotated 90°. As can be seen the modes have a
major part of their power close to the ridges except for the fourth mode. This
implies that a change of the ridge size will greatly affect the performance and
the mode characteristics, e.g. the cutoff frequency for each mode.

The cutoff frequencies for the four first modes are shown in figures 3.6 and 3.7,
here it is seen that the two first modes have the same cutoff frequency which
is to be expected since they are the same mode. Furthermore, the third mode
is very close to the first and second mode, this is problematic when the band-
width requirement is taken into account. There has to be enough difference
between the cutoff frequencies to allow the fundamental mode to propagate
alone inband, otherwise the polarization purity and the radiation pattern will
deteriorate. This problem was described in section 2.2.1.3 where the TEy; -
mode needs to be suppressed in order to get a higher available bandwidth
between the modes compared to a standard waveguide. Chen (in his ridged
design, see section 2.3.1.2), accomplished this by using dielectric filling and a
taper of the ridges. Those methods were deemed to be hard to incorporate in
the manufacturing process and were thus not investigated.

Furthermore, the cutoff frequency of the design was very sensitive to a change
of either of the radii (r1,r2). This could prove problematic with regard to the
manufacturing tolerances where the position and size of the drilled holes may
not be exact.
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(a) The first mode excited by HFSS, it is (b) The second mode excited by HFSS, it is
perpendicular to the second mode seen in fig- perpendicular to the first mode seen in fig-
ure 3.5b. ure 3.5a.

(c) The third mode excited by HFSS. (d) The fourth mode excited by HFSS.

Figure 3.5: The first four modes excited by HFSS in the ridged design.
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Figure 3.6: The cutoff frequencies for the four modes excited in HFSS. Since the first two
modes are the same mode, only rotated, their cutoff frequency is the same. The next mode,
mode 3, has a cutoff frequency fairly close to the first fundamental mode.

Cutoff frequencies

180 |-
160 -
140
120 -
g100 =

60 |-

40

20 |

0
12 12.5 13 13.5 14 14.5 15
Frequency [GHz]

Figure 3.7: A closer figure of the cutoff frequencies for the four modes excited in HFSS,
the fundamental mode has f. = 12.9 GHz and mode 3 has f. = 14.3 GHz. Since the first
two modes are the same mode, only rotated, their cutoff frequency is the same. The next
mode, mode 3, has a cutoff frequency fairly close to the first fundamental mode.
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3.2.1.1 Parametric Study of Ridged Drilled Element

The parameters shown in figure 3.3 were altered to see how they affected
the antenna performance. There are artifacts in all of the results from the
parameter sweeps which probably are due to problems with the meshing since
the parameters affected the port size. The overall behavior is presented here
in Smith chart and |S,,| form for the first and the third mode. The second
mode is not shown since it has the same behavior as the first mode and the
fourth mode does not propagate in the design in the given frequency interval.
The port re-normalization impedance in HFSS was set to 50¢2.

3.2.1.1.1 Inner Radius r; The performance of the antenna when the
inner drilled hole’s radius is changed can be seen in figure 3.8 for mode 1 and
figure 3.9 for mode 3. The sweep was done with the parameter 'r1Constant’
which was defined as a constant times the value of a which was 5 mm. This
parametric sweep shows severe problematic behavior, e.g. the S-parameters
have positive values on several occasions, which makes it hard to draw any
conclusions.

3.2.1.1.2 Outer Radius r; The performance of the antenna when the
outer drilled holes’ radius is changed can be seen in figure 3.10 for mode 1 and
figure 3.11 for mode 3. The sweep was done with the parameter 'r2Constant’
which was defined as a constant times the value of a which was 5 mm. This
parametric sweep shows problematic behavior, e.g. the S-parameters have
positive values on several occasions, which makes it hard to draw any conclu-
sions.

3.2.1.1.3 Total Radius a The performance of the antenna when the total
radius of the waveguide, a, is changed can be seen in figure 3.12 for mode 1 and
figure 3.13 for mode 3. The sweep was done with the parameter ’aConstant’
which was defined as a constant times the wavelength of 15 GHz which is
20 mm. a determines the placement, p, of the outer drilled holes by the
expression p = a — r9. This parametric sweep shows problematic behavior,
e.g. the S-parameters have positive values on several occasions, which makes
it hard to draw any conclusions.

3.2.1.2 Conclusions of Parametric Study of Drilled Ridged Ele-
ment

As can clearly be seen all of the parametric sweeps have some odd behavior
and the results of this study is therefore hard to analyze. Efforts were made
to identify the source of these problems by checking the parameters and the
meshing of the model but the source could not be identified. However, what
can be seen is that small changes of the radii r; and 75 result in large frequency
shifts. This, together with the difficulties of analyzing the model properly and
the issue of the cutoff frequencies being close together, indicated that the design
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(a) |S11] in dB-scale for different radii of the inner drilled hole, ry, for
mode 1. The other parameters were fixed and had the starting values as
stated in table 3.1.

——r1Constant='0.1'
——r1Constant='0.2'
——r1Constant='0.3'
——r1Constant="0.4'
——r1Constant="0.5'
| ——r1Constant='0.6'
1= = riConstant='0.7"

(b) Smith chart of Sy; for different radii of the inner drilled hole, ry, for
mode 1. The other parameters were fixed and had the starting values as
stated in table 3.1.

Figure 3.8: Parametric study of S;; for different radii of the inner drilled hole, rq, for
mode 1. The other parameters were fixed and had the starting values as stated in table 3.1.
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(a) |Ss3| in dB-scale for different radii of the inner drilled hole, ry, for
mode 3. The other parameters were fixed and had the starting values as
stated in table 3.1.
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(b) Smith chart of S33 for different radii of the inner drilled hole, ry, for
mode 3. The other parameters were fixed and had the starting values as
stated in table 3.1.

Figure 3.9: Parametric study of Ss3 for different radii of the inner drilled hole, 7y, for
mode 3. The other parameters were fixed and had the starting values as stated in table 3.1.
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(a) |S11] in dB-scale for different radii of the outer drilled hole, ra, for
mode 1. The other parameters were fixed and had the starting values as
stated in table 3.1.
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(b) Smith chart of Sy; for different radii of the outer drilled hole, ra, for
mode 1. The other parameters were fixed and had the starting values as
stated in table 3.1.

Figure 3.10: Parametric study of Si; for different radii of the outer drilled hole, ro, for
mode 1. The other parameters were fixed and had the starting values as stated in table 3.1.
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(a) |S33| in dB-scale for different radii of the outer drilled hole, ra, for
mode 3. The other parameters were fixed and had the starting values as
stated in table 3.1.
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(b) Smith chart of S33 for different radii of the outer drilled hole, ra, for
mode 3. The other parameters were fixed and had the starting values as
stated in table 3.1.

Figure 3.11: Parametric study of S33 for different radii of the outer drilled hole, ro, for
mode 3. The other parameters were fixed and had the starting values as stated in table 3.1.
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(a) |S11| in dB-scale for different total radii, a, for mode 1. The other
parameters were fixed and had the starting values as stated in table 3.1.
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(b) Smith chart of Sy; for different total radii, a, for mode 1. The other
parameters were fixed and had the starting values as stated in table 3.1.

Figure 3.12: Parametric study of Si; for different total radii, a, for mode 1. The other
parameters were fixed and had the starting values as stated in table 3.1.
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(a) |Ss3| in dB-scale for different total radii, a, for mode 3. The other
parameters were fixed and had the starting values as stated in table 3.1.
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(b) Smith chart of S33 for different total radii, a, for mode 3. The other
parameters were fixed and had the starting values as stated in table 3.1.

Figure 3.13: Parametric study of S33 for different total radii, a, for mode 3. The other
parameters were fixed and had the starting values as stated in table 3.1.
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idea would have troubles fulfilling the requirements and functioning properly.
Therefore, another design idea was investigated, using dielectric loading which
does not suffer from the cutoff frequency problem.

3.2.2 Stripline Fed Dielectric Filled Waveguide

The next design idea was to use the other waveguide loading method; using
dielectric material to fill a drilled hole in the metal hardback. The first ques-
tion investigated was wether or not the available dielectric filling could fulfill
the requirement of a maximum aperture diameter of 0.53\. As shown in sec-
tion 2.2.1.2 and in figure 2.7 a relative permittivity of 4 can fulfill an aperture
diameter smaller than 0.5)\. After this control, the next step was to investigate
the feeding of the element.

3.2.2.1 Stripline Feeding

The first excitation method investigated was the use of E-field probes. Since
the element should be dual polarized, two probes orthogonal to each other were
needed. At this moment in the design process, the element only consisted of
a metal block with a drilled hole filled with dielectric material. If a stripline
were to be inserted into the waveguide, a hole had to be made extending from
the side of the metal block into the waveguide. The hole in the sidewall can
be seen in figure 3.14.

Since the main idea with the drilled design was the simplicity of manufactur-
ing, a hole made into the sidewall of the waveguide did not seem like a good
solution. Furthermore, the design should be implemented in a subarray where
at least two elements may share the same hardback. This would be problem-
atic if holes would be drilled in the side of the hardback. It would be hard to
implement and the insertion and suspension of a stripline into the hole would
be complicated. Therefore, this excitation idea was not considered further.

A new excitation idea was to implement the striplines into the PCB stack up
underneath the hardback. The waveguide would then need to be extended into
the PCB, a transition from the aperture in the hardback to the PCB. This was
done by creating a substrate integrated waveguide (SIW) by vias emulating a
metal wall inside the substrate. In order for the vias to behave as a solid
metal wall for the design frequency the distance between the vias needs to be
< Ag/10. [51]

The stripline can not be inserted directly beneath the metal hardback since
that would short circuit it, therefore a substrate is needed between the hard-
back and the stripline. This can be seen in figure 3.15 if the substrate labeled
2 is removed. Furthermore, the SIW under the stripline should be of a height
close to \;/4, see section 2.4.1. The cavity created under the stripline need to
be closed on the bottom and therefore a ground plane is needed. A summary
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Air

(a) Schematic top view of the proposed drilled
hole into the hardback for the stripline feeding
of the waveguide, not to scale.
Stripline Drilled hole

(b) Schematic sideview of the proposed drilled hole into the hardback for the stripline
feeding of the waveguide, not to scale.

Figure 3.14: Schematic top and cross section of a stripline feeding where the stripline is
inserted through a drilled hole into the hardback.
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of these deductions are shown in figure 3.15 where the substrate numbered 1
should have a thickness of \;/4.

Dielectric filling

Aperture
Vias

Dielectric

Stripline

1

Figure 3.15: Schematic cross section of a dielectric filled aperture with an excitation
beneath the hardback in the PCB. The distance between the stripline and the ground plane
should be close to A\;/4 to create a resonance. The vias create a SIW inside the PCB stack

up.

3.2.2.2 Cavity height

As mentioned, the substrate underneath the striplines needs to have a height
of \;/4. The available heights of the substrate are limited and the cavity
therefore needs to be built up by a combination of discrete substrate slabs.
The substrates need to be put together using an adhesive which have a dis-
crete height and another dielectric constant than the substrate. The available
heights for the substrate RO4350B (a substrate commonly used for these fre-
quencies) are listed in table 3.2 together with the thickness of the adhesive,
RO4450F Bondply, used to create a stack up. Additionally, the production
cost of extra layers as well as impurities due to the adhesive process need to
be taken into account. With this in mind fewer layers are better.

Table 3.2: Available substrate thicknesses of the dielectric material RO4350B and the
adhesive RO4450F, data from data sheets provided by Rogers Corporation [52,53].

Material | €r | Available thicknesses [mm]
RO4350B 3.66 0.168 0.254 0.338 0.422 0.508 0.762 1.524
RO4450F | 3.52 4+ 0.05 | 0.101

To conclude, there are a discrete number of available heights which should
be combined to get as close as possible to a specified height. This problem
belongs to the Knapsack problem family [54, pp.3]. An algorithm to find pos-
sible combinations was written in Matlab (see appendix A) and the result is
presented in table 3.3.

The found combinations were compared to a stack up using three layers of
0.726 mm thick substrates, only solutions better than that are presented. Com-
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binations using more than four layers were discarded because of the previously
mentioned drawbacks. The permittivity difference between the substrate and
the Bondply was not taken into account in the algorithm. The reasoning being
that the permittivities of the two materials are so similar (3.66 and 3.52 respec-
tively) and the impurities of the Bondply already contributes to an uncertainty.

