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Abstract

This thesis looks into a slot antenna with
a slot shaped like a Franklin antenna.
Such an antenna combines the directional
benefits of a simple slot antenna and a
Franklin antenna. This antenna can be
implemented as a printed circuit board
(PCB) antenna, and unlike in the pre-
vious works, it is shown that a cutout
in the PCB substrate itself can benefit
the antenna performance. These Franklin
slot antennae can be easily matched to an
impedance of 50 ) without any balun nec-
essary and attain an operating bandwidth
of 20 %.

Two reflectors for use with these anten-
nas are also examined as they make the
Franklin slot antennas radiate unidirec-
tionally and increase their directivity.

Keywords: Franklin antenna, collinear
antenna, slot antenna, CST Studio Suite,
PCB antenna, high directivity antenna,
reflector antenna
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Abstrakt

Tato prace se zabyva stérbinovymi anté-
nami se Stérbinou tvaru Franklinovy an-
tény. Takova anténa kombinuje vyhody
prosté stérbinové antény a Franklinovy
antény z pohledu smérovosti. Tato anténa
se d4 implementovat jako anténa na desce
plosnych spoju, a na rozdil od predchozich
praci bylo ukézano, ze pokud je stérbina i
v substratu desky plosnych spoju, tak se
anténa chova lépe. Tyto Franklinovy stér-
binové antény lze jednoduse prizpusobit
na impedanci 50 €2 bez potieby pouziti ba-
lunu. Takovéto antény dosahuji pracovni
siiky pasma kolem 20 %.

Dale byly prozkoumany jesté dva re-
flektory pro pouziti s témito anténami,
diky kterym pak Franklinova stérbinova
anténa vyzaruje jednosmérové a s veétsi
smérovosti.

Kli¢ova slova: Franklinova anténa,
kolinedrni anténa, Stérbinova anténa,
CST Studio Suite, PCB anténa, anténa s
vysokou smérovosti, anténa s reflektorem

Preklad nazvu: Stérbinové kolinearni
antény s vysokou smérovosti
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Introduction

The half-wave dipole antenna is an omnidirectional antenna with a directivity
of 2.15 dBi. If we need an antenna for longer ranges, we should use a different
one with a higher directivity to reduce the free space loss. We could instead
use a slot antenna with a rectangular slot cutout. A well-designed slot
antenna can achieve a directivity of around 6 dBi and a higher bandwidth
than the half-wave dipole [I]. Alternatively, we could use a Franklin antenna
named after C. S. Franklin instead [2]. Franklin antenna comprises half-wave
radiating elements and U-shaped phasing elements of quarter-wave height.
The radiating elements thus form a collinear array, leading to increased
directivity, while the phasing elements cancel out the opposite phase of the
current distribution. The directivity of a Franklin antenna depends on the
number of radiating elements, but a five-element Franklin antenna has a
directivity of 7 dBi.

This thesis aims to combine the principles of a slot antenna and a Franklin
antenna into a single Franklin slot antenna to create an antenna with an
even higher directivity. Such an antenna can be realised as a conductive
sheet or a PCB (printed circuit board) antenna. The Franklin slot antennas
were examined in [3] and [4]. In [5], a variation of the Franklin slot antenna
with a circular polarisation was also examined. However, all the previous
works have fed the Franklin slot antennas with coplanar waveguides, whilst in
this thesis, a coaxial cable feed was used, similarly as for the slot antenna in
[1]. Also, these Franklin slot antennas from the previous works were realised
on a solid FR4 substrate, whilst antennas in this thesis have a cutout in
the substrate. Reflectors for use with the Franklin slot antennas are also
examined to increase the achieved directivity further.

In chapter |1, important antenna characteristics regarding antenna input
and radiation performance are defined for further use in the thesis.

In chapter 2, dipole, slot, collinear and Franklin antennas are examined, as
these antenna structures are fundamental to the Franklin slot antenna.

In chapter |3, analytical models for slot and Franklin slot antennas are
presented. Models for the antennas with finite ground planes are purely em-
pirical, as the ground plane truncation significantly complicates the problem.
A model of a slot antenna above a flat reflector is also shown, which can be
applied to the Franklin slot antenna but was not in this thesis.



In chapter 4] the Franklin slot antenna was modelled in the CST Studio
Suite [6] as a thin sheet out of a perfect electric conductor (PEC) and
simulated with a time domain analysis. The influence of different antenna
dimensions, different amounts of radiating elements and different phasing
element orientations on the antenna parameters is examined.

In chapter 5, the Franklin slot antenna was modelled in CST as a copper
layer on an FR4 substrate. Antena with and without a cutout in the FR4
substrate, different variations of metallisations, and the influence of substrate
thickness, substrate permittivity and copper thickness were examined. The
impact of the coaxial feed of different radii was also discussed. Four Franklin
antennas for production were proposed, as well as two reflectors to use with
the Franklin slot antennas.

Finally, in chapter |6, the four antennas were realised and measured. Two
reflectors were also realised and measured together with Franklin slot antennas.
The measured results are compared to the simulated ones.



Chapter 1

Fundamental antenna characteristics

B 11 Input characteristics

B Input impedance

Input impedance is the impedance of an antenna present at its connection
point. Input impedance is a frequency-dependent complex number that
comprises input resistance and imaginary input reactance:

Zin(f) = Rin + j Xin (1.1)

B Reflection coefficient

Connecting an antenna with a specific input impedance Zj, to a transmission
line with a characteristic impedance of Zjy creates a discontinuity that leads
to reflections. This thesis only uses transmission lines with Zy = 50 2. These
reflections are unwanted, as they lead to a lower antenna efficiency and cause
undesirable standing waves. We utilise the reflection coefficient I" to denote
the ratio of a reflected and an incident voltage wave at a discontinuity. The
reflection coefficient is a complex number, and we can calculate it from input
and characteristic impedances:

V- . Zin — 2y

[=__=22"70
V*t  Zin+ 2o

(1.2)

We denote the absolute value of a reflection coefficient in decibel scale as a
S11 parameter or as a return loss RL to the negative of this value:

511 =—RL =20 log |1—‘| (13)

B Matching bandwidth

Because the input impedance of an antenna changes with frequency, we need
to define the frequency range for which the antenna is appropriately matched
to the transmission line. We refer to an antenna as well-matched for values
of S11 of -10 dB or lower. Figure shows a matched region of an antenna.
We can calculate the matching bandwidth BWy, in % with Equation .

3



1. Fundamental antenna characteristics

Si [dB]

35 I
5 10 15 20 25

Frequency [GHz|

Figure 1.1: Antenna operating region with S7; lower than -10 dB

_ fhigh — flow
me - flow+fhigh ' 100 (14)
2

. 1.2 Radiation characteristics

B Coordinate system

When working with antennas, we mainly use the spherical coordinate system,
which can be seen in Figure 1.2, as any direction of a vector can be described
only with the knowledge of elevation 6 and azimuth ¢.

B Radiation intensity

Radiation intensity U is the power radiated from an antenna per unit solid
angle. The radiation intensity is a far-field parameter related to the far-zone
electric field of an antenna [7]. We can calculate it with [7]:

0.0) = 5- ||E80.0) + |ES0.0)[ (15)
z
r(r,0,0)
<
0
Y
¢ .....

Figure 1.2: Spherical coordinates used in this thesis



1.2. Radiation characteristics

D [dBi)

Figure 1.3: Radiation pattern with highlighted parameters

B Radiation pattern

We can obtain the radiation patterns by plotting radiation intensity, directivity
or gain with respect to the angular coordinates. Radiation patterns can be
two or three-dimensional. In the case of a 2D radiation pattern, we plot
these for the E and H planes, for which the ¢ is a constant being 90° and 0°,
respectively. We can deduce multiple parameters from the radiation pattern:

® Half power beamwidth HPBW, angle for which D > Dy, — 3 dB

® First null beamwidth FNBW, angle for which first nulls appear

® Sidelobe level SLL, ratio between the main lobe and the sidelobes

® Front to back ratio FBR, the ratio between the front and rear directions

We can see a 2D radiation pattern with these parameters in Figure [1.3.

B Polarisation

The polarisation of an antenna is the direction of the E-field in a given
direction of propagation. Antenna polarisation can be either linear, circular
or elliptical. In this thesis, we only examine antennas with linear polarisation.
Linear polarisation has two orthogonal Ludwig 3 components. We refer to the
dominant component as co-polarisation and cross-polarisation to the other.

B Directivity

Directivity is the ratio of the radiation intensity in a given direction to the
radiation intensity averaged over all directions [7] and can be calculated with:

U®,¢) _ U, ¢)
Ussotropic 2= J2™ [T U (8, ¢) sin 0dOd¢

D(0,¢) = (1.6)

Directivity without specified direction is usually implied as the maximum
directivity of an antenna Dy ,x. Note that directivity will remain the same even
if we use normalised radiation intensity instead. We usually use directivity
within the decibel scale with the dBi units, for which 0 dBi is the directivity
of an isotropic antenna radiating equally in all directions.



