NOVEL IMPLEMENTATIONS OF PLANAR ANTENNAS WITH
GOVERNABLE CIRCULAR POLARIZATION

by

Dip Thakar

A thesis submitted to the faculty of
The University of North Carolina at Charlotte
in partial fulfillment of the requirements
for the degree of Master of Science in
Electrical Engineering

Charlotte

2018

Approved by:

Dr. Ryan Adams

Dr. Thomas Weldon

Dr. Tao Han



©2018
Dip Thakar
ALL RIGHTS RESERVED

i



il

ABSTRACT

DIP THAKAR. Novel implementations of planar antennas with governable circular
polarization. (Under the direction of DR. RYAN ADAMS)

This document is an explicit and an exclusive account on two antennas. This literature
is an attempt to solve some of the challenges for planar antennas in the frequency
independent class and exploit the radiative nature of narrow band patch antenna
arrays to new capabilities.

The first antenna is a rectangular patch element array with two ports and operates
at bBGHz. The structure is designed to emit circularly polarized waves. The right-
handedness or left-handedness of this emitted wave can be changed dynamically by
switching the ports. This attribute is coined as "Encrypted Polarization" in this
document. The presence of two ports in the design is further exploited to theoretically
introduce the idea of using this antenna as a filter element. The measured results show
a 6% shift in the operating frequency when compared with the simulated results. It is
then proved that a discrepancy in the value of the dielectric constant of the substrate
is responsible for this variance.

The second antenna is a modification of a conventional Archimedean Spiral Antenna
(ASA). The arms of the spiral are kept on either side of the substrate and the arms of
the spiral are wider than a tradiational design. The feed of the antenna is remarkably
simplified by introducing the opportunity of attaching the coaxial connector directly
at the center of the spiral. A 502 input impedance is obtained for the structure
because of change in the metal to slot ratio. A simulated bandwidth of 40 : 1 is
obtained with the antenna operating from 700M Hz to 29.9GH z. The actual results
change the upper limit to 19GHz. Fabrication limitations in the physical design is

assumed to be the root cause for this inconsistency.
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CHAPTER 1: INTRODUCTION

Nikola Tesla has always been my favorite scientist of all time. If I may digress to

include one of his quotes here,

"If you want to find the secrets of the universe, think in terms of energy,

frequency and vibration."

As per Einstein, this energy can only be converted from one form to the other. In
this world full of antennas, innumerable amount of wireless electromagnetic energy
transactions take place, most of them happening intentionally and with the required
amount of efficiency. Air or vacuum is usually the medium for propagation for these
transactions. Semiconductors and metals are the counterpart wired mediums from
where communication occurs. Radiation is a problem for such wired media. For
wireless systems, where air is the medium, the signal must satisfy all the properties
of an electromagnetic wave in order to travel and radiation is the primary goal. One
can say that the radiative property of metals is exploited in order to achieve wireless
communication.

Antennas enable a communication system to go wireless. They are basically impedance
transformers where they are designed to offer an input impedance of 50¢2 ideally to
the RF input signal. The antenna structure exhibits an output impedance somewhere
in the range of 3772, the impedance of free space. Because of this match, it is easier
for a wave to radiate in free space or get absorbed by an antenna. Similarly, all the
power gets transferred to and from the port of the antenna. The IEEE Standard
Definitions of Terms for Antennas (IEEE Std 145-2013) defines an antenna as "That

part of a transmitting or receiving system that is designed to radiate or to receive
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electromagnetic waves". The signal at the RF input gets converted into an electro-
magnetic wave with the help of an antenna and gets transmitted to free space because
of the impedance match. The case is reverse when the antenna is at the receiving
end.