As can be seen in table 3.3, the only combination using three substrates is
the 3 - 0.762 stack up. The best results are achieved with combinations of four
substrates, however the height difference of 0.02 mm when using the three
combination stack up was deemed good eneough. Especially when considering
the increased cost, complexity and impurities of the stack up with added layers.
Thus the 3 - 0.762 combination was used, resulting in a total height of 2.589 mm
including the Bondply.

Table 3.3: Found combinations of layers which adds up closely enough to a cavity height
of Ag/4. hiot is the total height of the stack up, the sum of the Bondply and substrates.

The number of layers of specific thickness [mm] — A;/4—hn
0.168 | 0.254 | 0.338 | 0.422 | 0.508 | 0.762 | 1.524 [mm]
- - - 1 2 1 - 0.00773
- - 2 - - 2 - 0.00773
- 1 - 1 - 2 - 0.00773
1 - - - 1 2 - 0.00773
1 2 - - - - 1 0.00773
2 - 1 - - - 1 0.00973
- - - - - 3 - 0.02273

3.2.2.3 Starting Point

The CAD model of the design from HFSS can be seen in figures 3.16 and 3.17.
From the design a set of parameters can be identified which were studied. They
are listed below with their notation:

o Stripline:
— Length: L
— Width: wq
o Waveguide:

— Radius: 7,4

— Length (height of PCB hardback): hperal
PCB substrates:

— Heights: hq, ho
Vias:

— Size: dyq

— Placement and distance between vias: dyiq—vias Qvia—s
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A summary of these parameters with their starting, end and investigated values
are presented in table 3.4.

Figure 3.16: Perspective view of the stripline fed waveguide filled with dielectric with some
of the parameter definitions.

Figure 3.17: Top view of the stripline fed waveguide filled with dielectric with some of the
parameter definitions.

3.2.2.3.1 Waveguide Radius: r,, The first parameter to be determined
was the waveguide radius. The permittivity of the dielectric material was
given and with equation (2.2) and the calculated cutoff frequency from equa-
tion (3.1) (using a 6% bandwidth and 15% margin from cutoff) a waveguide
radius of
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Table 3.4: Summary of the design parameters and their values investigated during the
design process of the stripline fed dielectric filled waveguide.

Start Sweep End
Waveguide Radius | 3.5 mm 2.5 - 4.5 mm 3.5 mm
Waveguide Length | 5 mm 3-9 mm 5 mm
Stripline Length in waveguide | 0.5 - r [0.1,0.9] - r 057
Stripline Width | 0.5 mm 0.3-0.7 0.5
Substrate 1 | 3- 0.704 mm / 1.524 mm  0.254-1.524 mm  1.524 mm
Substrate 2 | 0.168 mm 0.168-0.762 mm 0.168 mm
Via Radius | 0.25 mm - 0.25 mm
Via Distance parts of A, | 10 - 10
Qnm 9 1.841
= — = 12.65 - 10° Hz =
Je 2man /e 2man/o - 4 - €
= ! 1811 0.0035 3.5
r =q = . = 0. m = 9.9 mm
e 12.65-10° 27/ -4 - €
(3.3)

was calculated. With this size and dielectric filling the next mode to propagate
is TMp; with a cutoft frequency of fryor, = 16.39 GHz.

3.2.2.3.2 PCB Substrates: h;, hy The starting point for the upper sub-
strate, ho, between the PCB hardback and the stripline, was chosen to be
the thinnest available substrate since it would be the cheapest. As previously
mentioned, the starting point of the cavity height were chosen to be three slabs
of 0.762 mm glued together with Bondply with a thickness of 0.101 mm.

However, when doing a coarse parametric study of the cavity height, e.g.
the lower substrate hq, it was discovered that the highest available substrate
(1.524 mm, see table 3.2) could give a resonance at the correct frequency.
Therefore, it was decided that the benefit of a cavity height close to \,;/4 was
neglect-able in comparison to a simpler and cheaper model. The change can
be seen in figure 3.18.

3.2.2.3.3 Stripline and Vias A value of 0.5 mm was chosen as a start-
ing point since it seemed reasonable given the other dimensions in the model.
Another approach would have been to choose the width of the stripline to get
a specific impedance. The width would then have to either be calculated or
simulated. This would be time consuming and since the stripline width would
in either way be studied and altered, a chosen starting point given the model’s
parameters was deemed to be good enough.

The length of the stripline was set to 0.5r,, as it was in the middle of the

parameter span, this parameter definition can be seen in figure 3.19. The radius
of the vias was set to the standard 0.25 mm with a spacing of ~ \;/10.
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Substrate 4

Substrate 2

Substrate 3

Cavity Substrate 2 Substrate 1 } Cavity

Substrate 1

(a) Schematic view of the stack up for (b) Schematic view of the stack up for the
the design with a cavity created with three design with a cavity using only one sub-
substrates. Heights are not to scale. strate. Heights are not to scale.

Figure 3.18: Schematic overview of the stack up for the two different cavity configurations,
heights are not to scale.

Stripline length:
Ls = A ' rwg

Figure 3.19: The definition of the stripline length, where it is expressed in parts of the
waveguide radius L = A - r, e.g. if A = 1 the stripline is extending into the middle of the
waveguide and if A = 0 the stripline ends at the start of the aperture.

3.2.2.3.4 Wave Port Setup The wave port used in HFSS was set to a
width of ten times the stripline width, according to standard procedure when
simulating striplines from the HF'SS documentation. In order to check if the
wave port width was correct a simple model of only the stripline and the
vias inside the PCB was simulated. The port width should not contribute to
excitation of extra modes in the stripline. This was however the case when the
width was set to ten times the stripline width and the width was decreased
until higher modes were not a problem anymore. The port was normalized to
50 €2 since the feeding network would have that impedance.

3.2.2.4 Parametric Study of Stripline Fed Dielectric Element

The following parametric studies were made using the design presented in fig-
ures 3.16 and 3.17. The size of the hardback and PCB was set to L, = 1.3\
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and L, = 1)\g. In hindsight, these chosen dimensions were not optimal since
a periodic ground plane can give rise to resonances (L, = 1) is especially
troublesome). The waveguide was placed in the middle of the design.

The design had only one stripline exciting the aperture in order to reduce com-
plexity and simulation time, and if the element was promising the other polar-
ization would be added. One test was made in the beginning with two striplines
to verify that the isolation between the polarizations was good enough.

3.2.2.4.1 Isolation Between Polarizations The first test made was with
two striplines inserted into the waveguide to see if a good enough isolation was
possible to achieve. The element was not optimized, i.e. impedance matched,
at this test and the result was only used as a first control of the isolation. The
result can be seen in figure 3.21 where S;; and S are approximately 5 dB
whereas Si5 is of the order of —20 dB.

The parameters in the design are mainly the same as in the starting parameter
column in table 3.4. The only changes are a stripline width of 0.323 mm and
the use of three substrates of 0.704 mm height to create the cavity. The design
can be seen in figure 3.20 and a stack up of the design is shown in figure 3.18a.
The distance between the center of the vias and the stripline center is the same
distance as between the vias, \;/10.

Figure 3.20: Overview of the dielectric design excited by two striplines to verify the
possibility of an acceptable isolation between the two orthogonal polarizations.

3.2.2.4.2 Stripline Length: L, The length of the stripline protruding
into the waveguide was altered. The definition of the "StripLengthConstant’
parameter used can be seen in figure 3.19. The result of this parametric sweep
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Figure 3.21: Graph of the S-parameters for a dual polarized dielectric filled element excited
by two striplines. The element is not optimized and this was only used to confirm that a
good enough isolation could be achieved.

is shown in figure 3.22.

As can be seen in the Smith chart in figure 3.22b a longer stripline rotates the
resonance in the Smith chart. This is due to an impedance change where the
reactance part is the one mostly affected.

The frequency span of the resonance also changes and has a maximum around
a stripline length of 0.7 of the waveguide radius. A shorter and a longer length
decreases the frequency span and the resonance is also rotated further away
from the center of the Smith chart, see figure 3.22b. This implies a change
in both resistance and reactance due to the length of the stripline. From the
results, a stripline length of 0.5 waveguide radius inside the aperture gives a
good resonance, since its resonant frequency span is not as large as the other
lengths.

3.2.2.4.3 Stripline Width: W, The width of the stripline exciting the
waveguide affects the impedance, as expected. For the result of the paramet-
ric study, see figure 3.23. An increased width of the stripline decreases the
resistance in accordance to theory, see section 2.4.1. A change of the width
also affects the reactance, an increased width gives a more inductive behavior.
This parameter is easy to change and does not give a shift in frequency, it is
thus a good parameter for tuning.

3.2.2.4.4 Upper Substrate Height: h, The height of the upper sub-
strate, the substrate between the stripline and the metal block, was studied.
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The result is presented in figure 3.24. A change of the upper substrate height
gives a change in impedance, mainly in reactance. A higher upper substrate
decreases the reactance, which is clearly seen in figure 3.24b. The resonant
frequency and the bandwidth are more or less unaltered.

3.2.2.4.5 Lower Substrate Height: h; The height of the lower sub-
strate, the substrate between the stripline and the ground plane, was studied.
The results can be seen in figure 3.25. The resonance and matching is very
affected by this parameter as can be seen in the Smith chart. A higher sub-
strate gives a larger resonant frequency span whilst a too thin substrate fails
to give any resonant behavior for the design frequency. From the results the
reasonable lower substrate heights are deemed to be 1.524 or 0.762 mm. This
parameter would probably benefit from more available substrate heights.

3.2.2.4.6 Cavity Size Another parameter studied was the size of the cav-
ity, meaning the radius of the via placement inside the substrates creating
the cavity or the SIW. The parameter was chosen relative to the waveguide
radius, so a 'cavitySizeChange’ of -1 mm means a cavity with a radius 1 mm
smaller than the waveguide radius. The results can be seen in figure 3.26. It
is seen that a smaller cavity gives a smaller resonant frequency span, but the
difference between the performance of different cavity sizes are not that large
compared to the other parameters. It was concluded that a cavity size the
same as the waveguide radius gave a good behavior.

3.2.2.4.7 Waveguide Radius The waveguide radius was also studied,
even though it had been theoretically calculated. The results can be seen
in figure 3.27. As can be seen, the best matching is achieved for 3.5 mm. A
change of the radius results in a shift in frequency of the resonance, as ex-
pected, since the radius determines the operating frequency of the waveguide.
Since the design frequency was chosen to be 15 GHz the waveguide radius
of 3.5 mm gives the correct frequency response. The result for 4 mm shows
some problematic behavior around 16.5 GHz, and a likely reason is a numerical
artifact in the software.

3.2.2.4.8 Waveguide Height The waveguide height was also studied, the
results can be seen in figure 3.28. A shorter length gives a smaller resonant
frequency span. Furthermore, an alteration of the length gives a rotation in
the Smith chart. This is expected, since the distance between generator and
load is changed. One oddity is the frequency shift of the resonance where two
possible explanations were identified.

The first is the existence of higher order modes in the waveguide. If the waveg-
uide is not long enough the higher modes are not attenuated and may shift the
resonant frequency or create other resonances. With a longer waveguide these
resonances should disappear as the higher modes are attenuated. Some of this
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behavior is seen when the waveguide length is increased considerably. The
frequency shift gets smaller and smaller with increasing height which suggest
the higher modes are attenuated.

The second possible explanation is the reflection from the waveguide and air in-
terface. When the waveguide length is changed the phase shift of the reflection
is also altered, corresponding to a certain wavelength. If destructive interfer-
ence from the reflection is a parameter used for tuning of the element, the
correct phase length for this interference is fixed. Therefore, when the length
is changed, the frequency being subject to the interference also changes, cor-
responding to the wavelength giving the 'correct’ phase shift of the reflection.

Further studies of the waveguide need to be done in order to conclude which
of these phenomenon are responsible for the frequency shift behavior. This
investigation was not made during the thesis but is recommended for future
studies.