1. Fundamental antenna characteristics

B Efficiency and gain

The directivity of an antenna only considers its geometric properties, as it
does not consider losses in real conductors and dielectrics. Efficiency n.q of a
real antenna is thus lower because of these losses. We denote gain GG as a ratio
between radiation intensity and accepted power that can be calculated as [7]:

G(0,¢) = naD(0, ¢) (1.7)

This gain G, however, does not consider losses caused by reflections at its
input. For this we introduce absolute gain Gaps [7]:

Gabs(07 ¢) = nrncdD(ev ¢) = (1 - |F|)2G(97 d)) (18)

B Effective aperture

Effective aperture Aqg is defined as an area of an antenna, which outputs the
same amount of power at its terminals as it intercepts [§]. Effective aperture
is related to the directivity and wavelength as it is the minimum aperture
size of an antenna with a given directivity at a specific wavelength.

Ag=—0D 1.9
eff An ( )

Aperture efficiency naperture is the ratio between the effective and physical
aperture size. It normally ranges from 50 to 80 % [9].

At
Naperture = Aie (1.10)
phys

B Radiation bandwidth

We can define the radiation bandwidth BW; similarly to the BW}, since the
radiation pattern and, thus, the directivity within the desired direction are
frequency-dependent as well. We consider 3 dB as a maximum acceptable
decrease in directivity from its maximum, as shown in Figure Radiation
bandwidth can be calculated similarly with Equation (1.4)).

Directivity [dB]

s | ! ! | | |
5 6 7 8 9 10 11 12 13 14 15
Frequency [GHz]

Figure 1.4: Antenna operating region with less than 3 dB decrease of directivity



Chapter 2

Commonly used antenna structures

B 2.1 Electric dipole

i w

Figure 2.1: Dipole antenna

The electric dipole antenna is one of the most commonly used antenna
structures. This type of antenna comprises two radiating elements placed
lengthwise next to each other, fed by a voltage source from the middle. Such
an antenna has dimensions [ and w, where [ is the length of both radiating
elements, and w is their width, as shown in Figure 2.1. Dipole antennas
usually have length [ much larger than width w. For these thin antennas, we
can assume that the width is negligible and Equation [2.1| serves as a decent
approximation of its current distribution [7]:

Ipsink (- 2)],
I(z) = . l
Ipsin[k (5 + 2], —
where [ is current distribution along the z axis, Iy is current amplitude

and k is wave number. Radiation intensity was derived from this current
distribution in [7] as:

U(9) = n‘fo|2 [cos (%l cos 0) — cos <%) ] 2 »

82 sin

(2.1)

v~ O
IA A
n N

IA A
O NI~

Because dipole antennas are rotationally symmetric in the xy plane, the radi-
ation intensity depends only on 6, and its radiation pattern is omnidirectional
in the H plane. The shape of the normalised radiation pattern will only
depend on the antenna’s electrical length kl. We typically describe dipole
length as a multiple of wavelength A at dipole operating frequency.

7



2. Commonly used antenna structures
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Figure 2.2: Radiation pattern in E plane for different dipole lengths

Figure shows radiation patterns for different dipole lengths. As the
length of the dipole increases, the beamwidth of the main lobe decreases, and
additional sidelobes start appearing for A greater than 1. Directivity tends
to increase with increasing A; however, after [ = %, sidelobes become more
prevalent. We can find directivity dependence on dipole length in [7].

In practice, the most used length of a dipole antenna is [ = % We call
dipoles with this length the half-wavelength dipoles. The input impedance of
a half-wavelength dipole is well-matched to both 502 and 752 transmission
lines since Zj, = 73 4 j42.5( as it was shown in [7]. In Figure , we can see
that for the half-wavelength dipole, its impedance is unaffected by its width
w. We can see the radiation pattern of a half-wavelength dipole in Figure 2.
The half-wavelength antenna is omnidirectional in the H plane as any other
dipole, and it is bidirectional in the E plane with a rather large HPBW of
78°. The directivity of the half-wavelength dipole is 2.15 dBi.

The dipole antenna was modelled as two thin rectangles with PEC of overall
length [ = 15 mm and width w in CST. This antenna is a half-wavelength
dipole for an operating frequency of 10 GHz. We simulated this antenna for
multiple values of w to find the dependence of input impedance on its width.
Figure 2.3| shows that antennas with smaller widths tend to have steeper
resistance and reactance values, except for [ being % We can also see that
dipole antennas are in resonance for [ slightly smaller than %

1500 500

1000

500

Input Resistance Q]
Input Reactance [

0

Y 2 3 I\ 5\ A A 3 A 5
1 1 4

2 1 2 1
Electrical length [Relative to A] Electrical length [Relative to ]

Figure 2.3: Dipole input resistance and reactance for different values of w



2.2. Slot antenna

. 2.2 Slot antenna

'y
v

Wynd

Figure 2.4: Slot antenna

Slot antennas are prevalent antenna structures that come in many forms.
These antennas take the shape of a conductive screen with a slot cutout fed
by a current source. The shape of the slot cutout and screen can be arbitrary;
however, here, we will only consider a slot cutout of a rectangular shape with
length [0 and width wget in a rectangular screen with length lgnq and width
Wgnd- We can see such an antenna in Figure

Consider a slot antenna with an infinite screen and slot cutout dimensions
such that lget > wget- An electric field perpendicular to the length Igt
is excited inside the slot as the antenna gets fed. We can now use the
field equivalence principle, which represents actual radiating sources on an
enclosed surface as fictitious electric and magnetic currents through the
following equations [9]:

JS:ﬁXH (2.3)
MS:—ﬁXE

In our case, we evaluate tangential fields over the surface of our slot antenna.
Our surface comprises an electric conductor with a slot cutout, which we
can approximate as infinitesimally thin. Only Mg is relevant since H = 0
over the entire surface. Tangential E field will be only present inside the slot
cutout. By using Equation we can substitute this field with a fictional
magnetic current Mg present inside the slot that is perpendicular to both
the antenna surface and the direction of the E field. The magnetic current
distribution that will be excited is similar to one for the electric dipole in
Equation We have thus shown that this slot antenna behaves as a thin
magnetic dipole of length Iy through the equivalence principle [9].

Electric dipole ‘ Magnetic dipole
Fed by a voltage source | Fed by a current source
J M
E; H,
H; -E,

Table 2.1: Properties of electric and magnetic dipoles as linked trough duality



2. Commonly used antenna structures

Using the duality principle, we can equate the fields of an electric dipole
to the fields of a magnetic dipole of the same length, as shown in Table
[9]. Since values of the normalised fields Ey and Hy of an electric dipole are
equal, as we apply the duality principle, these normalised fields get replaced
by E4 and Hy for the magnetic dipole respectively [9]. This interchange does
not affect the radiation pattern, only the polarisation. This derivation of
the radiation pattern only applies to slot antennas of infinite dimensions;
radiation patterns for slot antennas get reviewed in more depth in chapter

We can obtain the input impedance for the slot antenna through Babinet’s
principle. Babinet’s principle is mainly used in optics; however, a unique
formulation exists for antennas [9]. As shown in Equation this formulation
equates an antenna’s impedance to the impedance of a complementary-shaped
antenna. An antenna is complementary to another antenna if both shapes
when added together, cover the entire plane and do not overlap each other. In
this interpretation, the impedance of a slot antenna is indirectly proportional
to the impedance of a complementary dipole.

1207)?
ZoriginalZcomplementary = (4) (25)

The slot antenna was modelled as a rectangle with length lg,q of 17 mm and
width wgnq of 12 mm with a rectangular slot cutout of length I of 15 mm
and width wget in CST. We simulated this antenna for multiple values of
Wglot to show its behaviour based on different widths of the slot. Figure 2.5
shows the simulated impedance and reflection coefficient.

300 -

Input Resistance (]
Input Reactance [(]

I I T S
2 4 2 4
Electrical length [Relative to A Electrical length [Relative to A]

51
4

[ —

'
<y

—
o

)
(=]
T

Reflection coefficient [dB|
N T
ot ot
T

w
o
T

|
A 3 5
A A

4
Electrical length [Relative to )]

>

IS

Figure 2.5: Slot antenna input characteristics for different values of wgjos
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2.3. Antenna array

Because of Babinet’s principle, resonances of the electric dipole become
antiresonances for the slot antenna and vice versa. Slot antennas with slot
length lgot = % are matched quite poorly because of the near antiresonance.
However, they can be matched very well for lgo = % since slot width wget
affects the impedance in this region, as Figure 2.5 shows. Slot antennas can
thus achieve superior bandwidth to dipole antennas. We should choose the
dimensions of the ground plane carefully, as a larger ground plane size can
lead to unstable radiation for higher frequencies [I] and length ly,q affects
antenna impedance.

B 23 Antenna array

A
v

Figure 2.6: Antenna array formed by two dipoles

By using multiple radiating elements, we can form an antenna array.
Antenna arrays are widely utilised for their high directivity, relative simplicity
and even the possibility of a steerable beam. Antenna arrays usually consist
of multiple identical radiating elements placed at different points in space.
Figure [2.6| shows two dipoles placed lengthwise next to each other, with their
origins spaced by distance d. These dipoles thus form a simple antenna array
of two elements positioned on a singular axis.