Talking about transmission and reception and since this document deals with a fre-
quency independent antenna, it is imperative to have a knowledge of the various
frequency band allocations in the electromagnetic spectrum. This allocation is done
based on frequency, or consecutively, the transmitted power. Higher frequency has
more power and the wave can travel farther away. This way the communication
changes from near ground to satellite. As per Wikipedia, the radio spectrum is the
part of the electromagnetic spectrum from 3 Hz to 3000 GHz (3 THz). Electromag-
netic waves in this frequency range, called radio waves, are extremely widely used
in modern technology, particularly in telecommunication. To prevent interference
between different users, the generation and transmission of radio waves is strictly
regulated by national laws, coordinated by an international body, the International
Telecommunication Union (ITU). The ITU radio bands are designations defined in
the ITU Radio Regulations. Article 2, provision No. 2.1 states that "the radio spec-
trum shall be subdivided into nine frequency bands, which shall be designated by
progressive whole numbers in accordance with Table 1.1. Note that the last column
does not form part of the table in Provision No. 2.1 of the Radio Regulations. The
table originated with a recommendation of the IVth CCIR meeting, held in Bucharest
in 1937, and was approved by the International Radio Conference held at Atlantic
City, NJ in 1947. The idea to give each band a number, in which the number is the
logarithm of the approximate geometric mean of the upper and lower band limits in
Hz, originated with B.C. Fleming-Williams, who suggested it in a letter to the editor
of Wireless Engineer in 1942. (For example, the approximate geometric mean of Band

7 is 10 MHz, or 107 Hz.)



Table 1.1: Table of ITU radio bands

Band number | Abbreviation | Frequency range | Wavelength range

4 VLF 3 to 30 kHz 10 to 100 km

5 LF 30 to 300 kHz 1 to 10 km

6 MF 300 to 3000 kHz 100 to 1000 m

7 HF 3 to 30 MHz 10 to 100 m

8 VHF 30 to 300 MHz 1to 10 m

9 UHF 300 to 3000MHz 10 to 100 cm

10 SHF 3 to 30 GHz 1 to 10 cm

11 EHF 30 to 300 GHz 1 to 10 mm

12 THF 300 to 3000 GHz 0.1 to 1 mm

The IEEE standard has different frequency designations and there are unique band
names too. Table 1.2 summarizes the radar-frequency bands as per the IEEE stan-

dard.

1.1 A brief history on Antennas

This goes back to 1885-1886 when Heinrich R. Hertz demonstrated the generation
of radio waves at UHF using a gap dipole at Karlsruhe University, Germany [1|. Hertz
was able to detect radio waves 20 m away using a high-voltage electrical spark dis-
charge to excite the dipole gap. From recorded conversations, Hertz did not seem to
understand the impact of his experiments, but instead did a validation of newly de-
veloped Maxwell’s equations. Within 10 years, Nikola Tesla at the Franklin Institute
in the U.S., Marconi in Bologna, Italy, Popov in Russia, and Bose in India, demon-
strated wireless telegraphy. In 1892, Tesla delivered a widely distributed presentation
at the IRE of London about "transmitting intelligence without wires," and in 1895,
he transmitted signals which were detected 50 miles (80 km) away. Concurrently in

1894, Bose used wireless signals to ring a bell in Kolkata, and Popov presented his



radio receiver to the Russian Physical and Chemical Society on May 7, 1895.

Table 1.2: Table of IEEE radio bands

Band designation | Frequency range Comments
HF 0.003 to 0.03 GHz High Frequency
VHF 0.03 to 0.3 GHz Very High Frequency
UHF 0.3 to 1 GHz Ultra High Frequency
L 1 to 2 GHz Long wave
S 2 to 4 GHz Short wave
C 4 to 8 GHz Compromise between S and X
X 8 to 12 GHz Used in WW II for fire control.
K, 12 to 18 GHz Kurz-under
K 18 to 27 GHz Kurz (German for "short")
K, 27 to 40 GHz Kurz-above
\Y% 40 to 75 GHz
W 75 to 110 GHz W follows V in the alphabet
mm or G 110 to 300 GHz Millimeter

Marconi is certainly considered the key individual for his contributions to the com-
mercialization of radio waves, and he received a Nobel prize for his work in 1909.
Nevertheless, Marconi’s widely advertised first radio wave transmission experiment
was in 1895, and his British patent application in 1897 was preceded by that of Tesla.
A culmination of Marconi’s experiments was the December 12, 1901 trans-Atlantic
radio wave transmission of the Morse code for letter S. The success of this experiment
is often disputed, possibly due to strong atmospheric noise during the time of the ex-
periment, but by the 1920s the U.S. had hundreds of radio stations, and in 1922,

the BBC began transmitting in England. Subsequent development of radio detectors,



5

vacuum tubes, and the tiny transistor in 1947 played a critical role in the practical ev-

eryday use of radio waves for communication and wireless transmission of information.