3.2.2.5 Conclusions of Parametric Study

The parameters with the largest effect on the resonance for the stripline fed
dielectric filled waveguide are:

o The stripline length, L
o The lower substrate height, hy

These should be chosen so the resonance is in the proper frequency span and
the other parameters should then be used to improve the performance. One
problem with the available parameters is the lack of centered resonances in the
Smith charts in figures 3.22 to 3.28. This results in a too narrow bandwidth
and the return loss requirement is not fulfilled. The not centered resonance
implies a mismatch in impedance with regard to the characteristic impedance,
a different value than 50 {2 for normalization in the HFSS settings could help
with this issue. However, the design will be fed using a 50 2-feeding network
and the design should be compatible with this feeding network at a later stage.

Using the conclusions from the parametric study the parameters were altered
in order to further optimize the element. This process was iterative and a
detailed description will not be presented. After extensive trials the available
parameters were deemed to be insufficient in order to achieve a resonance in
the middle of the Smith chart with regard to the characteristic impedance of
50 €.

The HFSS tool of normalizing and de-embedding the wave port was used
to show that the phase offset inherent to the design posed some problems
(the problem discussed in the parametric study of the waveguide height, sec-
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(a) [S11] in dB-scale for different lengths of the stripline into the waveguide in parts
of the waveguide radius. The other design parameters had the starting values listed
in table 3.4.

——stripLengthConstant='0.1'
—— stripLengthConstant='0.2'
stripLengthConstant='0.3'
——stripLengthConstant='0.4'
——stripLengthConstant="0.5'
i5.¢ —— stripLengthConstant='0.6'
— - stripLengthConstant='0.7'
— - stripLengthConstant='0.8'
— = stripLengthConstant='0.9'

(b) Smith chart of Sy; for different lengths of the stripline into the waveguide in
parts of the waveguide radius for frequencies between 13-17 GHz. The other design
parameters had the starting values listed in table 3.4.

Figure 3.22: Parametric study of the stripline length into the waveguide, the other design
parameters had the starting values listed in table 3.4.
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(a) [S11] in dB-scale for different stripline widths. The other design parameters had
the starting values listed in table 3.4.
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(b) Smith chart of S1; for different stripline widths for frequencies between 13-
17 GHz. The other design parameters had the starting values listed in table 3.4.

Figure 3.23: Parametric study of the stripline width. The other design parameters had

the starting values listed in table 3.4.
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(a) |S11| in dB-scale for different heights of the upper substrate, the substrate
between the stripline and the metal block. The other design parameters had
the starting values listed in table 3.4.

——nh='0.168mm"
—h="0.422mm’
——h="0.508mm’
—nh='0.762mm'

(b) Smith chart of S1; for different heights of the upper substrate, the substrate
between the stripline and the metal block for frequencies between 13-17 GHz.
The other design parameters had the starting values listed in table 3.4.

Figure 3.24: Parametric study of the upper substrate height. The other design parameters
had the starting values listed in table 3.4.
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(a) |S11] in dB-scale for different heights of the lower substrate, the substrate
between the stripline and the ground plane. The other design parameters had
the starting values listed in table 3.4.

—h1='0.254mm’
———h1="0.508mm’'
—h1="0.762mm’'
——nh1="1.524mm’

(b) Smith chart of S1; for different heights of the upper substrate, the substrate
between the stripline and the ground plane for frequencies between 13-17 GHz.
The other design parameters had the starting values listed in table 3.4.

Figure 3.25: Parametric study of the lower substrate height. The other design parameters
had the starting values listed in table 3.4.
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(a) |S11] in dB-scale for different radii of the cavity, the circle created by the vias
inside the substrates. The other design parameters had the starting values listed in
table 3.4.

cavitySizeChange="-1mm'
——— cavitySizeChange="-0.5mm’
cavitySizeChange='0mm’
cavitySizeChange="'0.5mm'
cavitySizeChange='1mm’

41.0

(b) Smith chart of Sy for different radii of the cavity, the circle created by the
vias inside the substrates for frequencies between 13-17 GHz. The other design
parameters had the starting values listed in table 3.4.

Figure 3.26: Parametric study of the cavity radius. The other design parameters had the
starting values listed in table 3.4.
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(a) |S11| in dB-scale for different radii of the waveguide. The other design parame-
ters had the starting values listed in table 3.4.

waveguideRadius="2.5mm'
——waveguideRadius="3mm’
waveguideRadius="3.5mm’
——waveguideRadius='"4mm’
waveguideRadius="'4.5mm'

(b) Smith chart of S1; for different radii of the waveguide for frequencies between
13-17 GHz. The other design parameters had the starting values listed in table 3.4.

Figure 3.27: Parametric study of the waveguide radius. The other design parameters had
the starting values listed in table 3.4.
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(a) |S11| in dB-scale for different heights of the waveguide. The other design pa-
rameters had the starting values listed in table 3.4.
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(b) Smith chart of S1; for different heights of the waveguide for frequencies between
13-17 GHz. The other design parameters had the starting values listed in table 3.4.

Figure 3.28: Parametric study of the waveguide height. The other design parameters had
the starting values listed in table 3.4.
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tion 3.2.2.4.8). In figure 3.29 the result of a design using the final parametric
values as stated in table 3.4 is presented, where the wave port has been de-
embedded 0.5 mm and the impedance is re-normalized to 110 €2.

The de-embed function rotates the S-parameters according to the changed dis-
tance with respect to the port, in this case 0.5 mm. Through this, a better
matching can be achieved and then the re-normalization and de-embedding
can be implemented into the model. For example, the de-embedding can be
implemented through a change of the size of the PCB and hardback (L,, Ly).

The re-normalization of the port is harder to implement, e.g. changing Z.
from 50 €2 to 110 €. The main parameter which alters the resistance is the
stripline width. Unfortunately, the PCB manufacturing limitations limits the
minimum width of the stripline to 0.2 mm, which is not small enough to
achieve the impedance change corresponding to the re-normalization of 110 €2.
Another solution would be to implement an impedance transformer between
50 and 110 €, e.g. a standard \/4-transformer. Unfortunately, this solution
would have the same problem with the stripline width limitation. This idea
was not investigated further since another promising design concept was found
during the final simulations of the stripline excited design.

3.2.3 Slot Coupled Fed Dielectric Filled Waveguide

Since the design excited with the E-probes failed to achieve a good enough
performance with regard to the bandwidth requirement, a second excitation
method was investigated. This excitation used a cavity backed slot to excite
the aperture, the cavity and slot being excited by a stripline. The element
had several parameters used for impedance matching and optimization of the
element, they can be seen in figures 3.30, 3.31. In figure 3.32 the design can
be seen in a perspective view where the two ports are shown. A cross section
of the stack up layers can be seen in figure 3.33. In figure 3.34 the coordinate
system of the design is shown.

The main differences from the earlier design excited by a stripline are the
addition of two substrate layers and a ground plane in the middle of the design
where the slot is. The cavity layout is also changed and it now follows the slot
shape, this change was made with regard to previous experience. Otherwise the
design parameters remained the same as in the earlier design. The striplines
were chosen to feed the slot in two different layers so the stripline length would
not be limited by overlapping between the striplines.

3.2.3.1 Starting Parameters

The conclusions from the stripline fed design and its parametric studies were
used to set the starting values of the parameters of the slot coupled design,
where applicable. The previously used parameters and their starting point
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(a) |S11] in dB-scale for different stripline widths and the wave port de-embedded
0.5 mm and re-normalized to 110 Q. The other design parameters had the final
values listed in table 3.4.

—— WidthStrip3='0.7mm’
~——— WidthStrip3='0.5mm’
—— WidthStrip3='0.3mm’

(b) Smith chart of Sq; for different stripline widths and the wave port de-embedded
0.5 mm and re-normalized to 110 Q for frequencies between 13-17 GHz. The other
design parameters had the final values listed in table 3.4.

Figure 3.29: Tuning of the dielectric design excited by a stripline where the wave port
has been de-embedded 0.5 mm and the re-normalization impedance has been changed from
50 2 to 110 Q. The design parameters had the final values listed in table 3.4.
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Figure 3.30: Top view of the design using a slot coupled feeding to excite the waveguide
and the definition of the parameters studied.

Figure 3.31: Close top view of the design using a slot coupled feeding to excite the
waveguide and the definition of the parameters studied.
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Figure 3.32: Perspective view of the design using a slot coupled feeding to excite the
waveguide.

Figure 3.33: The stackup of the slot design, the heights are not to scale.
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Figure 3.34: The coordinate system used in the design.

will therefore not be motivated since that is covered in section 3.2.2. The
new parameters; the slot, cavity and substrates were chosen either according
to theory from literature or manufacturing limitations. The parameters with
their starting and end point values are listed in table 3.5 together with their
parametric sweeps.

Table 3.5: Summary of the start, end and studied values of the parameters for the slot
coupled dielectric filled waveguide.

Start Sweep End
Waveguide Radius [mm] | 3.5 3.5-3.7 3.7

Waveguide Length [mm] 5 0-10 5
Slot Length [mm]| | 5.23 3-5.23 4.75
Slot Width (% of slot length) | 16 5-20 16

0.45 -0.3-0.9 0.45
0.6 0.5-0.6 0.525
0.5 0.5-1 0.6

1.524 0.422-1.524 1.524

Stripline Length L,, ]
]
]
]
] 0.168 0.168-0.762 0.168
]
]
]

[
Stripline Width [mm
Stripline Position from slot edge [mm
Substrate 1 [mm
[mm
[mm

[

B
=)

Substrate 2 |m
Substrate 3 [m 0.168 0.168-0.762 0.168
Substrate 4 [mm] | 0.168 0.168-0.762 0.168
Cavity Size [mm 1 0.3-1 0.9

Via Distance parts of A\; | 15 - 15

3.2.3.1.1 Slot Length: L The length of the slot was set to A\,/2 which
is the standard length of a resonant slot. [3] For a frequency of 15 GHz and

a slot inserted between the substrates with ¢, = 3.66 the starting length was
L =5.23 mm.
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3.2.3.1.2 Slot Width: W The starting width of the slot was set to 16%
of the slot length since it enables a high bandwidth. [43] This gave a slot width
of 0.16L = 0.8368mm.

3.2.3.1.3 Substrate Heights: hy, ho, hs,hy The added substrates, be-
cause of the feeding in different layers (hs and hy), were chosen to use the
thinnest substrate thickness as a starting point. This choice was made with
complexity, simulation time and manufacturing cost in mind.

3.2.3.1.4 Cavity Size: duwiy The size of the cavity was set to 1 mm
larger than the slot given previous experience from earlier work done by Eric-
sson AB.

3.2.3.1.5 Stripline Position and Stub: L,, L,, The starting point of
the stripline position from the edge of the slot to the center of the stripline,
L,, was set to 0.5 mm since the relationship of L, = 0.1L enables a large
bandwidth. [43] The stub length was set to 0.45 mm by scaling the values used
in [43] using the wavelength.

3.2.3.2 Parametric Study

The parameters shown in figures 3.30 and 3.32 were altered to see how they
affected the antenna performance. This design employed two ports and their
corresponding response were different for different parameters, hence both of
the ports’ responses were studied. There are several parameters that are sim-
ilar to the previous design, see section 3.2.2.4, with the same response, for
example the stripline widths and substrate heights. The overall behavior is
presented here in Smith chart and |S,,,,| form. A more detailed presentation of
the parametric study results can be found in Appendix C where the resistance
and reactance of each parameter is shown.

3.2.3.2.1 Height of Substrate 1: h; The height of the lower substrate,
the substrate labeled 1, was studied. The results can be seen in figures 3.35
and 3.36. The resonance and matching is very affected by this parameter,
mostly for port 1. The reason behind this behavior is the substrate height’s
effect on the impedance of the stripline. For port 2 this parameter also affects
the impedance but not to the same extent. Given the results, the lower sub-
strate height is a critical parameter; and since the height of 1.524 mm is the
only height to result in a resonance for port 1 this height was chosen.

3.2.3.2.2 Height of Substrate 2: hy; The height of the substrate la-
beled 2 was studied. The results can be seen in figures 3.37 and 3.38. This
parameter mainly alters the performance of the lower port, port number 1,
since this substrate height affects the impedance of this stripline. Port 2 is
fairly unaffected by a change of this parameter, the bandwidth of the resonant
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frequencies increase slightly with a higher substrate. The reason is probably
a higher cavity height which enables more frequencies to resonate inside the
cavity. In figure 3.37 it is clearly seen that the best resonance and bandwidth
is achieved with a low substrate 2 height. For higher heights the reactance is
too high for port 1.