Suppose we know the radiation pattern of a singular dipole. In that case,
we can obtain the radiation pattern of an antenna array composed of these
identical dipoles using the array multiplication principle [8]:

Uarray (97 d)) = |A (07 ¢)|2 Udipole (97 (b) (26)

The radiation intensity of an antenna array is a product of the radiation
intensity of a single radiating element and the square of the absolute value of
an antenna array factor A. Array factor A thus encapsulates the positioning as
well as feeding. We can obtain the array factor with the following Equation [§]:

N
A#) =) ape/tdn (2.7)
n=1

where N represents the number of elements, a,, is the nth feed coefficient, k is
the wave number, T is the normalised wave vector, and d,, is a vector of the
nth element position. The antenna array factor A (£) thus represents the sum
of individual translational phase shifts in a given direction for each element.
Note that the feeding coefficient a, is a complex number; its amplitude
describes the signal’s amplitude relative to amplitudes of other feeding signals,
and its angle describes the signal’s relative phase at the feed.
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2. Commonly used antenna structures

For arrays with radiating elements placed only along a single axis, we can
simplify Equation since only one component will stay relevant after the
dot product. It is preferable to choose the z-axis, as the transformation to
spherical coordinates will be independent of ¢ as seen here [8]:

N
A(9) = Z apeikdn cos? (2.8)
n=1

Look at the two half-wavelength dipoles in Figure This particular setup,
with the dipoles arranged lengthwise, is known as a collinear array. In this
case, we feed the dipole antennas with two signals of the same amplitude and
phase, thus a; = 1 and a; = 1. The dipoles are positioned at i% from the
centre. We can now use to find an array factor for this configuration [7]:

, . kd
A(9) = kg cost + eIkg st _ 9 cog (2 cos 9) (2.9)

where we have used the cosine exponential form to rewrite the two exponentials.
If we use the normalised version of and according to the array
multiplication principle , we can obtain the normalised radiation intensity
of the array. This collinear array retains the omnidirectionality of a single
dipole in the H plane. The main beam in the E-plane is narrower, and the
antenna array has an increased directivity than a single element. Radiation
pattern and directivity depend on the spacing of elements d as shown in Figure
2.7, We can achieve the maximum directivity with a spacing of A, after which
the sidelobes become more prevalent, and the directivity starts to drop.
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Figure 2.7: Radiation characteristics of two half-wavelength dipoles

12



2.4. Franklin antenna

. 2.4 Franklin antenna

Figure 2.8: Three-element Franklin antenna

As the previous section shows, we can stack dipoles fed in phase lengthwise
to achieve higher directivity. For simplicity, we desire to join these elements
electrically to feed the antenna with a single source. However, if we recall
the Equation for dipole current distribution (2.1)), we know that for dipoles
longer than %, the current will have the opposite direction than the current
at the feed point in some sections. Franklin antenna, as discovered by C. S.
Franklin in 1924 [2], deals with these opposite currents by utilising U-shaped
sections, where the fields caused by the opposite currents cancel out. Figure
2.8 displays a Franklin antenna featuring three radiating elements. Such an
antenna has three half-wavelength radiating elements placed horizontally and
two phasing elements bent in the U-shape with the height of % separated by
a gap of width wgap, with all elements having a width w.

These horizontal elements thus form a collinear array and are spaced by a
distance d of % + Wgap. Since the width of the gap should be small because
of the phasing elements, the spacing will be around 0.55XA to 0.7\. Figure
2.7 shows that this spacing leads to a smaller directivity gain than possible.
Adding more horizontal radiating elements to a Franklin antenna will increase
its directivity, which we can approximate as (modified equation from [10]):

Dap = 2.15+0.7- 10log N (2.10)

where the N represents the number of elements, 2.15 dBi is the directivity of
a single radiating element, and 0.7 is a coeflicient representing the spacing
of the dipoles d = 0.6A. Franklin antennas typically have an odd number of
radiating elements, with the centermost one fed like a regular dipole. The
directivity for different numbers of horizontal elements N is shown in Table
2.2, We can see that the directivity yield gets smaller with more radiating
elements. The directivity of a Franklin antenna is also sensitive to deviations
from the operating frequency, as the changing current distribution will no
longer match the position of radiating and phased elements. A three-element
Franklin antenna is directive in the main direction from 0.85f to 1.15f, where
f is the frequency for which the radiating elements are % long.

Number of elements ‘ 1 ‘ 2 ‘ 3 ‘ 5 ‘ 7 ‘ 9 ‘ 11
Directivity [dBi] | 2.15 | 4.25 | 5.49 | 7.04 | 8.07 | 8.82 | 9.44

Table 2.2: Approximate directivity of a Franklin antenna with N elements
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2. Commonly used antenna structures

The Franklin antenna was modelled with the length of radiating elements
of 15 mm, height of phasing elements of 7.5 mm and gap inside the phasing
element wg,, of 2 mm in CST. The operating frequency for this antenna is
10 GHz. We have first simulated the Franklin antenna for three, five and
seven radiating elements with a width w of 0.3 mm. Figure 2.9 shows the
radiation patterns for these antennas at their operating frequency. The main
beam gets narrower with a higher number of elements N. Due to the phasing
elements being all on one side, the radiating pattern is slightly asymmetrical.
This asymmetry is very noticeable in the H-plane, which is not displayed,
where the radiation pattern is no longer independent of theta, as was the case
for the dipole. However, the difference is less than -3 dB; thus, it can still be
considered omnidirectional. We can reduce this effect by making the Franklin
antenna diagonally symmetrical; we can achieve this for a three-element
Franklin antenna by flipping one of the phasing elements around. More than
one diagonally symmetrical variation of flipped elements exists for antennas
with more than three elements.

We have also simulated the three-element Franklin antenna for different
width values w. Figure shows the input impedance for this antenna.
When we compare this input impedance to the input impedance of a dipole
shown in Figure we can see more resonances and antiresonances present.
The smaller widths, again, tend to have steeper resonance and reactance
values. This time, the impedance depends on w in the % region.
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Chapter 3

Theoretical models for slot antennas

B 3.1 Slot antenna as an aperture

In section we have shown that slot antenna with a rectangular cutout of
length Igot and infinitesimal width wget on infinite ground plane behaves like
a magnetic dipole. Its radiation pattern is thus the same as one of an electric
dipole of length [ = [got. In this section, we will view the slot antenna as an
aperture of length a = [t and width b = wget on an infinite ground plane
once again. We can find the following equations used in this section in [7],
where a similar problem for unidirectional apertures was evaluated.

B Square aperture with uniform distribution

Let us consider a uniform distribution of E-field perpendicular to length gt
on our aperture as shown in Figure 3.1l In this case, the following equation
represents the tangential E-field present on the aperture:
{yEo, for —§ <a’< g and —
E, =

0, everywhere else

We can now evaluate the equivalent magnetic and electric currents Mg
and Jg present on the surface of the aperture with the equations and
. Since no tangential H-field is present on the aperture, only the magnetic
current My is relevant. The following equations describe these currents:

N b b
M. — XF), for —4¢<a’'<§and —5<y <3 (3.2)
0, everywhere else
Js=0, everywhere (3.3)

In [7], the magnetic current My is instead equal to X2Ej on the aperture
because aperture in problem from [7] radiates only unidirectionally. The
aperture is thus treated as an electric conductor, and by exciting a magnetic
current on one side of the aperture, another current with the same direction
will appear on the other side due to the image theory. Due to the proximity,
these currents add together, and Mg for their problem is doubled.
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3. Theoretical models for slot antennas

Figure 3.1: Aperture on an infinite ground plane with uniform E-field distribution

To obtain the radiated E and H fields by the aperture, we would now need
to get the A and F potentials from Jg and My respectively. We will instead
only consider the far-field approximation L of the F potential decomposed
into Lg and Lg. Equations for Ly and Ly with only M, being nonzero are [7:

Lg — COSQCOS(ZS l/Q B Ma: ejk(iﬂlSin900S¢+ylSin9s1n¢)dx/dy/] (34)

_b J_a
2 2

b a
L¢> = sin ¢ [ 2 2 M, ejk(x' sin 0 cos ¢+’ sinGsin¢)dwldy/‘| (35)

_b J_a
2 2
We can now plug in M, from Equation (3.2) into the equation from above:

b
2

Ly = Egcosfcos ¢ [ 2 ejk(x’ sin 6 cos ¢+y’ sin0sin¢)dx/dy/] (3.6)

_b J_a
2 2

b
2

Ly = Epsin¢ l ? k(e sindcos o sindsin ¢>dx’dy'] (3.7)

_bJ_a
2 2

The integral from the equation from above is evaluated in [7] and leads to
the following solution for Ly and Lg:

Ly = abEy [COSHCOSQS <SiI;(X) (sir;Y)] (3.8)
Ly = —abEy [sinqs (SH;(X ) (Sh;y)] (3.9)

Both Lg and Ly are functions of § and ¢ and depend on E-field magnitude
Ey, wave number k, length a and width b of the aperture. X and Y in the
equations above represent the following equations:

X = %sin@cosqb (3.10)
Y = %sin@sin(ﬁ (3.11)

We can now easily obtain E and H far-fields from equations (3.8) and (3.9)
as shown in [7]. Note that these fields are only valid in the far-field region
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3.1. Slot antenna as an aperture

(r> %) because of the approximation used. The E and H fields are:

.abkEye™ ko sin X sinY
Ey A ewa— |:Sln¢ ( e ) ( v )} (3.12)
_abkEge= k" sin X sinY
_ 1
Ey=j T |:COS€COS(ZS ( e ) ( v )] (3.13)
E
Hy=-=2 (3.14)
n
E,
Hy = 79 (3.15)

We can now make the E-field independent of r for the use in Equation (1.6]),
which we utilize to calculate radiation intensity U(6, ¢):

in X sinY
EY =C |sing | = ) ( )] 3.16
g - oo () (52 510
in X inY
Eg =C [cos&cosd) (SH;( ) (SH;/ )] (3.17)
Where C' in the equation above represents:
,abk‘Eo
= 1
C=i—1 (3.18)

The following E-fields, we acquired in equations (3.16) and (3.17), require
us to provide a length of our slot aperture a, its width b, and the wave
number k tied to the operating frequency. They also require an antenna
constant C' defined in Equation (3.18); however, we can neglect this constant
if we wish to calculate the normalised radiation intensity. The normalisation
affects only the scaling of the radiation pattern, not the shape, so Equation
(1.6)) for directivity will provide the same results regardless. Note that this
approximation regards only the co-polarisation as the cross-polarisation is
zero for this model. We have calculated this model for a slot antenna with
aperture dimensions ¢ = 15 mm and b = 0.7 mm operating at 10 GHz.
Figure [3.2| shows the results for this model; we can see that the antenna is
omnidirectional in the E-plane, and its pattern is similar to the dipole one.