1.2 The Electromagnetics behind Antennas

The electromagnetic theory for Antennas starts with Maxwell’s equations. They
have a slightly different form here since it is assumed that magnetic charge exists
along with all of its associated phenomena. The governing Maxwell’s equations for

antennas are expressed in 1.1 through 1.4.

V- -B=pn (1.1)
. 0B -
E=-22 1.2
V X By Im, (1.2)
. 9D -
H=— 1
V x at+Je (1.3)
VD =p (1.4)

Here p,, is the equivalent magnetic charge density while J,, denotes the equivalent
magnetic current density. These two terms only exist analytically to balance the
mathematical model formed from the Maxwell’s equations. The other symbols have
their usual meanings. Terms like a Permanent Magnetic Conductor (PMC) and Per-
manent Electric Conductor (PEC) are frequently used in theoretical models to ex-
plain the behavior of electric and magnetic currents on the boundaries. For a PMC,
Jjn,pm — oo while for a PEC JZ,pe — 0.

The intensity and phase of currents are very important parameters for antennas since
moving charges in space and time give rise to far fields. The associated electric and
magnetic fields form the radiated electromagnetic wave which is then received by an

antenna on the receiving side. There are three important observations regarding the
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far fields. The electric field is perpendicular to the magnetic field and the ratio of
E to H is equal to the impedance of free space (). The radiated power density is
in the same direction of propagation of the wave, also denoted by k. For Transverse
Electro-Magnetic (TEM) wave propagation, these far fields decay inversely with the

distance from the source of radiation.
1.3 Outline of this work

Before giving a summary on what has been done, it is important to realize where
this work stands in a typical transceiver system. After all, antennas can be of no use
without a radio. Figure 1.1 shows an over-simplified block diagram of a direct con-
version receiver. The RF input signal received from the antenna first passes through
a Low Noise Amplifier (LNA) and is fed to two mixer blocks. The function of a mixer
is to convert the high frequency modulated input signal to near DC with the help
of a Local Oscillator (LO). The low pass filters and the voltage gain amplifiers after
the mixer block provide two sets of baseband data. Since the second mixer has the
LO frequency phase shifted by 90°, the two sets of data have the in-phase as well
as the quadrature-phase components. This scheme enables one to extract complete
information from the input RF signal through the antenna.

As highlighted, the work carried out in this document belongs to the antenna block
on the top left of the figure. Although as it is described later in this text, the applica-
tions for this work are not limited to just the highlighted block in the diagram. The
two port patch element array, for example, can be used as a bandpass filter in any in-
termediate state in the design. Also, the modified archimedean spiral antenna (ASA)

developed here if used in the block diagram, can make the radio receiver extremely

wideband.
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LPF/VGA —Data Q
Local Oscillator 90°

Figure 1.1: Block diagram of a typical direct conversion receiver

All the work presented here has been inspired from the lectures on Antennas de-
livered by Dr. Ryan Adams at The University of North Carolina at Charlotte. As a
matter of fact, the ideas originated in the form of doubts that were asked in some of
the lectures. These antennas were intended to be a part of the projects assigned to
students in the course and have manifested as a master’s thesis over time. Although
there has been evidence of similar work done before 2|, none of it has been of any
influence for this literature in any way.