3.2.3.2.3 Height of Substrate 3: hy The height of substrate 3, the third
substrate from the bottom, was studied. The results can be seen in figure 3.39
and 3.40. The impedance of port 2 is clearly seen to change with this param-
eter. This is expected since the substrate height affects the impedance of the
stripline of port 2. In the Smith chart it is seen that the resistance is fairly
stable whilst the reactance increases when the substrate height increases. A
low substrate height seems to give a better performance.

3.2.3.2.4 Height of Substrate 4: hy The upper substrate height, sub-
strate labeled 4, was also studied and the results are presented in figures 3.41
and 3.42. This parameter affects the responses in mainly the same way as
the third substrate height which is to be expected since they affect the same
stripline.

3.2.3.2.5 Slot Length: L. The impact of the slot length was investigated
and the results are presented in figures 3.43 and 3.44. A change in slot length
affects the resonant bandwidth, the resistance and the reactance (with a larger
change in reactance than resistance) which is seen in the Smith charts. As can
be seen in the results, a slot length of L = 4.75 mm gives the best performance.
A shorter slot length has a too small resonant frequency span and a longer slot

length has a too large resonant bandwidth so the requirement of —13 dB can
not be fulfilled.

3.2.3.2.6 Slot Width: W The slot width alters the impedance of both
ports, which is seen in figures 3.45 and 3.46. The parameter "Wconst’ is defined
as a constant times the slot length. Both ports are affected in the same way and
the width of the slot also affects the bandwidth of the antenna. An increase
of the width beyond 16% of the slot length does not give a significant increase
in bandwidth. This corresponds to the theory of a dual resonant slot, see
section 2.4.2.

3.2.3.2.7 Stripline Placement in Slot: L, The stripline placement in
the slot was defined as the distance between the middle of the stripline to the
edge of the slot, see figure 3.31. The results of the parametric study are shown
in figures 3.47 and 3.48 for the two ports.

As can be seen in figures 3.47 and 3.48, the main resonance at 15 GHz is rotated

in the Smith chart, both the resistance and the reactance are affected by this
parameter. The bandwidth is slightly affected by this parameter and thus it
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can be used to change the bandwidth if the other easily changed parameters
fail to give the wanted performance.

3.2.3.2.8 Stripline Width: W, The stripline width for both ports were
studied. The results of the stripline width of port 1 are seen in figures 3.49
and 3.50 and the stripline width for port 2 in figures 3.51 and 3.52. As ex-
pected, the impact of the impedance of the port which stripline is not altered
is negligible whilst the impedance for the port altered is affected. A wider
stripline gives a lower resistance and reactance and this parameter can be used
to for the final fine tuning. The same behavior is seen for both ports which
is expected. The stripline widths studied are different for port 1 and port 2,
which is the reason behind the different responses at first glance.

3.2.3.2.9 Stripline Stub Length: L,, The stripline length for both ports
were studied. The results of the stripline length of port 1 is seen in figures 3.53
and 3.54 and the stripline length for port 2 in figures 3.55 and 3.56. As expected
the impact on the port not altered is negligible. This parameter functions as
a stub and alters the reactance: the resonance is rotated in the Smith chart.
The bandwidth of the resonance is also affected since a longer stub results in
a more narrow frequency response for which it is matched.

3.2.3.2.10 Cavity Size: d.ity; The cavity size and its effect on the re-
sponse is presented in figures 3.57 and 3.58. This parameter is defined as
the distance between the slot and the vias creating the cavity, see figure 3.31.
The cavity size determines the resonance bandwidth, a smaller cavity gives a
smaller bandwidth. The reactance is also slightly changed by this parameter.
If a smaller bandwidth is needed this parameter could be used to create a
better return loss by decreasing the resonant frequency span.

3.2.3.2.11 Waveguide Height The waveguide height parameter behaves
similar as in the previous design, i.e. the design fed by the E-field probes. The
frequency bandwidth is shifted and the response is rotated in the Smith chart
which is expected. The waveguide height of 5 mm gives a resonance in the
correct frequency range of 15 GHz and a bandwidth in the right sized order
that gives a return loss below —13 dB and a bandwidth close to 6%.
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(a) [S11| in dB-scale for different heights of the lower substrate, ;. The
other parameters were fixed and had the starting values as stated in ta-
ble 3.5.

——hlow='0.422mm'
———hlow='0.762mm"
———hlow="1.524mm'

(b) Smith chart of Sy; for different heights of the lower substrate, hq, for
frequencies between 13-17 GHz. The other parameters were fixed and had
the starting values as stated in table 3.5.

Figure 3.35: Parametric study of the lower substrate height, hq, for port 1. The other
parameters were fixed and had the starting values as stated in table 3.5.
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(a) |S22| in dB-scale for different heights of the lower substrate, hi. The
other parameters were fixed and had the starting values as stated in ta-
ble 3.5.

——hlow='0.422mm'
———hlow='0.762mm"
———hlow="1.524mm'

(b) Smith chart of Sgs for different heights of the lower substrate, hq, for
frequencies between 13-17 GHz. The other parameters were fixed and had
the starting values as stated in table 3.5.

Figure 3.36: Parametric study of the lower substrate height, hq, for port 2. The other
parameters were fixed and had the starting values as stated in table 3.5.
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(a) |S11] in dB-scale for different heights of the second lower substrate, hs.
The other parameters were fixed and had the starting values as stated in
table 3.5.

——h1="0.168mm’
——h1="0.254mm’
——h1='0.422mm'
——h1="0.762mm’

(b) Smith chart of Sy for different heights of the second lower substrate,
ho, for frequencies between 13-17 GHz. The other parameters were fixed
and had the starting values as stated in table 3.5.

Figure 3.37: Parametric study of Sq; of the different heights of the second lower substrate,
ho. The other parameters were fixed and had the starting values as stated in table 3.5.
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(a) |Sa2| in dB-scale for different heights of the second lower substrate, ho.

The other parameters were fixed and had the starting values as stated in
table 3.5.

+1.0
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(b) Smith chart of Sgo for different heights of the second lower substrate,
ho, for frequencies between 13-17 GHz. The other parameters were fixed
and had the starting values as stated in table 3.5.

Figure 3.38: Parametric study of Sgq of the different heights of the second lower substrate,
ho. The other parameters were fixed and had the starting values as stated in table 3.5.
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(a) [S11] in dB-scale for different heights of the second highest substrate,
hs. The other parameters were fixed and had the starting values as stated
in table 3.5.
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—h2="0.762mm’

(b) Smith chart of Sy; for different heights of the second highest substrate,
hs, for frequencies between 13-17 GHz. The other parameters were fixed
and had the starting values as stated in table 3.5.

Figure 3.39: Parametric study of Si; of the different heights of the second highest sub-
strate, hg. The other parameters were fixed and had the starting values as stated in table 3.5.

81



3. Design Methods

Ot
— -10¢t
m
O,
“Q-20¢t
2
-30 ——ho=0.168mm’ §
——h2='0.254mm'
——h2='0.422mm'
——h2="0.762mm'
- 0 L HENE] I 1 I
10 12 14 16 18 20 22
Frequency [GHZz]

(a) [S22| in dB-scale for different heights of the second highest substrate,
hs. The other parameters were fixed and had the starting values as stated
in table 3.5.
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——h2="0.254mm’
——h2='0.422mm'
—h2="0.762mm’

(b) Smith chart of Ses for different heights of the second highest substrate,
hs, for frequencies between 13-17 GHz. The other parameters were fixed
and had the starting values as stated in table 3.5.

Figure 3.40: Parametric study of Sao of the different heights of the second highest sub-
strate, hg. The other parameters were fixed and had the starting values as stated in table 3.5.
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(a) |S11| in dB-scale for different heights of the uppermost substrate, hy.
The other parameters were fixed and had the starting values as stated in
table 3.5.

——h='0.168mm"
——h='0.254mm"'
——h='0.422mm"'
——h='0.762mm"

(b) Smith chart of S;; for different heights of the uppermost substrate,
hy4, for frequencies between 13-17 GHz. The other parameters were fixed
and had the starting values as stated in table 3.5.

Figure 3.41: Parametric study of Si; of the different heights of the uppermost substrate,
hy. The other parameters were fixed and had the starting values as stated in table 3.5.
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(a) |Sa2| in dB-scale for different heights of the uppermost substrate, hy.
The other parameters were fixed and had the starting values as stated in
table 3.5.
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(b) Smith chart of Ses for different heights of the uppermost substrate,
hy4, for frequencies between 13-17 GHz. The other parameters were fixed
and had the starting values as stated in table 3.5.

Figure 3.42: Parametric study of Soo of the different heights of the highest substrate, hy.
The other parameters were fixed and had the starting values as stated in table 3.5.
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(a) |S11] in dB-scale for different lengths of the slot, L. The other param-
eters were fixed and had the starting values as stated in table 3.5.
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(b) Smith chart of Sy for different lengths of the slot, L, for frequencies
between 13-17 GHz. The other parameters were fixed and had the starting
values as stated in table 3.5.

Figure 3.43: Parametric study of S1; of different lengths of the slot, L. The other param-
eters were fixed and had the starting values as stated in table 3.5.
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(a) |S2z2| in dB-scale for different lengths of the slot, L. The other param-
eters were fixed and had the starting values as stated in table 3.5.
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(b) Smith chart of Seo for different lengths of the slot, L, for frequencies
between 13-17 GHz. The other parameters were fixed and had the starting
values as stated in table 3.5.

Figure 3.44: Parametric study of Soo of different lengths of the slot, L. The other param-
eters were fixed and had the starting values as stated in table 3.5.
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(a) |S11]| in dB-scale for different widths of the slot, W, in parts of slot
length. The other parameters were fixed and had the starting values as
stated in table 3.5.

——Woconst='0.05'
—— Weconst='0.1'
——Woconst='0.15'
——Woconst='0.16'
——Woconst='0.2'

(b) Smith chart of Sy for different widths of the slot, W, in parts of slot
length, for frequencies between 13-17 GHz. The other parameters were
fixed and had the starting values as stated in table 3.5.

Figure 3.45: Parametric study of S1; of the different widths of the slot, W, in parts of slot
length. The other parameters were fixed and had the starting values as stated in table 3.5.

87



3. Design Methods

—
(ah)]
©
Red
Q]
Al
n
B0 — Wconst='0.05' ]
——Woconst='0.1'
——Woconst='0.15'
——Woconst='0.16"'
——Woeconst='0.2'

1

0 1 1 i 1
10 12 14 16 18 20 22
Frequency [GHZz]

(a) |S2z2| in dB-scale for different widths of the slot, W, in parts of slot
length. The other parameters were fixed and had the starting values as
stated in table 3.5.
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(b) Smith chart of Seq for different widths of the slot, W, in parts of slot
length, for frequencies between 13-17 GHz. The other parameters were
fixed and had the starting values as stated in table 3.5.

Figure 3.46: Parametric study of Soy of the different widths of the slot, W, in parts of slot
length. The other parameters were fixed and had the starting values as stated in table 3.5.
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(a) |S11] in dB-scale for different placements of the striplines in the slot,
distance L, defined as the distance between the middle of the stripline to

the edge of the slot. The other parameters were fixed and had the starting
values as stated in table 3.5.
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—Ls="Imm’

41.0

(b) Smith chart of Sy; for different placements of the striplines in the slot,
distance Ly, defined as the distance between the middle of the stripline
to the edge of the slot, for frequencies between 13-17 GHz. The other
parameters were fixed and had the starting values as stated in table 3.5.

Figure 3.47: Parametric study of Si; of the different placements of the striplines in the
slot, distance L, defined as the distance between the middle of the stripline to the edge of
the slot. The other parameters were fixed and had the starting values as stated in table 3.5.
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(a) |Sa2| in dB-scale for different placements of the striplines in the slot,
distance L, defined as the distance between the middle of the stripline to
the edge of the slot. The other parameters were fixed and had the starting
values as stated in table 3.5.
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(b) Smith chart of Sao for different placements of the striplines in the slot,
distance Ly, defined as the distance between the middle of the stripline
to the edge of the slot, for frequencies between 13-17 GHz. The other
parameters were fixed and had the starting values as stated in table 3.5.

Figure 3.48: Parametric study of Soy of the different placements of the striplines in the
slot, distance L, defined as the distance between the middle of the stripline to the edge of
the slot. The other parameters were fixed and had the starting values as stated in table 3.5.
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(a) |S11| in dB-scale for different stripline widths, Wi, for port 1. The other
parameters were fixed and had the starting values as stated in table 3.5.
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(b) Smith chart of Sy for different stripline widths, Wy, for port 1, for
frequencies between 13-17 GHz. The other parameters were fixed and had
the starting values as stated in table 3.5.