E plane H plane

o
0 330° 30°
300° 60°

-30 1 270° 90°

240° 120°

Normalised Directivity [dB|

0 210° 150°
180°

Figure 3.2: Radiation pattern for slot antenna with uniform E-field distribution
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3. Theoretical models for slot antennas

B Square aperture with cosine distribution

Figure 3.3: Aperture on an infinite ground plane with cosine E-field distribution

Let us now consider a similar problem with the cosine distribution of
the E-field instead. In Figure we can see an aperture with the cosine
distribution. The following equation describes the tangential E-field with the
half-wave cosine distribution on the aperture [7]:

<y <

[ClIS
N

E, {SIEO cos (Zz'), for —§ <2’ <§and — (3.19)

0, everywhere else.

We can once again obtain the equivalent field sources for this variation:

RE cos (Zz'), for —4<a2'<%and -2 <y <?
= a (3.20)
0, everywhere else.
Js=0, everywhere (3.21)

By plugging the My into the equations and , we can once again
obtain Ly and L far-field potential approximations for the variation with the
cosine distribution. Since Fj is the constant, we can factor it from the integral;
however, we will have to evaluate the integral with the cosine distribution
function, as it is a function of ’.

b a
Ly = Egcosf cos ¢ l/i /2 cos (El‘/)ejk(z’ sin 0 cos ¢+’ sinﬁsin¢)d$/dy/]
_b J_a a
2 2

(3.22)
b a
Ly = Eosin l/ 2b /2 oS (Ex/> eIk (@' sin 6 cos p+y/ Sin951n¢)dx/dyl] (3.23)
—5 J_a a
2772

The integrated solution for these Ly and Ly can be found in 7] and is shown
in the following equations. We can see that these Ly and Ly for the cosine
distribution are similar to the ones with uniform distribution.

Ly = —gaon [cosﬁcos¢< cos X ) (sinY)] (3.24)

S VAR
Ly = gaon lsinqﬁ (X;O_Sé)2> <Si1;Y>] (3.25)
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3.1. Slot antenna as an aperture

The X and Y are once again represented by the equations (3.10) and (3.11)).
We can see that the % for Ly and Ly is the present for both versions;
however X dependence is different, the signs for Ly and Ly are swapped
and a § constant is present for the uniform distribution. We can once again
calculate far-field approximations of the E and H fields from Lg and L [7]:

_abkEge= k" cos X sinY
By =j——"  |si 3.26
S e (55 (5] o
_abkEge= k" [ cos X sinY
Ey=j—— Cosﬁcosq§< - 2) ( )] (3.27)
8r X2 — (%) Y
E
Hy=--2 (3.28)
n
E,
Hy = 79 (3.29)

Same as before, we can now make the E-field independent of r and obtain:

Ej = -3C [singﬁ <X;°_Sé)2> (SH;/Y)] (3.30)
Eg = —gC’ [cos@comﬁ (X;O_Sé)2> <Si§1/Y>] (3.31)

The constant C' is the same for this variation as for the previous one from
Equation (3.18)); however, a —F constant has now appeared next to C for
the cosine distribution model. If we wish to calculate only the normalised
U, we can again disregard both constants. We once again need to provide
these equations (3.30) and (3.31) with the antenna values of a, b and k. This
model only considers co-polar directivity. Again, we calculated this model
for a slot antenna with aperture dimensions ¢ = 15 mm and b = 0.7 mm
operating at 10 GHz. Figure [3.4] shows the results for the model with cosine
distribution; we can see that the radiation pattern is similar to the model
with uniform distribution. In the E-plane, the radiation pattern is once again
omnidirectional. In the H-plane, the radiation pattern for cosine distribution
resembles % dipole pattern from Figure 2.2 even closer.

E plane H plane

0

0
0 330° 30°

300° 60°

-30 | 270° 90°
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0 210° 150°
180°

Normalised Directivity [dB|

Figure 3.4: Radiation pattern for slot antenna with cosine E-field distribution
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3. Theoretical models for slot antennas

B 3.2 Effects of finite ground plane

90°  -40f 270° %00 -

Directivity [dB]

R A

150° 0 210° e 150°

Uniform

Simulated

Figure 3.5: Comparison between analytical and simulated models of slot antennas

The previous model from section [3.1] only applies to the slot antennas with
infinite ground planes. Real slot antennas will always have ground planes
of a finite length lg,q and width wg,q. This truncation of the ground plane
significantly affects the slot antenna radiation patterns. We have simulated
a slot antenna with the exact slot dimensions as for infinite ground plane
models from section 3.1 with the ground plane dimensions lg,q and lgng being
25 mm. The first two plots in Figure [3.5 compare the radiation pattern of
the simulated slot antenna to the models from [3.1. We can see that the finite
slot antenna is bidirectional in the E-plane instead.

Finding an analytical model for the slot antenna is much more complicated,
as there are now E and H fields in the antenna plane outside the slot itself.
This problem is approached in literature as a diffraction problem in the
E-plane [7], [IT]. Only the E-plane is considered as the E-field magnitude
on the edges of the slot in the H-plane is zero [I1]. The uniform theory of
diffraction [I1] or geometrical theory of diffraction [7] is then applied to the
problem. These models are complicated and only affect the E-plane radiation
pattern as they only consider wedge diffraction. There is also significant
vertex diffraction that is not accounted for in these models [I1].

Instead, we will empirically model the slot antenna with the finite ground
plane. One of these empirical models is shown in [I2] as:

E0,¢=90°) = \/1 + 4b cos (Bd cos (Bd sin §)) (3.32)

In this equation, [ is the phase constant tied to the antenna frequency, d
is the distance between the centre of the aperture and the antenna edge in
the E-plane, and b is the amplitude constant representing the edge radiation.
Constant b is to be chosen empirically in this case. The third plot in Figure
3.5/ compares this model and the simulated one. Only the E-plane is plotted,
as this equation only considers this plane.

We will, however, consider a different model because the previous one is
limited by being only in the E-plane. Notice that the H-field of the uniform
distribution model in Figure [3.5| represents both the simulated E and H
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3.2. Effects of finite ground plane

E plane H plane

0
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300° 60° 300°

-40+ 270°
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0 210° 150° [ 210°

180° —— Empirical 180
Figure 3.6: Uniform empirical H-pattern model for both planes

patterns pretty well for a beamwidth of 90°. We will thus model the slot
antenna with the uniform distribution H-pattern for all directions. We can
obtain the equation for by simply plugging ¢ = 0 into Equation (3.17):

sin Xg) ka

. Xp=—sind (3.33)

E(G):Ccos0< 5

0
In Figure 3.6, we can see that for angles greater than +45°, the radiation
intensity for our model drops compared to the simulated results. We can
address this by introducing a correcting empirical factor, as shown here:

2
|

U(0,6) = |E®)|* +|C(VAcos ¢ + VBsin ¢) (3.34)

In this equation, the A and B are empirical constants representing the
minimum linear radiation intensity values in the H and E planes. The first
two plots in Figure |3.7| compare this model and a simulated one in the E and
H planes. We can see that these radiation patterns align well. Since this
empirical model can produce three-dimensional radiation patterns, we can
utilise Equation to calculate the antenna’s directivity. The calculated
directivity obtained from this model is 5.7 dBi, while it is 5.3 dBi for the
simulated one. The difference is mainly due to the higher radiation intensity
for the directions of the antenna vertices. We can see the influence of these
vertices in Figure 3.7, where the normalised directivity D(6 = 90°, ¢) is shown.