With humans, antennas have come a long way. Depending on the bandwidth of
frequencies supported, antennas are classified into narrow-band, broad-band and fre-
quency independent. Narrow-band response comes from resonance in the physical
structure at a particular frequency. The patch antenna array discussed here is an
example of a narrow band antenna. Any antenna that supports a broader band of
frequencies than a narrow-band antenna can be termed as broad-band. Frequency in-
dependent is a different class of antennas altogether spanning a wide range of frequen-

cies of the order of 10:1 bandwidth and they work based on the Rumsey’s principle
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[3]. The archimedean spiral antenna discussed later in this text falls in this category.
The structure of this document has been kept very lucid where it builds a foundation
with the theories involved and proceeds with the actual work. Chapter 2 outlines the
theory behind both the antennas. The section explains why the antennas have their
specific design equations and all the assumptions that go with them. The treatment
is purely mathematical. The microstrip patch antennas are introduced first. The
phenomenon of fringing associated with a microstrip structure is also discussed. As
it will be apparently clear later, it is due to the fringing fields that the patch antenna
radiates. The changes to be done in the length and the operating frequency due to the
effects of fringing are shown. Polarization is explained next based on its definition in
IEEE. This is one of the most important concepts to be acquainted with for this text.
One of the important features of the patch antenna array discussed here deals with
polarization where the radiated wave can be kept left-handed circularly polarized for
some specified amount of time and right-handed circularly polarized for the remain-
der time. Polarization is switchable and controllable. This has been possible because
the antenna has two ports, each port governing the individual states of polarization.
All the applications of the patch antenna array have been possible because of the
fact that the antenna has two ports. I then share my personal opinion on frequency
independence in the next section. The general theory of the frequency independent
antennas is then discussed which explains the mathematics involved in Rumsey’s
principle. A personal intuitive understanding of an archimedean spiral antenna is
also added which assumes that a spiral antenna can be thought of as innumerable
dipole antennas stacked together. The section ends with a note on how to put this
accumulated theory to practice.
Chapters 3 and 4 are dedicated to the work done on making the individual antennas.
Chapter 3 starts with applications of the two port four element patch antenna array

and continues with its synthesis. The feed of the four element two port patch antenna
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array played a crucial role in making the design work the way it should, and hence
there is a different section dedicated to the selection process of the feed. Simulation
design and results are then shared which provide information on the simulation model
designed in HFSS (High Frequency Structure Simulator). HFSS is a finite element
method solver for electromagnetic structures developed by Ansys. Results after fab-
rication are then summarized. Chapter 4 discussed the modified archimedean spiral
antenna. This chapter starts, again, with the applications of the antenna, discusses
in detail the simulation model prepared and makes way for the actual fabrication sce-
nario. The modifications done on the conventional design are mentioned throughout
the chapter which improve the usability of the antenna.

Although the idea behind making these antennas trace back to the lectures in Fall
2016 semester, the designs are far different than what they intended to be. As a fun
fact, the four element two port patch antenna array was devised in an attempt to save
board space by curving the straight feed into a circle. The idea of adding an extra port
was added later to simplify the port switching mechanism. The Archimedean spiral
antenna feed had various design strategies in place that can give a good impedance
match. In the end it turned out that just by extrapolating the spiral arms into the

center and changing the width of the arms did the job.
1.4 Literature survey

Considerable amount of work has been done on improving the performance and
usability of Archimedean spirals. One such work presented in [2] is similar to what
is described here. The arms of the spiral are placed on either sides of the substrate
and the material used is foam instead of FR-4. The text prefers to use double arm
width such that if the arms are placed on the same side of the substrate, it will
create a short circuit. The modification described in the text here shows that going
that far is not necessary. One can leave a gap between the arms and still achieve