Figure 3.49: Parametric study of S1; of the different stripline widths, Wy, for port 1. The
other parameters were fixed and had the starting values as stated in table 3.5.
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(a) |S2z2| in dB-scale for different stripline widths, Wy, for port 1. The other
parameters were fixed and had the starting values as stated in table 3.5.
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(b) Smith chart of Sgo for different stripline widths, Wy, for port 1, for
frequencies between 13-17 GHz. The other parameters were fixed and had
the starting values as stated in table 3.5.

Figure 3.50: Parametric study of Sos of the different stripline widths, Wy, for port 1. The
other parameters were fixed and had the starting values as stated in table 3.5.
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(a) |S11| in dB-scale for different stripline widths, Wy, for port 2. The other

parameters were fixed and had the starting values as stated in table 3.5.

(b) Smith chart of Sy for different stripline widths, Wy, for port 2, for
frequencies between 13-17 GHz. The other parameters were fixed and had

the starting values as stated in table 3.5.
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Figure 3.51: Parametric study of S1; of the different stripline widths, Wy, for port 2. The
other parameters were fixed and had the starting values as stated in table 3.5.
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(a) S22/ in dB-scale for different stripline widths, Wi, for port 2. The other
parameters were fixed and had the starting values as stated in table 3.5.
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(b) Smith chart of Sgo for different stripline widths, Wy, for port 2, for
frequencies between 13-17 GHz. The other parameters were fixed and had
the starting values as stated in table 3.5.

Figure 3.52: Parametric study of Sos of the different stripline widths, Wy, for port 2. The
other parameters were fixed and had the starting values as stated in table 3.5.
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(a) |S11| in dB-scale for different stripline lengths, L,,, for port 1. The
other parameters were fixed and had the starting values as stated in ta-
ble 3.5.

—Lm="-0.3mm'
~———Lm='0mm'
———Lm='0.3mm'
——Lm='0.45mm'
——Lm='0.6mm'
———Lm='0.9mm'

(b) Smith chart of Sy; for different stripline lengths, L,,, for port 1, for
frequencies between 13-17 GHz. The other parameters were fixed and had
the starting values as stated in table 3.5.

Figure 3.53: Parametric study of Sy1; of the different stripline lengths, L,,, for port 1. The
other parameters were fixed and had the starting values as stated in table 3.5.
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(a) |S22| in dB-scale for different stripline lengths, L,,, for port 1. The
other parameters were fixed and had the starting values as stated in ta-
ble 3.5.

+1.0

—Lm="-0.3mm'
~———Lm='0mm'
———Lm='0.3mm'
——Lm='0.45mm'
——Lm='0.6mm'
———Lm='0.9mm'

(b) Smith chart of Sgo for different stripline lengths, L,,, for port 1, for
frequencies between 13-17 GHz. The other parameters were fixed and had
the starting values as stated in table 3.5.

Figure 3.54: Parametric study of Soo of the different stripline lengths, L,,, for port 1. The
other parameters were fixed and had the starting values as stated in table 3.5.

96



3. Design Methods

O L
— -10+
(ah)]
©
Red
= -20t :
9 H
——Lm2='0.5mm'
-30 ——Lm2='0.6mm' ]
——Lm2="1mm’
——Lm2="1.5mm'
——Lm2="2mm’

0 1 1 i 1
10 12 14 16 18 20 22
Frequency [GHZz]

(a) |S11| in dB-scale for different stripline lengths, L,,, for port 2. The
other parameters were fixed and had the starting values as stated in ta-
ble 3.5.

——Lm2='0.5mm’
L m2='0.6mm'
———Lm2="1{mm'
—Lm2="1.5mm'
——Lm2="2mm'

(b) Smith chart of Sy; for different stripline lengths, L,,, for port 2, for
frequencies between 13-17 GHz. The other parameters were fixed and had
the starting values as stated in table 3.5.

Figure 3.55: Parametric study of Sy1; of the different stripline lengths, L,,, for port 2. The
other parameters were fixed and had the starting values as stated in table 3.5.
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(a) |S22| in dB-scale for different stripline lengths, L,,, for port 2. The
other parameters were fixed and had the starting values as stated in ta-
ble 3.5.

——Lm2='0.5mm’
L m2='0.6mm'
———Lm2="1{mm'
—Lm2="1.5mm'
——Lm2="2mm'

(b) Smith chart of Sgo for different stripline lengths, L,,, for port 2, for
frequencies between 13-17 GHz. The other parameters were fixed and had
the starting values as stated in table 3.5.

Figure 3.56: Parametric study of Soo of the different stripline lengths, L,,, for port 2. The
other parameters were fixed and had the starting values as stated in table 3.5.
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(a) [S11] in dB-scale for different sizes of the cavity, dequity. The other
parameters were fixed and had the starting values as stated in table 3.5.

——SlotViaDist='0.3mm'
——— SlotViaDist='0.6mm’
——SlotViaDist='0.9mm'
——SlotViaDist="1mm'

(b) Smith chart of Sy; for different sizes of the cavity, deavity, for frequen-
cies between 13-17 GHz. The other parameters were fixed and had the
starting values as stated in table 3.5.

Figure 3.57: Parametric study of Si; of the different sizes of the cavity, dcqvity. The other
parameters were fixed and had the starting values as stated in table 3.5.
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(a) |S22| in dB-scale for different sizes of the cavity, dequity. The other
parameters were fixed and had the starting values as stated in table 3.5.
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(b) Smith chart of Seo for different sizes of the cavity, deavity, for frequen-
cies between 13-17 GHz. The other parameters were fixed and had the
starting values as stated in table 3.5.

Figure 3.58: Parametric study of Sy, of the different sizes of the cavity, dcqvity. The other
parameters were fixed and had the starting values as stated in table 3.5.
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(a) |S11| in dB-scale for different waveguide heights, hpetq;. The other
parameters were fixed and had the starting values as stated in table 3.5.

——HeightMetalBlock="5mm’
———HeightMetalBlock="10mm'
—— HeightMetalBlock="20mm'

(b) Smith chart of S; for different waveguide heights, hy,etar, for frequen-
cies between 13-17 GHz. The other parameters were fixed and had the
starting values as stated in table 3.5.

Figure 3.59: Parametric study of S11 of the different waveguide heights, hetq;- The other
parameters were fixed and had the starting values as stated in table 3.5.
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(a) |S22| in dB-scale for different waveguide heights, hpetqr. The other
parameters were fixed and had the starting values as stated in table 3.5.

——HeightMetalBlock="5mm’
———HeightMetalBlock="10mm'
—— HeightMetalBlock="20mm'

(b) Smith chart of Sgs for different waveguide heights, hy,etar, for frequen-
cies between 13-17 GHz. The other parameters were fixed and had the
starting values as stated in table 3.5.

Figure 3.60: Parametric study of Sos of the different waveguide heights, hetq;- The other
parameters were fixed and had the starting values as stated in table 3.5.
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3.2.3.2.12 Conclusions of Parametric Study The main challenge was
to find a resonance close enough to the middle of the Smith chart with a res-
onance bandwidth where the return loss could be below -13 dB, according to
the requirement. To achieve this, the substrates, cavity size and the slot’s pa-
rameters had to be altered to find the best configuration. When a resonance
had been found for the right frequency span (approximately 14.6 - 15.4 GHz)
the final optimization could be done. This was mainly done with two parame-
ters; the stripline width and the stub length of the stripline. Using these two
parameters the element could be optimized by using the Smith chart as an
aid. To change the resistance the stripline width was altered and the stripline
length was altered to change the reactance. This is summarized below:

¢ Get correct bandwidth:
— Slot

— Substrates
— Cavity size

 Fine tune resonance/impedance matching:
— Stripline width for resistance

— Stripline length for reactance

3.2.3.3 Evaluation of Slot Coupled Design

The design using a slot coupled feeding was found promising and the perfor-
mance of the optimized element can be seen in figures 3.61 and 3.62. Port 1
has a bandwidth of 14.57 — 15.49 = 0.92 GHz which corresponds to a band-
width of 6.12%. Port 2 has a frequency span of 14.69 — 15.62 = 0.93 GHz
with a slightly shifted center frequency of 15.16 GHz. This corresponds to a
bandwidth of 6.14%. The return loss requirement for the element was to be
below -13 dB for a bandwidth of 6%, this requirement is fulfilled.

However, the coupling between the polarizations is too high which is clearly
seen in figures 3.61 and 3.62. This problem had to be addressed, in order for
the element to fulfill the requirements (i.e. isolation should be below -15 dB
inband). Several design modifications were investigated, such as using extra
vias in the cavity, displacement of one of the slots and changing the placement
of the striplines in the slot (Ly).

Finally, the placement of the striplines, L,, seemed to improve the isolation.
When S;5 was studied for the stripline placement it could be seen that an
increased distance from the edge of the slot gave a rotation moving away from
the center of the Smith chart. This can be seen in figure 3.63. Given this fact,
the best isolation should be when the striplines are placed at the center of the
slots. When the striplines were moved to this new location a re-optimization
had to be done, using the stripline width and length.
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Figure 3.61: The S-parameters of the optimized slot coupled element design. The isolation
between the two ports is too high and does not fulfill the requirement of being below -15 dB
inband as is clearly seen. The bandwidth requirement of -13 dB is shown with the black
dashed line. A closer view is shown in figure 3.62.

Another problem with the design was the difference between the E- and H-
planes regarding gain. According to the specifications, the difference between
the co-polar gain between the two polarizations in any plane should be below
3 dB. This difference is higher for this design, which can be seen in figure 3.64.
According to the theory of circular apertures, see section 2.2.1.1, a larger aper-
ture gives more similar radiation patterns between the two different planes.
Therefore, the radius of the waveguide was also increased.

According to theory a radius of 0.22)\ gives a difference of ~ 3 dB between
the two polarizations. This radius is too large when the construction of a sub-
array with a size of 0.53\ - 1.06\ is taken into consideration, since the feeding
network needs to be incorporated. A slight increase of the waveguide radius
was made to improve the performance with regard to the AG,-requirement
without affecting the sub-array implementation too much.

3.2.3.4 Stripline in Middle of Slot

The design was changed to have the striplines inserted into the center of the
slot, see figure 3.65, in order to improve the isolation. The change of the
stripline placement necessitated a re-optimization of the element. This was
done by modifying the width of the strip, W, and the stub length, L,,, as
earlier mentioned in paragraph 3.2.3.2.12. For this design, a new parametric
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Figure 3.62: The S-parameters of the optimized slot coupled element design. Port 1 has a
bandwidth of 14.57 — 15.49 = 0.92 GHz which corresponds to a bandwidth of 6.12%. Port
2 has a bandwidth of 14.69 — 15.62 = 0.93 GHz with a slightly shifted center frequency of
15.16 GHz. This corresponds to a bandwidth of 6.14%. However, the isolation fails to meet
the requirement of being below -15 dB inband.
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(a) |S12| in dB-scale for different placements of the striplines in the slot, distance
L, defined as distance between middle of stripline to edge of slot.
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(b) Smith chart of S;5 for different placements of the striplines in the slot,
distance Ly defined as distance between middle of stripline to edge of slot, for
frequencies between 18-20 GHz.

Figure 3.63: Parametric study of Sy the different placements of the striplines in the slot,
distance Ly defined as distance between middle of stripline to edge of slot.
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Figure 3.64: The gain of the design for both ports, the difference between G .1 and Gepo
is at maximum 3.81 dB at § = —60° for ¢ = 90° (port 1: E-plane and port 2: H-plane).
This is more than the requirement of 3 dB.

study was not made, since its geometry and therefore parameters were the
same as the previous design, see section 3.2.3.2.

Figure 3.65: Perspective view of the design with the striplines in the middle of the slots.

3.2.3.4.1 Waveguide Radius The waveguide radius was changed to 3.75 mm
to improve the AG,, performance, see sections 2.2.1.1 and 3.2.3.3. This re-
sulted in a frequency shift of the resonance since the cutoff frequency was al-
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tered due to the change of radius. The new center frequency was f,,;q = 14.5 GHz,
a summary of these changes are shown in table 3.6.