E plane H plane 0 = 90°

0 o
0 330° 30° 0 330° 30° 0

0

300° 60° 300° 60°

270° 90°  -40} 270° 90° -40

Directivity [dB]
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180° . —— Empirical | 18
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Figure 3.7: Uniform empirical model with correction
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3. Theoretical models for slot antennas

. 3.3 Slot antenna with a reflector

H plane

Directivity [dB]

240° 120° 240° 120°

0 210° 150° 0 210° 150°
180 —— Empirical 1800
—-—-Simulated
Figure 3.8: Simple model with a flat reflector

Let us now consider a slot antenna above an electrically conductive ground
plane. This problem requires the use of image theory, which transforms it
into a situation where an antenna image is created on the opposite side of
the ground plane to account for it [7]. For our configuration, the image will
be in phase, and the problem leads to the following equation [7]:

U(0,9) = |E(0)2cos (k(0.5h) cos 0)|* (3.35)

In this equation, k is the wave number, and A is the distance between the
antenna and reflector. In [7], only h is present instead of 0.5h; however,
this gives wrong results in our case for an unknown reason. We can see the
radiation patterns for this model in Figure Equation is only relevant
for the upper half-plane, as the reflector obstructs the other half.

We can once again apply the empirical factor as in the previous section:

U(8,9) = |E(0)2cos (k(0.5h) cos 8)|* + |CV/ A cos (¢)2 cos (k(0.5h) cos §) |2
(3.36)

This time, only the H-plane correction factor A is necessary, to which the
ground plane factor is also applied. The directivity of this model is 8.8 dBi,
while it is 9.5 dBi for the simulated one; patterns are shown in Figure 3.9

E plane H plane
- 0 330° = 30°

Directivity [dB]

240° 120° 240° 120°

0 210° 150° 0 210° 150°
180 —— Empirical 180
—-—-Simulated

Figure 3.9: Uniform empirical model with a flat reflector and correction
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3.4. Approximate model for the Franklin slot antenna

B 34 Approximate model for the Franklin slot
antenna

Let us now consider the uniform E-field distribution again, this time with an
aperture shifted in = and y directions by a’ and ¥'. This aperture of length a
and b has its centre at a’ and b’ and the equation for E-field is:

A b b
Ea_{yEg, fora' —§ <o’ <d +Gandd -5 <y <V +3 (3.37)

0, everywhere else.

M; will be §Ej once again, but for different aperture position. For this My,
we can write an equation for Lg and Ly as follows:

Le B EO COSQCOS¢ [/ /a +2 k(z sin 6 cos ¢+’ Sln951n¢)dx dy] (3.38)

b’+2

L¢ — Fysin ¢ [ / +3 e]k 2’ sin 6 cos ¢+’ sm@smqﬁ)dx dy] (3.39)

b-2
We can see that the only dlfference for Ly and L for this case are the altered
integration bounds. We can still easily solve these integrals, and the change
of bounds will only result in an additional exponential factor:

Eg = |:Sln¢ (SmX> (sh;/Y) eja,%fejb/%?] (3.40)
in X inY\ ., 4
Eg =C [cos@cowb (SH;( ) (Su}lf ) oI %5 ot 213/} (3.41)

Equations (3.38) and (3.39)) are the far-field E-fields for the shifted aperture.
The additional exponential factors represent the aperture shifts in the z and
y directions by a’ and b’. We can use this model to find the radiation patterns
for Franklin slot antennas, which we examine in further chapters.

These antennas have the aperture shape of a Franklin antenna from section
2.4. We can get a model for the Franklin antenna as a collinear array of
half-wave dipoles representing Franklin antenna radiating elements. Instead
of approaching this problem as an antenna array problem, we can obtain
the total E-field caused by multiple collinear slots as a superposition of their
E-fields obtained from equations (3.38) and (3.39)). As it turns out, collinear
slot stacking only affects the H-plane’s radiation pattern, while the E-plane
remains the same as for a single slot. We will thus consider the E-field from
Equation |3.33| as the E-plane E-field and only use the superposition for the
H-plane E-field. For the H-plane, we will use a variation of Equation [3.33
with the added exponential factor for shifts in the x direction. We will then
sum up the individual E-fields shifted by a, to obtain the total E-field.

2
U@,¢=0°) Z C cos @ (Sm X‘g) SEE S (3.42)
n=1 X9
. X 2
U0, 6 = 90°) = ‘ccose (S“)l(e ") (3.43)
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3. Theoretical models for slot antennas
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Figure 3.10: Simple model for a five-element Franklin slot antenna

The equations (3.42)) and (3.43) represent the radiation intensity for our
model of the Franklin slot antenna only in the E and H planes; we cannot
thus calculate the directivity for this model. If we wished to do so, we would
need to stitch these two patterns together, resulting in a 3D characteristic.

In Figure we compare this model to a simulated 10 Ghz Franklin slot
model with a discrete port and with the dimensions of the second antenna in
section As we can see, the radiation pattern in the E-plane matches the
simulation well, as does the main lobe in the H-plane. The direction for the
respective sidelobes in the H-plane also matches well; however, the sidelobe
region’s directivity levels are lower than the simulated results. We can once
again apply the correction for the truncated ground plane, as we did in the

pl"eVIOUS sectlons - and -:
2X
<Sl Xg) jal, .

U(9,¢:90°):’CCOSQ< m Xe)‘ }C\F] (3.45)

U, \C\F \ (3.44)

In these equations, the corrective factors no longer require the sine and cosine
factors, as we only calculate the radiation patterns in the E and H planes.
We can see these radiation patterns with the correction in Figure 3.11. As we
can see, the E-plane pattern is almost spot-on, while the H-plane pattern also
closely resembles the simulated one. Note that this pattern is only valid for a
frequency of 10 GHz, as other ones will have altered E-field distributions.
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Figure 3.11: Model for a five-element Franklin slot antenna with corrections
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Chapter 4

Franklin slot antenna as a thin PEC sheet

. 4.1 Three-element Franklin slot antenna

|

-

Figure 4.1: Three-element Franklin slot antenna

We can obtain a Franklin slot antenna by combining the principles of a
slot and a Franklin antenna. Such an antenna has a cutout of the shape of a
Franklin antenna of width wget, wavelength A and gap wgap in a rectangular
ground plane of width wg,q and length lznq. We modelled this antenna in
CST with phasing elements in opposite directions, as shown in Figure [4.1
We simulated this antenna for dimensions of wgo; = 0.7 mm, wgap = 3 mm,
Wgnd = 80 mm and lgnq = 220 mm operating at 2.5 GHz with A = 120 mm,
as can be seen in Figure and has a bandwidth of 14.3 % and a directivity
of 8.85 dBi. We also simulated this antenna with different values for these
dimensions. The results are shown in Figures [4.2] to 4.5,
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Figure 4.2: Three-element Franklin slot performance for different wgog
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4. Franklin slot antenna as a thin PEC sheet
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We can see that out of these parameters, the width of the ground plane wgpq
and the width of the slot wget are to be chosen with significant consideration
as they affect the input matching. Antenna with smaller wg,q will have better
bandwidth but a smaller directivity. Parameters wga, and lgnq can be chosen
more freely, as they do not affect the antenna behaviour as much.

In Figure 4.6, we can see that the bandwidth of this antenna is limited
by its impedance match, as the radiation bandwidth is relatively wide. The
antenna has a wide beamwidth in the E-plane and a narrower beamwidth in
the H-plane. We can also see that this antenna has a cross-polarisation ratio
of 17.4 dB in the main radiating directions.
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4.2. Five-element Franklin slot antenna
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Figure 4.6: Parameters of simulated three-element Franklin slot antenna

. 4.2 Five-element Franklin slot antenna

We can add two more radiating elements to the Franklin slot antenna; we
now have more options on the phase element orientation to maintain diagonal
symmetry, as shown in Figure [4.7. Option A has the phasing elements on
each side facing the same direction, while Option B has the phasing elements
facing the opposite direction. Option C uses symmetrical O-shaped phasing
elements facing both directions and is fully symmetrical. We modelled and
simulated these antennas in CST with dimensions of wgjo; = 0.6 mm, wgap = 3
mm, Wgpd = 80 mm, lgng = 350 mm and A = 120 mm. We can see simulated
results for these antennas in Figure 4.8|

S B
-

Figure 4.7: Variants of five-element Franklin slot antennas
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4. Franklin slot antenna as a thin PEC sheet
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Figure 4.8: Performance of the three phasing element configurations

We can see that Option C has the best radiation performance; however,
it has a poor impedance match compared to the other options, and it is
also more complicated as it comprises five separate pieces instead of one.
Option B achieves the highest matching bandwidth, but most of the matched
region is unnecessary as the radiation bandwidth now limits the antenna
bandwidth. Option A has a slightly wider radiation bandwidth; we will
use it predominantly in this thesis, even though it has a smaller matching
bandwidth than option B. We can see the radiation pattern for Option A in
Figure 4.9, The beamwidth in the E-plane remains the same as in the three-
element antenna, and the beamwidth in the H-plane gets narrower for the
five-element configuration. We can also see increased cross-polar directivity
for the five-element antenna, with the x-pol ratio being 11.9 dB. Option A
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Figure 4.9: Radiation pattern for Option A five-element Franklin slot antenna
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4.2. Five-element Franklin slot antenna