an excellent impedance match. Tapering is also carried out at the ends of the arms
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of the spiral to reduce reflections in [2]. In this text, it has not been tested on how
much improvement does tapering provide in terms of performance. The citation has
4.5 turns compared to 15 turns in this design. As a result, the design presented here
has absence of reflected currents and subsequently, tapering. The bandwidth of the
spiral antenna obtained is 10 : 1. The work focuses more on the effect of changing
the width of the arms and the height of the substrate on performance. As per the
results of the cited work, an arm width of 4mm and a substrate height of 1.6mm is
the best case.
Regarding the feed structure at the center of the spiral, authors in [4] have used a
tapered transmission line to match the input impedance. While addressing the issue
of impedance matching for the modified ASA in this text, using a tapered transformer
feed was considered as an option. Later on, continuing with the same width of the
spiral arms till the center worked. Another work carried out related to the effects of
the dielectric substrate material on an ASA is discussed [5|. The results from this
literature show that with the increase in the value of dielectric permittivity ¢,, the
performance of a conventional ASA in terms of return loss, axial ratio, efficiency and
gain deteriorates. The structural behavior of the modified ASA is different because
of the offset in position of the arms. Instead of the reactive part of input impedance
being inductive in nature, the modified ASA is capacitive. There is no ground plane
used at the bottom of the spiral as shown by the authors in the cited text. Hence,
even though the results in [5] are noteworthy, it may not be extremely useful in
this case. Since this option required the tapered transmission lines to be on either
sides of the substrate, one cannot use the equations of a microstrip line to calculate
the appropriate widths for the perfect impedance match. For this, work done on
double-sided parallel-strip lines (DSPSL) [6] is essential since the structure formed is
primarily a parallel strip line with metal on either sides.

Shifting our focus to the work done on patch antenna arrays, one can start by stating
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the fact that the antenna developed in this text has two ports. As of now, there is no
evidence of work done in this direction. There have been instances where the patch
antenna arrays achieve circular polarization using a parallel feed [7]. The authors
have used slot antennas instead of patches and have maintained circular polarization
by feeding the slots at different angles. There are four elements used in each array
and the sum of all the angles is designed to be 360°. This condition is a necessity for
circular polarization and has been followed in this text too. An important note about
parallel-fed arrays, as also seen from the cited text, is that the structure requires
power dividers along with impedance matching transformers. For series-fed arrays,
the community has so far focused on through element design where thought has
been given on proper impedance matching of the structure either by changing the
transmission line feed widths or by modifying the widths of the patches itself along
the array to improve overall directivity of the antenna [8]. Polarization has not been
discussed in the cited text. A useful account of the varieties of series feed methods of
the patch antenna arrays has been discussed in [9]. Offset series-fed patch arrays do
not require power dividers. One can achieve acceptable directivity of the overall array
without changing the widths of either the transmission line or the patches. These are
called resonant arrays. Another advantage is related to polarization where the shape
of the feed can be amended so that the structure can natively emit circularly polarized

waves. This text serves as a proof for the above statement.



CHAPTER 2: THEORY ON THE PATCH AND THE ARCHIMEDEAN SPIRAL
ANTENNAS

2.1 Theory on the microstrip patch antennas

The microstrip patch antennas are easy to fabricate and integrate with the modern
technologies. They are based on the resonant cavity model and are a natural extension
to microstrip lines. The structure consists of a feed and a radiating element. The
feed can be a microstrip, coaxial or a probe feed. The radiating element can take
any size and shape to make the antenna radiative at the frequency of interest. A
problem we face with these antennas are surface wave modes which make them less
efficient. If the dielectric constant of the substrate is too big, the wave will couple just
to that surface, will stay in the dielectric and the antenna will not radiate effectively.
Truncated ground plane also gives rise to surface waves which end up radiating but
distort the radiation pattern. A high dielectric constant will essentially incline the
model towards a dielectric slab waveguide. So, small €, is desirable for the dielectric

substrate. Other recommended parameters are:

e The metal thickness should be very small. It should be negligible compared to

the operating wavelength ()\g) in free space.

e The substrate thickness (Hsub) has a trade off and it should typically be in
the range 0.003\g < Hsub < 0.05)\g. Higher thickness may make the antenna

radiate more but the microstrip feed will also start radiating if fed through it.

e The antenna size should be in the range % to % Antenna size tends to decrease
with an increase in the dielectric thickness and we thus have an engineering

trade-off here as well.
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2.1.1  Analysis of the rectangular cavity

The structure of a rectangular patch antenna fed with a microstrip line is shown
from two different perspectives in figures 2.1 and 2.2. Notice the fringing fields in

Figure 2.2.