Table 3.6: The changed waveguide radius and its shift in frequency and size in Ag.

Before After

fmid [GHZ] 15 14.5

Waveguide radius [mm] | 3.5 3.75
Waveguide radius [\g] | 0.175  0.181

As can be seen in table 3.6, increasing the waveguide radius did not result in
a much larger aperture size in wavelengths because of the frequency shift. Ef-
fectively the waveguide radius was increased by 0.006\g. Thus, the waveguide
radius change did not accomplish the wanted behavior.

Since the changed waveguide radius did not improve AG,,, both designs were
optimized: the 3.5 and 3.75 mm waveguide radius. The 3.75 mm design proved
easier to re-optimize and an impedance matching was realized quickly. Thus,
this design was used for the final element design and the element’s f,,;qs was
shifted from 15 GHz to 14.5 GHz. The final parameters of this design are
presented in table 3.7.

3.2.3.4.2 Unit Cell Design The unit cell should have an element size
of 0.53)\g, as stated in the requirements, in order to create a phased array
with an element spacing of 0.53\. Therefore, the ground plane size (parame-
ters L, and L, in figure 3.30) was too large since it should be 0.53 - 0.53),. A
modified design was made with this ground plane size, it is shown in figure 3.66.

When the ground plane was changed, the impedance matching was degraded.
This implies that the phase offset between the ports and the air interface is
used as a tuning parameter, this can be seen in figure 3.67. This was earlier
mentioned in the parametric study of the waveguide height of the first stripline
fed dielectric design, see section 3.2.2.4.8. The phase offset is the length the
wave needs to travel between the port and free space, the sum of the arrows in
figure 3.67. When the ground plane size was changed the length of the arrow
labeled 1 was changed.

The phase offset of the element was probably used to minimize the reflections
of the inband frequencies. Therefore, a re-optimization was done of the unit
cell using the stripline width and the stripline length. The final parameters of
the unit cell are presented in table 3.7.

Another finding was that the radiation pattern showed a skewness, it was
asymmetric which should not be the case for a circular aperture, see figure 3.68.
This was investigated and the following hypotheses explaining the skewness
and solutions for each hypothesis was made:
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Figure 3.66: Perspective view of the unit cell.

Air

Port 2

Figure 3.67: Schematic figure showing the phase offset as a sum of the arrows, where a
change of the element size alters the phase offset since the arrow labeled 1 will change.
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« Slot characteristics showing through (the slot’s radiation pattern affect-
ing the radiation pattern of the aperture)
— Increase the waveguide length to attenuate the slot behavior

o Higher order modes in the waveguide which affect the radiation pattern
— Increase the waveguide length to suppress the higher order modes

» Leakage of the E-field in the PCB affecting the radiation pattern
— Decrease the distance between the vias to decrease the leakage

The metal block height could not be seen to alter the radiation pattern and
thus the leakage hypotheses was tested. Metal walls were added to the design
to see if the skewed radiation pattern was due to leakage, see figure 3.69. When
metal walls were added to the PCB the radiation pattern became symmetric
and it was concluded that the radiation pattern was, indeed, affected by leak-
age. The difference in the radiation patterns can be seen in figure 3.68, where
the asymmetric behavior is more clearly observed for port 1. This implies that
the leakage is related to port 1. Since troubleshooting the exact location and
correct placement of the vias was deemed too time consuming, the addition of
metal walls was instead made to the unit cell. A future investigation of the
leakage should focus on the via placement for port 1.

Furthermore, the use of wave ports at the side of the design is not compati-
ble with array simulations in HF'SS. The solution to this problem was to use
another excitation model called lumped ports in HFSS, inside the PCB struc-
ture. A lumped port does not calculate the impedance of the wave as is the
case for a wave port, instead an impedance is set before starting the simula-
tion. The simulation is then done with this impedance at the port interface.
As such, this impedance needs to be correct in order for the results to be valid.

An investigation was made of the correct setting, in order to get the same
behavior for the unit cell as for the single element. For port 1 the impedance
was set to 10 €2 and for port 2 it was set to 17 €. The resulting S-parameters
can be seen in figure 3.70. The impedance setting for port 1 could be improved
further but given the timeframe further optimization was left as a possible
future improvement.

3.2.3.4.3 Final Parameters In order to summarize the different set ups
generating designs fulfilling or close to fulfilling the requirements, the final
parameters for both the single element, unit cell and the design with a stripline
offset in the slot are presented in table 3.7. The main differences are the
stripline parameters and the waveguide radius.
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(a) Directivity pattern for two designs with and without metal walls, as
shown in figure 3.69, for port 1. In the H-plane (¢ = 90°) it is clearly seen
that the design without the walls has an asymmetric pattern. There is
also an amplitude difference between the designs, implying that the metal
walls remove leakage.
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(b) Directivity for two designs with and without metal walls for port 2, as

shown in figure 3.69.

Figure 3.68: Directivity for two designs with and without metal walls for both ports, as
shown in figure 3.69. In the H-plane for port 1 it is clearly seen that the design without the
walls has an asymmetric pattern.
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Figure 3.69: Top view of the unit cell where the addition of metal walls were made in
order to prevent leakage.

Lumped Ports

-i1.0

Figure 3.70: Smith chart showing S,,, for the unit cell design using the HFSS lumped port
excitation method in order to enable array simulations. The impedance of the lumped ports
were set to 10 € for port 1 and 17 € for port 2. The performance of port 1 can be improved
further and moved closer to the middle of the Smith chart but given the timeframe this was
left as a future improvement.
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Table 3.7: Summary of the values of the final parameters for the different final designs.

Slot in Middle
Parameter | Slot Offset Single Element Unit Cell
Ly [N 1.3 1.3 0.53
L, [o] 1.3 1.3 0.53
Waveguide Radius [mm] 3.5 3.75 3.75
Waveguide Length [mm)] 5 5 5
Slot Length [mm] 4.75 4.75 4.75
Slot Width [% of slot length] 16 16 16
Stripline Stub port 1 [mm] 0.45 0.45 0.8
Stripline Stub port 2 [mm] 0.6 1.05 1.05
Stripline Width port 1 [mm] 0.5 0.7 0.7
Stripline Width port 2 [mm] 0.5 0.46 0.46
Substrate 1 [mm] 1.524 1.524 1.524
Substrate 2 [mm|] 0.168 0.168 0.168
Substrate 3 [mm)] 0.168 0.168 0.168
Substrate 4 [mm)] 0.168 0.168 0.168
Distance via - slot [mm] - 1 1
Via Distance [parts of A\ 15 15 15
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Results and Discussion

This chapter presents the performance of the final design; both for a single
element and the element in an array environment. The focus is mainly how
the final design performs with regard to the requirements, a summary can be
seen in table 4.1.

Table 4.1: Summary of the performance of the final element compared to the requirements
of the sub-array design.

Requirement | Final design
Sub-array implementation | Possible
Dual Polarized | Fulfilled
Reflection Coefficient S,,,, < -13 dB | Fulfilled
Bandwidth > 6% | Fulfilled!
Gain > 2 dBi at £60° in azimuth (sub-array) | Fulfilled
Polarization Isolation < -15 dB | Fulfilled
Losses < 1 dB | Possible

AG,., < 3 dB | Not fulfilled
Coupling < 13 dB | Fulfilled

XPD > 20 dB | Not fulfilled

4.1 Single Element Performance

4.1.1 Sub-array

One of the requirements was the possibility of implementation of the element
into a vertical sub-array. A sub-array implementation is shown in figure 4.1.
The sub-array is 0.53)\g in the horizontal dimension and 2-0.53 )\ in the vertical
dimension. As can be seen in the figure, there is enough space in the sub-array
cell to implement the feeding network between the two elements. Thus, it is
evident that it is possible to implement the model into a vertical sub-array.
The performance of the sub-array was not investigated, as the design of the
feeding network would have been too time consuming.

"When the ports are evaluated individually.
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Figure 4.1: Figure showing the possibility of implementing the final design into a vertical
sub-array where it is shown that there is enough space to realize a feeding network. The
dimensions of the sub-array is 0.53\g x 2 - 0.53\¢.
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4.1.2 S-parameters

The S-parameters of the final design are shown in figure 4.2 and a close up
of the area of interest is seen in figure 4.3. A readout of the values from the
graph is presented in table 4.2. The bandwidth and reflection coefficient re-
quirements are fulfilled for both ports where port 1 has a bandwidth of 6.71%
and port 2 has a bandwidth of 7.01% when they are evaluated individually.

However, there is a frequency shift between the ports. Efforts where made to
make the ports cover the same frequency band, but due to time limitations it
could not be accomplished. If the bandwidth that is shared between the ports
is evaluated the bandwidth requirement is not fulfilled, which is presented in
table 4.2 under 'Port 1 & 2’ In figure 4.3 the isolation is clearly below the
requirement of —15 where the maximum value is —24.12 dB inband.

Table 4.2: Summary of the performance of the final single element with the values as pre-
sented in figure 4.3. When the ports are evaluated individually they fulfill the requirements.
However, due to a frequency shift between the ports, they do not fulfill the requirements if
the common bandwidth is evaluated, see "Port 1 & 2’

Spn < —13 dB Spn < —10 dB
fl fh fmid Bandwidth fl fh fmid Bandwidth
Port 1| 13.98 14.95 14.47 6.71 % 13.9 15.07 14.49 8.08 %
Port 2 | 14.17 15.2 14.69 7.01 % 14.07 15.31 14.69 8.44 %
Port 1 & 2 | 14.17 14.95 14.56 5.36 % 14.07 15.07 14.57 6.86 %
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Figure 4.2: S-parameters of the final design where the bandwidth and isolation is shown.
For a closer view of the performance, see figure 4.3.
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Figure 4.3: S-parameters of the final design where the bandwidth and isolation is shown.
The maximum value of the isolation is -24.12 dB inband which is below the requirement of
-15 dB. The specific values of the two orthogonal polarizations are presented in table 4.2.
In summary, the bandwidth of port 1 is 6.71% and port 2 has a bandwidth of 7.01%.

4.1.3 Radiation Patterns

The radiation patterns of the final single element design are presented in fig-
ures 4.4 and 4.5. The patterns are for a single element and thus the requirement
of -1 dBi is the requirement evaluated. Both ports fulfill this requirement and
the specific values are presented in table 4.3.

Table 4.3: Summary of the performance of the final single element with the values as
presented in figure 4.3. Both polarizations fulfill the gain requirement of G¢, +g0o > -1 dBi.

Port 1 (V-pol) Port 2 (H-pol)
[dBi] f=—60° 6=060° 6=—60° 0=060°
Gs(p=0°) | -25.82 -2373  -0.32 0.16
Go(p=90°) | -020  -0213  -26.61  -23.74
Go(p = 0° 2.92 2.95 21.00  -24.69
Golp=90°) | -19.64  -24.15 2.86 2.88

Another requirement is that the difference in G., between the polarizations in
any plane should be below 3 dB. Using the values from table 4.3 the following
result is obtained at the edges of the operating area:
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¢7 0 Gco E-plane, port n — Gco H-plane, port m

¢ =0°0=—60°| Go1 — Ggp = 2.92 — (—0.32) = 3.24 dB
¢ =0°0=460° | Gpy — Gyp = 2.95 — (+0.16) = 2.79 dB

0.20) = 3.06 dB
0.21)

(
¢ =90°0=—60° | Gg— Gg1 = 2.86 — (—
¢ =90°60=+60° | Gg — Gy = 2.88 — (—

=3.09 dB
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Figure 4.4: Gain of the final single element design, co-polar and cross-polar for 14.5 GHz,
when port 1 (vertical polarization) is excited. The 2 dBi requirement at £60° for a sub-array
is likely fulfilled since the single element gain requirement is fulfilled (Geo 4600 > -1 dBi).

As can be seen the requirement is not fulfilled, the maximum deviation is a
0.24 dB difference between the two co-polar patterns. Other planes than the
two principal planes were not tested since the requirement was not fulfilled.

The result of the XPD investigation is presented in figures 4.6 and 4.7 where
the difference between the co-polar and cross-polar gain is shown for both
ports. The H-plane patterns were chosen since the difference between the co-
polar and cross-polar gain was smaller than the E-plane and thus were more
prone to fail to fulfill the requirement. The requirement is not fulfilled for port
1, since the XPD is 19.5 dB, 0.5 dB below the requirement of 20 dB.