Figure 4.10: Five-element antenna with phasing elements facing one direction

achieves a radiation bandwidth of 21.8 % and a matching bandwidth of 29 %.
The x-pol ratio for Option A in the radiating direction is lower than we
would desire. Option C offers the best polarisation cleanliness but achieves
poor matching. The vertical symmetry of Option C is the reason for the
polarisation cleanliness. We can achieve vertical symmetry by making the
phasing elements face a single direction, as shown in Figure Such an
antenna has an extra parameter due to the loss of diagonal symmetry as we
now need to describe the offset of the slot centre from the bottom of the
ground plane wygser- We simulated this structure in CST with dimensions of
Wglot = 0.6 MM, Wgap = 3 MM, Wenq = 52 mm, lgng = 325 MM, Woftset = 17
mm and A = 120 mm. We can see the results in Figure 4.11
Cross-polarisation is negligible in the E-plane and in the direction of the
main lobes for this structure due to the vertical symmetry. However, cross-
polarisation is still significant for the other directions, as seen in the H-plane
in Figure 4.11), which also shows the maximum cross-polar directivity in the
H-plane based on the frequency. The matching of this structure is similar
to Option B, having a wide matching bandwidth of 47.9 % but a narrower
radiation bandwidth of 20.3 %. Directivity is slightly smaller, being 9.7 dBi.
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4. Franklin slot antenna as a thin PEC sheet

. 4.3 Franklin slot antennas with more elements

Adding more elements improves directivity; however, the increment of the
directivity decreases. In Figure 4.12], we can see the simulated S parameters
and directivity for both polarisations for antennas with different amounts of
radiating elements. We can see that antennas with more elements achieve
better matching and broader matching bandwidth; however, their radiation
bandwidth gets narrower than for those with fewer radiating elements. The
cross-polarisation level also increases with increasing number of elements.

The antenna with five radiating elements performs best as it has a much
better matching and higher directivity than the three-element antenna. It
also has a broader radiation bandwidth, lower cross-polarisation, and is
more compact than the seven-element one. We will thus only consider the
five-element antenna further on in the thesis.
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Figure 4.12: Parameters of antennas with N radiating elements
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Chapter 5

Franklin slot antenna on FR4 substrate

. 5.1 Effects of FR4 substrate

In this chapter, we will model the Franklin slot antenna as a conductive
layer of copper of height hc, placed on top of an FR4 substrate of height
hrra and relative permittivity e;. Figure[5.1 compares the previous chapter’s
five-element PEC Franklin slot antenna to the new equivalents. We simulated
these antennas in CST with dimensions of wg,p, = 3 mm, wgyq = 80 mm,
lgna = 350 mm and A = 120 mm. The antenna from a thin PEC sheet
had wgot = 0.6 mm, whilst the new antennas had wg,; = 1 mm. The new
antennas also had hgy = 35 um, hprq = 0.6 mm and ¢, = 4.3. We chose pure
copper and lossy FR4 as the material presets for these models from the CST
material library. One of these new antennas was modelled with
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Figure 5.1: Comparison between PEC and FR4 Franklin slot antenna models
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5. Franklin slot antenna on FR4 substrate

solid FR4 substrate, whilst the other one had the same cutout in the FR4 as
in the copper layer. As we can see in Figure [5.1, the model with a solid FR4
substrate lowers the operating frequency by increasing the guided wavelength
Ag due to higher €, near the slot. FR4 near the slot also hurts the antenna’s
directivity. Introducing a cutout in the FR4 substrate can negate some of
the FR4 influence and make it more comparable to the PEC model.

There is still some difference between the performance of a Franklin slot
antenna as a thin PEC sheet and as a copper layer on an FR4 substrate with
a cutout in the substrate. Fringing fields of the antenna on the FR4 substrate
are partially affected by the substrate’s permittivity and cause this difference.
We can negate this effect by metalising the slot cutout’s inner surface, creating
a more uniform field distribution in the slot and significantly reducing the
substrate’s influence on the fringing fields. Figure[5.2| shows this improvement:
the antenna’s performance with the metalised slot is comparable to the thin
PEC sheet antenna from Figure [5.1. Metallisation of the inside of the slot is
also beneficial from the PCB manufacturing perspective as the manufacturers
can create a narrower slot width wg for these slots.

Figure[5.2also shows the performance of a Franklin slot antenna with copper
metallisation on both faces and inside the slot cutout. Such configuration
offers slightly improved directivity but also marginally worse matching. Both
options seem viable, but in this thesis, we will proceed with a single metallised
face and inner slot surface because of the slightly better matching resembling
the PEC variant matching. The operating region’s S7; peak is now higher
than the required —10 dB for these variations. This peak will be reduced in
section 5.2 by replacing the discrete port with a coaxial feed.
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Figure 5.2: Performance of antennas with additional metalisation
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5.1. Effects of FR4 substrate
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Figure 5.5: Franklin slot antenna performance for different hcy,

Figures 5.3} and show the antenna performance for different values
of substrate relative permittivity e, substrate height hpry offered by the PCB
manufacturer and metallisation height hc,. We can see that the antenna’s
performance is not affected by different values of €,; this is beneficial since
the FR4 substrate does not offer good dimensional permittivity stability and
the manufacturer does not guarantee the exact value of ¢,. We can also see
that the substrate height hpry should be chosen with consideration as greater
values of hgprs tend to have poor matching performance but achieve higher
directivity. Lastly, we can see that the height of the metallisation layer hcy
has only minimal impact on the antenna performance.
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5. Franklin slot antenna on FR4 substrate

. 5.2 Model with coaxial feed

Figure 5.6: Coaxial feed modelled for the antenna

Until now, we have been simulating the Franklin slot antennas with a
discrete port. We will now model the antennas with a coaxial feed instead.
Coaxial cable is characterised by an inner radius r,, outer radius 7, exterior
radius 7. and a relative dielectric permittivity €,. For a coaxial cable to have
a certain characteristic impedance Zj, we should use a coaxial cable with the
outer radius obtained from the following equation:

2y /e
T = Tae 60 (5.1)

We can see the connection between the coaxial cable and the centre radiating
slot in Figure The modelled connection mimics physical soldered contact
and should only be near the slot for best performance. We simulated the
Franklin slot antenna with the metalised slot from the previous section with
coaxial feeds of different values of r,. The coaxial cable used PTFE dielectric
from the CST material library with the ¢, = 2.1, its r, was calculated for
a characteristic impedance of 50 and its r. = r, + 0.5r,. We can see
the simulated results in Figure As we can see, the coaxial cable size
impacts the antenna performance even though the characteristic impedance
remains the same. The antenna model with a thin coaxial cable achieves
worse matching than even the discrete port variant; however, the model with
a thicker coaxial cable sees an improvement in the matching that effectively
decreases the S1; peaks. Coaxial cables with the r, greater than half the slot
width of the antenna should be used for good performance.
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5.3. Models for realised antennas

. 5.3 Models for realised antennas

I 2.5 GHz Franklin slot antenna

Figure 5.8: Realised 2.5 GHz Franklin slot antenna

We can see the model for the 2.5 GHz realised antenna in Figure [5.8
Dimensions for this antenna are wg,p = 3 mm, wgyq = 80 mm, lgnq = 350
mm, wget = 1.1 mm, A = 120 mm, hc, = 35 pym and hArgrg = 0.6 mm with
the coaxial cable r, = 0.4 mm. We can see the simulated characteristics of
this antenna in Figure [5.9. This antenna has a matching bandwidth of 30.7
% and a radiating bandwidth of 21.8 %—the bandwidth where these two
overlap is 20.2 %, with the centre frequency being 2.55 GHz. The co-polar
directivity of this antenna in the main direction at the centre frequency is
10.3 dBi, and the x-pol ratio is 10.6 dB. In the E-plane, this antenna has a
wide main lobe with an HPBW of 68.6°; in the H-plane, the main lobe is
much narrower with an HPBW of 20.7°. The direction of the main lobe is
shifted by 1 degree in the E-plane, and the radiation pattern is relatively
uniform. Sidelobes are only present in the H-plane with the SLL of —16 dB.
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Figure 5.9: Performance of the realised 2.5 GHz Franklin slot antenna
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5. Franklin slot antenna on FR4 substrate

B 10 GHz Franklin slot antenna

W_WJLM I

Figure 5.10: Realised 10 GHz Franklin slot antenna

We can see the model for the 10 GHz realised antenna in Figure [5.10. We
modelled this antenna using the same model as the 2.5 GHz antenna with
the following dimensions wgap = 2 mm, wgng = 19 mm, lgng = 100 mm,
Welot = 0.7 mm, A = 30 mm, hcy, = 35 um and hpry = 0.6 mm with the
coaxial cable r, = 0.4 mm. Figure shows the simulated results for this
antenna. This antenna has a slightly improved matching bandwidth of 31.4 %
and an improved radiating bandwidth of 23.5 %—the bandwidth where these
two overlap is 22.1 %, which is slightly higher than for the 2.5 GHz antenna,
with the centre frequency being 10.18 GHz. The co-polar directivity of this
antenna in the main direction at the centre frequency is 10.7 dBi, which is
again better, and the cross-polarisation ratio is 11.1 dB. In the E-plane, this
antenna has a wide main lobe with an HPBW of 64.7°; in the H-plane, the
main lobe is much narrower with an HPBW of 18.8°. The direction of the
main lobe is shifted by 4 degrees in the E-plane, and the radiation pattern is
not uniform due to the coaxial cable presence. Sidelobes are only present in
the H-plane with the SLL of —15.4 dB.
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Figure 5.11: Performance of the realised 10 GHz Franklin slot antenna
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5.3. Models for realised antennas