Figure 2.1: Top view of a rectangular patch antenna fed with a microstrip line

Figure 2.2: Cross section view of a rectangular patch antenna shown in Figure 2.1
with imaginary electric and magnetic field lines. The fringing fields are colored with

blue

If the fringing is ignored, the patch antenna model can be assumed to be a cavity
with PEC walls on the top and bottom, PMC walls on the sides and filled with a

material having ¢, as its dielectric constant. This is shown in Figure 2.4.
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Figure 2.3: Cross section view of a rectangular patch with imaginary electric and
magnetic field lines ignoring the fringing fields. The PEC boundaries are labeled on
the top and bottom of the cavity while the PMC boundaries are shown with dashed
lines

y

y W

Figure 2.4: The 3D mathematical model of the patch cavity model. The side faces
covered in black are assumed to be PMC while the top and bottom faces in white are
PEC

If the height h of the dielectric material is fairly smaller than the operating free
space wavelength )y, it is safe to assume that the magnetic field will only have a hor-
izontal component as shown in Figure 2.3 and the patch model boundary conditions

will not be violated. The T'M? solutions are only allowed. [10]

- 1 > 1[[(0A,  0A,\ . 0A, 0A.\ . 04, 0A;\ .
Aogwed= (G -5 e (5 -5 a (B - 50) ]
For enforcing TM™ since A, =0 and A, =0,

- 0A; 0A, .
H="24,— —2d, 2.1
8Zay aya ( )
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The Ampere’s law for TM?® is then,

oH, 0H, .
_ - E,
oy FEE
oH, .
0 Jwek,
0H
8xy = jwely,

One can find the electric field components from the magnetic field and the vector

magnetic potential. Substituting values from Equation 2.1 and rearranging terms,

the electric field components become available.

1 10%A, 10%A,

be=fuc | v o nor
1 0%4,
Y jwpe 0xdy
1 %A,
7 jwue 0x0z

The general form of the differential equation at hand which needs to be solved is the
Helmholtz equation V2A + k2A = 0 where k2 = k,? + k,? + k.2. The general form of

solution of the Helmholtz equation is as stated in 2.2.

A, = [Ajcos(kyx) + Bysin(k,x)]
x[Agcos(kyy) + Basin(kyy)] (2.2)

x[Ascos(k,z) + Bssin(k,z)]

In order to generate a valid solution to Equation 2.2, one must impose the necessary
boundary conditions on the electric field and the magnetic field components. The

treatment is done in this way to take into account the presence of PEC and PMC
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walls in the model. For example, a tangential component of electric field cannot exist
on a PEC boundary and similarly a PMC surface cannot have a tangential component
of the magnetic field. In this sense referring to Figure 2.4, the patch antenna cavity

model can have the following boundary conditions on the electric and the magnetic

fields:
1. Hy(x,0,2) = H,(x,0,2) =0
2. H(x,L,z)=H,(x,L,z) =0
3. Hy(z,y,0) = Hy(z,y,0) =0
4. Hy(2,0,2) = Hy(2,0,2) =0
5. E,(0,y,2) = E.(0,y,2) =0
6. Ey(h,y,2) =E.(h,y,2) =0

Using the first boundary condition in 2.2 for y = 0 the coefficient B, = 0. Hence
A, = Acos(kyz)cos(kyy)cos(k,z)

Using the second boundary condition, for y = L, one obtains k,L = nm where n =

0,1, 2.... Hence,

nm

]’Cy: f,n:0,1,2... (23)

Similarly we get,

by = 20 = 0,1,2... (2.4)
h
P

k,==—,p=0,1,2... 2.5
P (2.5)

Using these values of k,, k,, k. in 2.2, one has

A, = i i Z Anpcos (%x) cos (%y) cos (%z) (2.6)
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Since k? = k,? + k;y2 + k% = w?ue, the resonant frequencies of operation of the

cavity are,

1= gl () (D) + () )

Mathematically it is apparent now why the patch antennas are narrow band. In
real world if this model holds, there will be only a discrete set of resonant frequency
points.