Before setting up the single element in an array environment a simulation
of the element with a large ground plane was made. The ground plane was
8 - 8 ¢cm and the element was put in the corner of this large ground plane,
0.8 cm from the closest edges. The resulting directivity patterns are seen in
figures 4.8 and 4.9. It is clearly seen that the ground plane creates a more

ripply pattern as expected. The requirement of -1 dBi over the operating area
is fulfilled.

119



4. Results and Discussion

5
0
1
1 1
-5 1 1
1 1
1 1
— 10| 1 1
4] | I
1 1
15F 1 |
1 1
1 1
o0k I |
G ¢=0 1
G 5=90 / !
14 o
-25 Gﬁr;):o
GH¢=90
-30 " 1 I 1 I
-90 -60 -30 0 30 60 90

0 [deg]

Figure 4.5: Gain of the final single element design, co-polar and cross-polar for 14.5
GHz, when port 2 (horizontal polarization) is excited. The 2 dBi requirement at +60°
for a sub-array is likely fulfilled, since the single element gain requirement is fulfilled
(Gco,iﬁoo > -1 dBi).
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Figure 4.6: The cross-polar decoupling of port 1, i.e. the difference defined by

Gy(¢p =90°) — Gg(¢ =90°) = XPD;. The requirement is to have the relative cross-
polarization level above 20 dB, this requirement is almost fulfilled inside the operating area.
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Figure 4.7: The cross-polar decoupling of port 2, i.e. the difference defined by

Gy(p=0°) —Gy(¢p =0°) = XPD,. The requirement is to have the relative cross-
polarization level above 20 dB, this requirement is fulfilled inside the operating area.
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0 [deg]

Figure 4.8: Directivity of the final single element design on a large ground plane (8- 8 cm,
element placed 0.8 cm from edge), co-polar and cross-polar for 15 GHz, when port 1 is
excited.
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dBi

0 [deg]

Figure 4.9: Directivity of the final single element design on a large ground plane (8 -8 cm,
element placed 0.8 cm from edge), co-polar and cross-polar for 15 GHz, when port 2 is
excited.

4.1.4 Losses

The losses of the sub-array should be below 1 dB according to requirement 8.
This can be validated by analyzing the difference between the directivity and
the gain. Since the sub-array was not implemented, the single element design
was analyzed instead and this should be taken into account when the fulfillment
of the requirement is evaluated. In figures 4.10 and 4.11 both the directivity
and the gain of port 1 and port 2 in the E- and H-plane are shown, divided
into co- and cross-polar parts. The differences are

Dy — Gy = 0.3537 dB Dy — Gy = 0.3411 dB (4.1)

for both ports respectively where the subindex denotes the port.

This leaves approximately 0.65 dB as a margin for losses when a sub-array
is considered. The sub-array will have a more complex and longer feeding
network which will introduce more losses. Therefore it is hard to determine
wether or not the requirement will be fulfilled for a sub-array, since the per-
formance will depend on the sub-array implementation. With the available
data the requirement could or could not be fulfilled, thus a definitive answer
can not be given until a sub-array implementation has been made, which is
recommended for a future study.
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dBi
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Figure 4.10: Gain and directivity for port 1 at 15 GHz, the co- and cross-polar patterns are
shown for the E- and H-plane respectively. The maximum difference between the directivity
and the gain is D1 — G; = 0.3537 dB.
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Figure 4.11: Gain and directivity for port 2 at 15 GHz, the co- and cross-polar patterns are

shown for the E- and H-plane respectively. The maximum difference between the directivity
and the gain is Dy — G5 = 0.3411 dB.
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4.2 Array Performance

A finite square array consisting of 64 elements (8 - 8) was simulated at three
frequency points; 14, 14.5 and 15 GHz corresponding to the start, center and
end frequency points of the bandwidth. To help with the visualization of the
elements’ behavior depending on their placement, the chart seen in figure 4.12
was used to map the elements. Each color corresponds to a row and each
column has one element of each color.

Column
1 2 3 4 5 6 7 8

Row

Figure 4.12: Schematic array layout where the color coding shown will be used when
presenting the results where the element placement is of interest. The coordinate system of
the array is also shown together with the polarization directions of the E-plane.

The coordinate system used for the array is also shown where the propagation
axis is the x-axis. The directions of the two polarizations are also shown, where
the horizontal polarization has its E-plane in the xy-plane and the E-plane of
the vertical polarization in the xz-plane. This can be translated to a spherical
coordinate system according to

xy-plane : ¢ = [-90°,90°], 6 = 90° (E-plane, H-pol)

o o o (42)
xz-plane : ¢ = 0°, 6 = [0°, 180°] (E-plane, V-pol).

4.2.1 Mutual Coupling

The requirement of the mutual coupling between the elements in the array was
to have the coupling coefficients (S,,,,n # m) below —13 dB. The coupling
requirement is fulfilled for both polarizations at all three simulated frequency
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points. Two samples are shown for a corner element in figures 4.14 and 4.15
and for an element in the middle of the array in figures 4.16 and 4.17 for both
polarizations. The colors correspond to the array layout shown in figure 4.13
where the blank element is the one investigated. The only element whose
coupling parameter is above the requirement is the self coupling (S,,,) which
is not covered in the requirement and it can therefore be neglected.

Column Column
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

8 8
(a) Visualization of the element (b) Visualization of the element
placement in the array whose cou- placement in the array whose cou-
pling is shown in figures 4.14 pling is shown in figures 4.16
and 4.15. and 4.17.

Figure 4.13: Figure presenting the color coded array where the element whose coupling is
presented is blank.
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Figure 4.14: The coupling between a corner element and the rest of the elements in the
array for vertical polarization (port 1) at 14.5 GHz. The coupling requirement is fulfilled, the
point above the dashed requirement line is the self coupling and as such it is not included in
the requirement. See figure 4.13a for a visualization of which element the coupling is shown
for.
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Figure 4.15: The coupling between a corner element and the rest of the elements in the
array for horizontal polarization (port 2) at 14.5 GHz. The coupling requirement is fulfilled,
the point above the dashed requirement line is the self coupling and as such it is not included
in the requirement. See figure 4.13a for a visualization of which element the coupling is shown
for.
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Figure 4.16: The coupling between an element in the middle and the rest of the elements
in the array for vertical polarization (port 1) at 14.5 GHz. The coupling requirement is
fulfilled, the point above the dashed requirement line is the self coupling and as such it is
not included in the requirement. See figure 4.13b for a visualization of which element the
coupling is shown for.
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Figure 4.17: The coupling between an element in the middle and the rest of the elements
in the array for horizontal polarization (port 2) at 14.5 GHz. The coupling requirement is
fulfilled, the point above the dashed requirement line is the self coupling and as such it is
not included in the requirement. See figure 4.13b for a visualization of which element the
coupling is shown for.

4.2.2 Embedded Patterns

The single element patterns in the E- and H-plane for both polarizations are
shown in figures 4.18 and 4.19 together with the average. A more detailed
study of the effect the placement in the array has on the embedded element
pattern can be seen in figures 4.20 to 4.27 where the colors correspond to the
array layout color mapping in figure 4.12.

As can be seen the edge elements have more ripples in their embedded patterns
than elements with a more central placement. The two polarizations show sim-
ilar behavior when their relation to the orientation and E- and H-plane is the
same, e.g. a column for the horizontal polarization in the E-plane (figure 4.20)
is similar to a row for the vertical polarization in the E-plane (figure 4.25). As
such, the color coding for the columns can be used to understand the figures
with the rows.

4.2.3 Beam Steering

The performance of the array when the beam was steered was also simulated
by exporting the data from HFSS and using Matlab to post-process it. When
the beam is steered to the edge of the operating area the peak power of the
main beam decreases since an increase in sidelobes and grating lobes affects the
performance. This can be seen in figures 4.28a and 4.28b where the maximum
peak value is plotted for each integer angle position when the beam is steered
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(a) Co-polar directivity of
embedded elements in E-
plane for the horizontal
polarization.

0 30 60
¢ [deg]

(b) Co-polar directivity of
embedded elements in E-
plane for the vertical po-
larization.

(c) Co-polar directivity of
embedded elements in H-
plane for the horizontal
polarization.

(d) Co-polar directivity of
embedded elements in H-
plane for the vertical po-
larization.

L Il
-30 0
& [deg]

Figure 4.18: Embedded co-polar directivity patterns for both polarizations in the E- and
H-planes.
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(a) Xp-polar directivity of
embedded elements in H-
plane for the horizontal
polarization.

I ‘

0 30 60 90
# [deg]

(b) Xp-polar directivity of
embedded elements in H-
plane for the vertical po-
larization.

(c) Xp-polar directivity of
embedded elements in H-
plane for the horizontal
polarization.

(d) Xp-polar directivity of
embedded elements in H-
plane for the vertical po-
larization.

0
¢ [deg]

Figure 4.19: Embedded cross-polar directivity patterns for both polarizations in the E-
and H-planes.

129



4. Results and Discussion

¢ [deg] ¢ [deg]
(a) Embedded patterns of column 1, the E-  (b) Embedded patterns of column 5, the E-
plane cut of the horizontal polarization. plane cut of the horizontal polarization.

Figure 4.20: Embedded directivity patterns of the E-plane cut of the horizontal polariza-
tion for different columns.
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(a) Embedded patterns of row 1, the E- (b) Embedded patterns of row 5, the E-
plane cut of the horizontal polarization. plane cut of the horizontal polarization.

Figure 4.21: Embedded directivity patterns of the E-plane cut of the horizontal polariza-
tion for different rows.
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(a) Embedded patterns of column 1, the H-  (b) Embedded patterns of column 5, the H-
plane cut of the horizontal polarization. plane cut of the horizontal polarization.

Figure 4.22: Embedded directivity patterns of the H-plane cut of the horizontal polariza-
tion for different columns.
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(a) Embedded patterns of row 1, the H-
plane cut of the horizontal polarization.
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(b) Embedded patterns of row 5, the H-
plane cut of the horizontal polarization.

Figure 4.23: Embedded directivity patterns of the H-plane cut of the horizontal polariza-

tion for different rows.
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(a) Embedded patterns of column 1, the E-
plane cut of the vertical polarization.
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(b) Embedded patterns of column 5, the E-
plane cut of the vertical polarization.

Figure 4.24: Embedded directivity patterns of the E-plane cut of the vertical polarization

for different columns.
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(a) Embedded patterns of row 1, the E-
plane cut of the vertical polarization.
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(b) Embedded patterns of row 5, the E-
plane cut of the vertical polarization.

Figure 4.25: Embedded directivity patterns of the E-plane cut of the vertical polarization

for different rows.
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(a) Embedded patterns of column 1, the H-  (b) Embedded patterns of column 5, the H-
plane cut of the vertical polarization. plane cut of the vertical polarization.

Figure 4.26: Embedded directivity patterns of the H-plane cut of the vertical polarization
for different columns.

or
4+
m
S
2 L
O L L L L Il L L L L L Il
-90 -60 -30 0 30 60 90 -90 -60 -30 0 30 60 90
¢ [deg] ¢ [deg]
(a) Embedded patterns of row 1, the H- (b) Embedded patterns of row 5, the H-
plane cut of the vertical polarization. plane cut of the vertical polarization.

Figure 4.27: Embedded directivity patterns of the H-plane cut of the vertical polarization
for different rows.
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in that direction. As expected, further away from broadside the directivity is

lower.
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(a) Peak directivity as a function of steering angle for the horizontal polarization.

Q

Figure 4.28: The array was steered to each integer angle position and the peak directivity
for a beam steered to that position is presented here for both polarization at 14.5 GHz. It
is clearly seen that the maximum directivity decrease further away from broadside.
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(b) Peak directivity as a function of steering angle for the vertical polarization.

In figures 4.29 to 4.36 the co- and cross-polar directivity for the two polariza-
tions at different steered beam positions are shown. Their maximum directivity
and the maximum side lobe level are presented in table 4.4. There it is seen
that a steered beam decreases the directivity of the main beam due to more
side lobes.
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Table 4.4: The maximum directivity of the main beam and the maximum side lobe level
for a beam steered in different directions.