B 10 GHz Franklin antenna slot with phasing elements on one side

I

Figure 5.12: Realised 10 GHz antenna with phasing elements in one direction

We have also modelled and realised a 10 GHz antenna version with all
phasing elements on one side; we can see this model in We modelled
this antenna with the exact dimensions of the previous 10 GHz antenna and
retained the position of the radiating elements for this antenna. We can see
the results for this antenna in Figure This antenna has a very high
matching bandwidth of 56.7 % but a slightly smaller radiating bandwidth
of 20.8 % compared to the previous 10 GHz antenna. The bandwidth of
this antenna is purely limited by its radiating bandwidth, with the centre
frequency being 10.21 GHz. The co-polar directivity of this antenna in the
main direction at the centre frequency is 10.7 dBi, and the cross-polarisation
is negligible. In the E-plane, this antenna has a wide main lobe with an
HPBW of 63.3° in the H-plane, the main lobe is much narrower with an
HPBW of 18.1°. The direction of the main lobe is shifted by 10 degrees in
the E-plane, and the radiation pattern is even less uniform. Sidelobes are
only present in the H-plane with the SLL of —16.1 dB.
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Figure 5.13: Performance of the realised 10 GHz antenna with phasing elements
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5. Franklin slot antenna on FR4 substrate

B First iteration of 10 GHz Franklin slot antenna with different slot
geometry

Figure 5.14: Realised first iteration of the 10 GHz antenna

The first realised iteration of the 10 GHz antenna, which we can see in
Figure was made with a slightly different slot geometry. Each slot
segment’s length was affected by the fraction of A and the slot width wgt.
Respective % and % thus represent the line in the middle of the slot. We
modelled this antenna with dimensions wg,, = 1.3 mm, wg,q = 25 mm,
lgna = 100 mm, wglor = 0.7 mm, A = 30 mm, hcy = 35 pm and hprg = 0.8
mm with the coaxial cable r, = 0.4 mm. Figure |5.15| shows the simulated
results for this antenna. The matching bandwidth for this antenna is much
lower than the other ones, being 9.25 %, with the centre frequency being
9.87 GHz. The co-polar directivity of this antenna in the main direction at
the centre frequency is 10.7 dBi, and the cross-polarisation ratio of 10.9 dB.
In the E-plane, this antenna has a wide main lobe with an HPBW of 65.8°;
in the H-plane, the main lobe is much narrower with an HPBW of 19.2°.
The direction of the main lobe is shifted by 1 degree in the E-plane, and the
radiation pattern is not uniform due to the coaxial cable presence.
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5.4. Reflectors for Franklin slot antennas

. 5.4 Reflectors for Franklin slot antennas

B Flat reflector

Figure 5.16: 10 GHz Franklin slot antenna with a flat reflector

We can add a flat reflector to the Franklin slot antenna to make it uni-
directional and increase its directivity. We can see such a configuration in
Figure [5.16 The reflector was modelled as a rectangular copper layer of
width woy = 35 pm on an FR4 substrate of width wye and length It spaced
by distance dyef from the antenna. For best performance, the metallised face
of the antenna should face the reflector. We simulated this model with the
first and second iterations of the 10 GHz Franklin slot antenna. The spacing
distance d.of was 18 mm for both antennas. The first iteration was realised
and modelled with a reflector of size wpof = 127 mm and [l = 230 mm as
this was the size of an available copper clad board. The second iteration was
modelled with a reflector of wyef = 58 mm and .. = 100 mm; however, we
did not realise it as the version with the V-shaped reflector performs better.

In Figures [5.17] and [5.18, we can see the simulated results of the second
iteration antenna with the flat reflector for different values of wyef and dper. As
we can see, we should pick these dimensions carefully as they affect both the
matching and directivity. The antenna performance is significantly affected
by changes in the spacing distance. The reflector length I should be at
least the same length as the length of the Franklin slot antenna lg,q. Any
additional increase of l,.f does not affect the antenna performance much.
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5. Franklin slot antenna on FR4 substrate
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We can see the simulated results for these two antenna iterations in Figure
5.19 Adding the flat reflector improves the matching of these antennas and
increases their bandwidth. The radiation bandwidth predominantly limits
the bandwidth of these antennas, which is 9.5 % and 16.9 % for the first
and second iterations. The addition of the reflector also increases the centre
frequency to 10.1 GHz and 10.6 GHz for these antennas, respectively. We can
see that the antennas are now unidirectional, with the co-polar directivity
increasing to 16.3 dBi and 16.8 dBi and the cross-polarisation ratio being
12.8 dB and 11.8 dB. The main lobe in the E-plane is now much narrower,
being 28.5° and 28.2° for the two versions. The main lobe in the H-plane is of
similar width as without the reflector, being 17.3° and 17.4°. The direction
of the main lobe is shifted by 1 degree in the E-plane for both versions.
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Figure 5.19: Performance of 10 GHz antennas with the flat reflector
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5.4. Reflectors for Franklin slot antennas

B V-shaped reflector

Figure 5.20: 10 GHz Franklin slot antenna with a V-shaped reflector

As the frequency of the Franklin slot antenna with the flat reflector de-
creases, the directivity of the main beam will decrease as well; however, the
directivity of the sidelobes in the E-plane will start to increase. Two additional
sub-reflectors can direct these sidelobes toward the main lobe. Figure [5.20
shows such a model with a V-shaped reflector composed of a flat reflector
with two additional slanted subreflectors by an angle 6,.t. One of these has
an additional hole cutout for the coaxial cable. These subreflectors have
the same length [..s and width wys as the flat reflector for simplicity. We
simulated and realised this model with the second iteration and the second
iteration with one-sided phasing elements of the Franklin slot antenna with
the reflector dimensions /e = 100 mm and w,ef = 53 mm with the angle of
the slanted subreflectors 0. = 23° and dyef = 18 mm.

In Figures and [5.18, we can see the simulated results of the second
iteration antenna with the V-shaped reflector for different values of 0,¢f and
Wref. These two dimensions, together with the flat reflector spacing dyet,
should be chosen carefully for the best antenna performance. The same
drer should be used as with the flat reflector antenna. The flat reflector’s
width and the subreflectors’ width could be treated as two separate values
for slightly better performance. We can see, that wes affects matching and
directivity more than 6,.. Once again, the length of the reflectors l,f should
be at least the same as the length of the Franklin slot antenna lgt.
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5. Franklin slot antenna on FR4 substrate
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Figure 5.22: Franklin slot antenna performance for different wycs

Figure [5.23| shows the simulated result for the two versions of the anten-
nas with the V-shaped reflectors. The V-shaped reflector variant performs
similarly to the flat reflector variant in terms of input characteristics, but
the radiation bandwidth of the V-shaped reflector variant is improved. The
antenna bandwidth is now fully limited by the radiation bandwidth and is
22.1 % and 22.7 %, and the centre frequency is now 10.4 Ghz and 10.3 Ghz for
these two antenna variations, respectively. The co-polar directivity for this
reflector variation increases to 18.1 dBi and 17.9 dBi. We can see that the
sidelobes in the E-plane have been directed to the main lobe direction, leading
to an HPBW of 20.9° for both versions. Sidelobes now appear in the H-plane,
where the HPBW is 18.5° and 18.7°, respectively. The antenna version with
one-sided phasing elements performs better in terms of cross-polarisation.
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Figure 5.23: Performance of 10 GHz antennas with the V-shaped reflector
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Chapter 6

Antenna realisation and measurements

. 6.1 Realisation of antennas

B PCB design

Figure 6.1: 10 GHz Franklin slot antenna PCB designed in KiCad software

In total, four Franklin slot antennas were designed for production. These
are the 10 GHz first iteration antenna, the 10 GHz second iteration antenna,
the 10 GHz second iteration antenna with all phasing elements on one side
and the 2.5 GHz antenna. Their respective dimensions and simulation results
are in section We designed PCBs for these antennas in KiCad 7.0 [13].

We drew three overlapping rectangular layers for the top copper, top mask
removal, and the edge cuts board outline of length lynq and width wgng. We
then drew the slot with multiple overlapping oval through-hole pads. Finally,
we exported the Gerber files required for PCB production.

-

Figure 6.2: All four realised versions of 10 GHz Franklin slot antennas

B Realised antennas
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6. Antenna realisation and measurements

Figure 6.3: 2.5 GHz Franklin slot antenna with its holder

We had JLCPCB [14] manufacture these PCBs for us. The first iteration
of the 10 GHz antenna was made with a 0.8 mm FR4 substrate and hot air
solder levelling (HASL) finish because of its cost. The other antennas were
made with a thinner substrate of 0.6 mm. This decreased thickness has led
to problems during the HASL procedure, especially for the large 2.5 GHz
antenna. We had to proceed with an electroplated nickel immersion gold
(ENIG) surface finish instead, which gave these antennas a golden colour.
The ENIG can be problematic for higher-frequency applications due to the
ferromagnetic properties of nickel [15], but it is negligible for our antennas.

We then soldered 50€2 semi-rigid coaxial cables to these antennas. Two
different coaxial cables were attached to the first iteration of the antenna,
one being thicker with r, = 0.4 mm and the other much thinner. The other
antennas were realised only with the thicker coaxial cable.