[dBi] H-pol V-pol
Beam direction ~ max(main) max(side) | max(main) max(side)
¢ =0° 6=90° 22.67 9.50 22.79 9.67
¢ =0° 60=105° 22.50 9.34 22.65 9.94
¢ =60°, 0 =90° 19.26 9.05 18.59 9.53
¢ =60°, 0 =105° 19.35 9.05 18.35 9.37
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Figure 4.29: Directivity for the horizontal polarization in the broadside direction,
¢ =0°,60=90°.
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Figure 4.30: Directivity for the horizontal polarization steered to ¢ = 0°,6 = 105°.
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Figure 4.31: Directivity for the horizontal polarization steered to ¢ = 60°,6 = 90°.
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Figure 4.32: Directivity for the horizontal polarization steered to ¢ = 60°,60 = 105°.

Figure 4.33:

6 =0°,0=90°.
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Figure 4.34: Directivity for the vertical polarization steered to ¢ = 0°,6 = 105°.
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Figure 4.35: Directivity for the vertical polarization steered to ¢ = 60°,0 = 90°.
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Figure 4.36: Directivity for the vertical polarization steered to ¢ = 60°,60 = 105°.

138



O

Conclusions and
Recommendations for Future

Work

This master thesis has investigated the possibility of using a PCB hardback to
create a radiating aperture, which seems possible with regard to the simulation
results. In order to create a circular aperture with a diameter smaller than
0.53\ the element needs to be loaded using either ridges or dielectric filling.
The stated requirements seem possible to fulfill with some further optimization
of the final element design.

5.1 Ridged Element Design

A circular aperture loaded with ridges has the disadvantage of the second
mode having a cutoff frequency too close to the fundamental mode, limiting
the bandwidth. The drilled ridged design idea is simple with regard to the
manufacturing process and if the second mode is successfully suppressed it
could potentially fulfill the requirements. However, optimization and a proper
analysis of the circular ridged geometry is advised in order to set the parame-
ters correctly.

5.2 Dielectric Filled Design

The final dielectrically filled aperture with a slot coupled feeding was the most
promising design and was close to fulfilling all of the requirements. One prob-
lem with the simulation model was leakage somewhere in the PCB which made
the radiation patterns asymmetric. This should be investigated properly in or-
der to identify the location of the leakage so more vias can be added.

The design could also be further optimized to get a better performance. One
future improvement should be a frequency shift of one of the ports to get a
larger common bandwidth for both of the polarizations. Some suggestions to
achieve this is to change the stripline parameters in combination with one sub-
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strate height or to change the length of one of the slots.

The requirements regarding the difference between G, of the two polarizations
(requirement 7) and the XPD (requirement 10) were not fulfilled. To improve
the similarity between the co-polar gain in the E- and H-plane a \/4-choke
could be added on the outside of the waveguide [21, pp. 185-192 ]. This may
be hard to implement with the chosen manufacturing technique but a varia-
tion of the choke may be possible to realize. Olver, [21], also mentions that
the choke could lower the cross-polar levels and it is therefore possible that
the XPD would improve as well.

One conclusion from the parametric study of the slot coupled element was the
impact of the stripline placement with regard to the slot. The isolation between
the ports was improved the closer to the middle of the slot the stripline was
placed. In the final design the stripline placement was therefore in the middle
of the slot. This affects the bandwidth of the design as the slot impedance is
highest in the middle of the slot, and large impedance variations lowers the
available bandwidth. Furthermore, the placement of the stripline in the middle
of the slot excludes the possibility of using the double resonance as described
in section 2.4.2. It could be that a balanced feeding, e.g. two striplines with a
180° phase shift exciting the slot for each polarization, could enable a double
resonant slot feeding without a degraded isolation. This would then improve
the bandwidth of the design.

The plausibility of the manufacturing technique should also be investigated
in reality, e.g. the element should be manufactured. Before manufacturing,
the element should be fully optimized and also implemented into a sub-array.
The sub-array needs to have a functioning feeding network together with real
connectors, e.g. SMA-connectors. Before manufacturing a tolerance study
should also be made to verify that the element can be manufactured without
too much decreased performance.
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A

Knapsack Problem: Matlab
code

Dot hhhhhhhh CONSTANTS b hhh% %% hhhshhhh%h%

mu0 = (pi)/(2500000); Y%permeability

epsO = (625000) /(22468879468420441%pi); Y%permittivity
cO0 = 1 / sqrt(muOxeps0) ;

fO = 15%1079;

lambda0 = c0/f0;

eps_rel = 3.66;

lambda_g = lambdaO./sqrt(eps_rel);

Goal = lambda_g./4 * 107(3);

Thickness = [0.168, 0.254, 0.338, 0.422, 0.508,
0.762, 1.524];

glue = 0.101;
GlueAndThickness = Thickness + glue;

WRWLAAAAAAY INITIATE VARIABLES %AhAA%%%%%%

n = [0,0,0,0,0,0,0,0];

best = [];
best (1) = Goal - dot(GlueAndThickness,[0 O O O O O 3
0] )

nBest = [];
nBest(1,:) = [0 0 0 0 0 0 3 0];

%% CHECK DIFFERENT CONFIGURATIONS

index = 1;
for n1 = 0:4
for n2 = 0:4
for n3 = 0:4
for nd = 0:4
for nb = 0:4
for n6 = 0:4
for n7 = 0:2




A. Knapsack Problem: Matlab code

end
end
end
end
end
end
end

n = [nl n2 n3 n4 n5 n6 n7
1;

test = Goal - dot(n,
GlueAndThickness) ;

if abs(test) < abs(best

(1))
if sum(n) <= 4
index = index +1;
nBest (index,:) =
n;
best (index) =
test;
end

end

IT
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Parametric Study of Stripline
Fed Dielectric Element:
Impedance

The impedance variations of the parameters from the parametric study of the
stripline fed waveguide filled with dielectric material.
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B. Parametric Study of Stripline Fed Dielectric Element: Impedance
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Figure B.1: Impedance variations from the parametric study of different stripline lengths
in parts of the waveguide radius for the waveguide filled with dielectric material and excited
by a stripline. The other design parameters had the starting values listed in table 3.4.
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B. Parametric Study of Stripline Fed Dielectric Element: Impedance
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Figure B.2: Impedance variations from the parametric study of different stripline widths
for the waveguide filled with dielectric material and excited by a stripline. The other design
parameters had the starting values listed in table 3.4.



B. Parametric Study of Stripline Fed Dielectric Element: Impedance
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Figure B.3: Impedance variations from the parametric study of different upper substrate
heights hs for the waveguide filled with dielectric material and excited by a stripline. The
other design parameters had the starting values listed in table 3.4.

VI
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Figure B.4: Impedance variations from the parametric study of different lower substrate
heights h; for the waveguide filled with dielectric material and excited by a stripline. The
other design parameters had the starting values listed in table 3.4.
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B. Parametric Study of Stripline Fed Dielectric Element: Impedance
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Figure B.5: Impedance variations from the parametric study of different sizes of the
cavity (size change from waveguide radius) for the waveguide filled with dielectric material
and excited by a stripline. The other design parameters had the starting values listed in
table 3.4.
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B. Parametric Study of Stripline Fed Dielectric Element: Impedance
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Figure B.6: Impedance variations from the parametric study of different radii of the
waveguide for the waveguide filled with dielectric material and excited by a stripline. The
other design parameters had the starting values listed in table 3.4.
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B. Parametric Study of Stripline Fed Dielectric Element: Impedance

150 R
HeightMetalBlock="3mm'
HeightMetalBlock="5mm’
——HeightMetalBlock="7mm’
HeightMetalBlock="9mm'
c : ;
N 100
]
&)
c
]
@
@ 50
o
.,
13
Frequency [GHZz]
100
~ 50
x
3
= 0
©
©
O]
T .50
-100 - — - i
13 14 15 16 17
Frequency [GHZz]

Figure B.7: Impedance variations from the parametric study of different heights of the
waveguide hyetq; for the waveguide filled with dielectric material and excited by a stripline.
The other design parameters had the starting values listed in table 3.4.
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Parametric Study of Slot
Coupled Dielectric Element:
Impedance

The impedance variations of the parameters from the parametric study of the
slot coupled fed waveguide filled with dielectric material.
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C. Parametric Study of Slot Coupled Dielectric Element: Impedance
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Figure C.1: Impedance variations from the parametric study of different heights of the
lower substrate hy for port 1 for the waveguide filled with dielectric material and excited by
a slot. The other design parameters had the starting values listed in table 3.5.
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Figure C.2: Impedance variations from the parametric study of different heights of the
lower substrate hy for port 2 for the waveguide filled with dielectric material and excited by
a slot. The other design parameters had the starting values listed in table 3.5.
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C. Parametric Study of Slot Coupled Dielectric Element: Impedance
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Figure C.3: Impedance variations from the parametric study of different heights of the
lower substrate hy for port 1 for the waveguide filled with dielectric material and excited by
a slot. The other design parameters had the starting values listed in table 3.5.
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C. Parametric Study of Slot Coupled Dielectric Element: Impedance
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Figure C.4: Impedance variations from the parametric study of different heights of the
lower substrate hy for port 2 for the waveguide filled with dielectric material and excited by
a slot. The other design parameters had the starting values listed in table 3.5.
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C. Parametric Study of Slot Coupled Dielectric Element: Impedance
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Figure C.5: Impedance variations from the parametric study of different heights of the
lower substrate hs for port 1 for the waveguide filled with dielectric material and excited by
a slot. The other design parameters had the starting values listed in table 3.5.
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Figure C.6: Impedance variations from the parametric study of different heights of the
lower substrate hs for port 2 for the waveguide filled with dielectric material and excited by
a slot. The other design parameters had the starting values listed in table 3.5.
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Figure C.7: Impedance variations from the parametric study of different heights of the
lower substrate hy for port 1 for the waveguide filled with dielectric material and excited by
a slot. The other design parameters had the starting values listed in table 3.5.
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Figure C.8: Impedance variations from the parametric study of different heights of the
lower substrate hy for port 2 for the waveguide filled with dielectric material and excited by
a slot. The other design parameters had the starting values listed in table 3.5.
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Figure C.9: Impedance variations from the parametric study of different slot lengths L
for port 1 for the waveguide filled with dielectric material and excited by a slot. The other
design parameters had the starting values listed in table 3.5.
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Figure C.10: Impedance variations from the parametric study of different slot lengths L
for port 2 for the waveguide filled with dielectric material and excited by a slot. The other
design parameters had the starting values listed in table 3.5.
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Figure C.11: Impedance variations from the parametric study of different slot widths W
for port 1 (port 2 shows the same behavior) for the waveguide filled with dielectric material
and excited by a slot. The other design parameters had the starting values listed in table 3.5.
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Figure C.12: Impedance variations from the parametric study of different stripline place-
ments L for port 1 (port 2 shows the same behavior) for the waveguide filled with dielectric
material and excited by a slot. The other design parameters had the starting values listed
in table 3.5.

XXIII
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Figure C.13: Impedance variations from the parametric study of different stripline widths
of the stripline in port 1 Wy, for port 1 for the waveguide filled with dielectric material and
excited by a slot. The other design parameters had the starting values listed in table 3.5.
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Figure C.14: Impedance variations from the parametric study of different stripline widths
of the stripline in port 2 Wy, for port 2 for the waveguide filled with dielectric material and
excited by a slot. The other design parameters had the starting values listed in table 3.5.
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Figure C.15: Impedance variations from the parametric study of different stripline stub
lengths of the stripline in port 1 L,,; for port 1 (the behavior is similar for the stub length
of port 2) for the waveguide filled with dielectric material and excited by a slot. The other
design parameters had the starting values listed in table 3.5.
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Figure C.16: Impedance variations from the parametric study of different stripline stub
lengths of the stripline in port 1 L,,; for port 2 (the behavior is similar for the stub length
of port 2) for the waveguide filled with dielectric material and excited by a slot. The other
design parameters had the starting values listed in table 3.5.
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C. Parametric Study of Slot Coupled Dielectric Element: Impedance
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Figure C.17: Impedance variations from the parametric study of different cavity sizes
deavity for port 1 (port 2 shows the same behavior) for the waveguide filled with dielectric
material and excited by a slot. The other design parameters had the starting values listed
in table 3.5.
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C. Parametric Study of Slot Coupled Dielectric Element: Impedance
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Figure C.18: Impedance variations from the parametric study of different waveguide
heights for port 1 (port 2 shows the same behavior) for the waveguide filled with dielec-
tric material and excited by a slot. The other design parameters had the starting values
listed in table 3.5.
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