The slot of realised antennas is slightly different due to the manufacturing
process, as the outer edges are rounded. This difference, however, has no
significant impact on the antenna performance, as verified by simulation.

B Realised reflectors

We created two reflectors, one being flat and the other being V-shaped. The
flat reflector was only used with the first iteration of 10 GHz antennas, while
the V-shaped one was used with the second iteration of 10 GHz antennae. We
created these reflectors out of 1.6 mm FR4 copper-clad with the dimensions
from section We then 3D-printed holders for these reflectors out of PLA
plastic. These holders have an L-bracket on the back for mounting that we
can adjust for the antenna’s vertical and horizontal orientations and two arms
to hold the 10 GHz antennas with adjustable spacing dyef. The V-shaped
reflector holder is also used to hold the 2.5 GHz antenna.

Figure 6.4: Flat reflector and the V-shaped reflector for 10 GHz antennas
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6.2. Measurement setup

B 6.2 Measurement setup
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Figure 6.5: Setup used for measuring radiation patterns and directivity

We measured these antennas in the RF anechoic chamber of the Department
of Electromagnetic Field with a Rohde&Schwarz ZVA40 vector network
analyser (VNA). An anechoic chamber is necessary for antenna measurements
to eliminate reflections from the surroundings and ensure that only the direct
beam between two antennas is measured. In Figure 6.6, we see this anechoic
chamber with a fixed measuring antenna (MA) at the far end and our antenna
under test (AUT) placed on a rotating pedestal. Figure |6.5 shows that the
antenna under test is directly connected to port 1 of a vector network analyser.
In contrast, the measuring antenna is connected to a low-noise amplifier (LNA)
with a gain of 20 dB, which output is then connected to port 2 of the VINA.
We utilised the LNA to raise the received signal level at the measurement
antenna to decrease the VNA sweep time for faster measurements without
losing the received signal in the VNA noise floor.

We first measured the matching of our antennas by measuring S1; with
the VNA with a calibrated port 1. We then measured gain for our antennas
by measuring So; transmission parameter between the two VNA ports for all
directions with the step of one degree. In this case, our antenna under test is
the transmitting antenna, and the measuring antenna is the receiving. We
did this for both E and H antenna planes and antenna polarisations. We then
measured an antenna with known gain as an antenna under test to obtain a
reference to calculate absolute gain values for our measured antennas.

Figure 6.6: Antenna with a flat reflector in the RF anechoic chamber
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6. Antenna realisation and measurements

. 6.3 Measurements of realised antennas

B Measured antenna matching

In the following figures, we can see the measured S parameters together with
their simulations from section We can see that the 2.5 GHz antenna Si1
matches well with the simulated model with only a slightly smaller matching
bandwidth of 29.3 %. The simulated models do not align as well with the 10
GHz antennas. We can see that these measured results are more rippled than
the simulated models. This ripple is especially significant on the antenna with
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Figure 6.7: S, for the 2.5 GHz antenna
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Figure 6.9: S;; for the 10 GHz antenna with one-sided phasing elements
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6.3. Measurements of realised antennas

one-sided phasing elements, as we used a different SMA coaxial connector
rated only up to 8 GHz, which causes a lower bandwidth for our antenna.
The other 10 GHz variation performs much better due to the use of a different
SMA connector, and even though the ripple is still present, this measured
antenna has a much greater matching bandwidth of 80.2 %, as shown in
Figure Figure 6.10/shows the difference between a first-iteration antenna
with a flat reflector and a thick or thin coaxial cable, for which the thick cable
performs better. Lastly, Figures and show the second iteration with
the V-shaped reflector. This variant achieves a bandwidth of 76.6 % and
offers a matching of -20 dB around frequency where its maximum gain is.
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Figure 6.10: Sy, for the 10 GHz first iteration antenna with the flat reflector
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Figure 6.12: Broadband performance of the 10 GHz second iteration antenna
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6. Antenna realisation and measurements

B Measured antenna gain

The following figures show the measured antenna gain compared to the
simulated directivity for these antennas from section We plotted these
values of gain and directivity for the direction of 8 = 0° and ¢ = 0° for
frequency. As we can see, the real antennas perform similarly to the simulated
results. The 2.5 GHz antenna has a maximum gain of 9.7 dBi with a radiation
bandwidth of 21.6 %. The second 10 GHz iteration antenna has a maximum
gain of 11.1 dBi with a radiation bandwidth of 18.6 %, whilst the second
iteration with the one-sided phasing elements has a maximum gain of 11.3 dBi
with a radiation bandwidth of 14.2 %. Regarding the cross-polar directivity,
the one-sided version performs the best, with it being less than -20 dBi.
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Figure 6.13: Gain for the 2.5 GHz antenna
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6.3. Measurements of realised antennas

Figures and show the gain for the variations with reflectors. The
first iteration with the flat reflector has a maximum gain of 16.4 dBi with a
radiation bandwidth of 9.8 %, whilst the second iteration with the V-shaped
reflector has a max gain of 18.1 dBi with a radiation bandwidth of 18.4 %.
Figure shows the radiation patterns for three antennas at the frequency
for their maximum gains. We can see that the measured radiation patterns
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Figure 6.16: Gain for the 10 GHz first iteration antenna with the flat reflector
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6. Antenna realisation and measurements

align with the simulated ones. The measurement stand and the holder affect
the front-to-back ratio for the bidirectional antennas. There is also some
ripple in the measured gain for the 10 GHz antennas without reflectors. We
can also see a significant reduction in the cross-polar gain in the E-plane for
the second iteration with one-sided phasing elements.

Figures and show the radiation patterns for the 10 GHz second
iteration antenna without and with the V-shaped reflector for the maximum
gain frequency and the lower and upper BW, limit frequencies. We can see
that these measured radiation patterns once again align with the measured
ones and that the cross-polar gain increases with frequency.
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Figure 6.20: Radiation patterns for 10 GHz antenna with the V-shaped reflector
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Conclusion

This thesis examines slot antennas with a cutout in the shape of a Franklin
antenna and a coaxial cable feed. It was shown that these Franklin slot anten-
nas can be viable antenna structures. These antennas can be easily matched
to a commonly used 50 € impedance without any impedance transformers
necessary and achieve a very broad matching bandwidth. These antennas
also boast increased directivity compared to the simple slot antenna or the
Franklin antenna and have a bidirectional radiation pattern.

We used the CST studio suite to conduct full-wave analysis in the time
domain solver for thin PEC-sheet Franklin slot antennas. We have shown that
the five-element Franklin slot antenna performs the best, as the three-element
variant struggles with matching bandwidth. In contrast, antennas with more
than five radiating elements struggle with radiation bandwidth and only
provide a negligible increase in directivity. We examined multiple variants of
the five-element Franklin slot with differently oriented phasing elements and
chose two viable structures. One of these has phasing elements on half of the
antenna facing the same direction but facing the opposite direction on the
other half, whilst the other one has all the phasing elements facing the same
direction. The first variant has a broader radiation bandwidth, whilst the
second one has lower cross-polarisation levels in the main radiating direction.

We then modelled the Franklin slot antennas as a copper layer on an FR4
substrate again in CST. We have shown that if the Franklin cutout also
involves the FR4 substrate and the inner cutout walls are metallised, then
the negative influence of the FR4, which causes an operating frequency shift
and dielectric losses, is mostly eliminated.

When designing a Franklin slot antenna, the ground plane width wgpq, the
slot width wgot and substrate thickness hgpgr4 should be chosen with significant
consideration for the best antenna performance. The inner conductor radius
r, of coaxial cable used should not be too thin as it would lead to lousy
impedance matching, ideally at least one-third of the slot width. The coaxial
cable can be directly soldered onto the antenna without any balun, unlike
the dipole of Franklin antennas, where using baluns is necessary to eliminate
the common mode currents. We can realise such a Franklin slot antenna as a
PCB antenna with standard PCB-making processes, as the metalised slots
are commonly used for mounting through-hole components.
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6. Antenna realisation and measurements

In total, four Franklin slot antennas were designed and realised. We
have measured these antennas’ input matching and radiation patterns and
compared them to the simulated results.

Two variations of reflectors were also proposed for use with the Franklin
slot antennas, as using a reflector leads to a unidirectional radiation pattern
with increased directivity. The first is a flat reflector, and the second is a
V-shaped reflector with a flat reflector and two slanted subreflectors. The
V-shaped reflector performs better than the flat one as it slightly increases
directivity and radiation bandwidth and even improves the antenna impedance
matching. These two reflector variations were realised, and the flat variation
was measured with the 10 GHz first iteration antenna, while the V-shaped
variation was measured with the second iteration antenna.

For these second iteration Franklin slot antennas, we can expect a realisable
bandwidth of at least 18 % with and without the V-shaped reflector with a
directivity of 18 dBi with the reflector and 11 dBi bidirectional without it.
The HPBW in the E-plane is around 21° with the reflector and 63° without
it, whilst the HPBW in the E-plane is around 19° with and without the
reflector. The radiation efficiency for this antenna is more than 90 % due
to no dielectric being present in the slot itself, and the aperture efficiency is
around 40 % with the reflector and 45 % without it.

This thesis has also provided empirical models for the slot and Franklin
slot antennas. However, these models are unsuitable for antenna design, so a
full-wave simulator should be used for best results.
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