The dominant mode for this cavity will be when L > W to have n = 1 alone. If
the width is bigger than the length of the radiating element, there can be other lower
modes of operation. The condition L > W ensures that one has a single mode of

propagation.
1

2L /fie

This electromagnetic wave trapped inside this cavity has associated E and H fields.

foro = (2.8)

Although PEC is hard boundary and no fields can radiate out from them, on PMC,
one can get an effective current density. This can be used to find the far fields of the
antenna. The fringing fields on the PEC boundary have surface currents associated
with them but since they are negligible compared to the effective current densities on
the PMC, the far-field effects of these currents can be ignored. It is assumed that the
radiation occurs only due to the currents J:S and J;S shown in Figure 2.5. This can

be solved through the method of images.

L
Toms Jes
—_— —_— h <<< A
PEC boundary
—_’).) (T
Jms ‘]68

Figure 2.5: The image problem for the surface current densities in microstrip patch
cavity model
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The electric currents cancel vectorially due to the PEC boundary while the mag-

netic currents add up. For this image problem the net effective current is, ZJ;LS =

2F, x d, For the dominant mode, m = 0,n = 1,p = 0 one has the vector magnetic

potential

Ay = Agocos (%y)

which implies that one can obtain the electric and magnetic field components through

substitution

E, = —jwAgigcos (%y)
Hz = MLLAOH)S?:H (%y)

Referring to Figure 2.4, using 2.9 and 2.1.1,

on y = 0 face

—

Jms = (_jWA(]lde) X (_dy)

= jwAopiod;

and on y = L face

—
~

Ims = (—jwAprocos(m)dy,) X dy

= jwAopiod;

(2.9)

(2.10)

Hence, y = 0 and y = L faces have identical currents separated by a distance L.



Similarly for z = 0 face

. ™ ~ ~
Ims = (—jwAprocos <Z> ydz) X (—a,)

= —jwApigcos (%) (y
and on z = W face

—

. ™ ~ ~
Ims = (—jwApipcos (z) Yydy) X (—a)

= jwApipcos (%) dy
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Figure 2.6 shows these currents and from their orientation and magnitudes, it is

evident that the faces y = 0 and y = L are radiative, since the currents add up. The

z = 0 and z = W faces negligibly contribute to radiation since they are zero at the

center. One can now realize the significance of adding magnetic current density and

magnetic charge density in Maxwell’s equations. Without these terms, it would be

impossible to explain the working of the patch model mathematically.

jWA010dz
T [
L
W
JwApiod;

y

Figure 2.6: The radiative and non-radiative currents on the slots of the patch

It is now an aperture problem as shown in Figure 2.7.
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—

Jms = jQWAONCLAZ

— 5 —

W

Figure 2.7: Viewing the patch mathematically as an aperture problem

The Electric vector potential over the surface s is given by,

- € T el
F=_— [ 22 k=g 2.11
- / e s (2.11)

|7

Taking the analysis from [10] and solving the problem directly,

_jke—jk’r
Ey=——|L N,
o 1o Lo T 1N
_jke—jk'r ‘
E, = ———|LginN,
¢ At [Lgin No]

Conveniently here N =0 as there are no electric currents. Also for Ly
Ly = /[—mesimb + Jmycosp] =0
since Jyg = Jmy = 0. This implies Ey = 0

Ly = / — T sinfe?™ cosy'ds’

w T
= / / —j2wAmgsinfe ¥ cosy daxdz
o Jo

Hence in the far field the radiation pattern is dictated by 2.12,

E,

] —Jjkor ; ;
_ JjkohW Agioe ind {sz st] (2.12)

X Z

2rr
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where

koh
X = %sin@co&b

koW
2

Z

cosf

It is important to note that ky is the wave number in free space and not in the

dielectric medium.
2.1.2  Forever Fringing

Microstrip structure has fringing associated with it. When dealing with the length
in a microstrip, one has to adjust the physical length to compensate for the fact that
one will see fringing on the outer edge of the microstrip. These adjustments can be
made on the value of the relative dielectric constant ¢,.. Due to fringing , there is
an effective additional length AL associated on the boundaries along with the actual

physical length as shown in Figure 2.8. The effective length is L, = L + 2 x AL

— AL L AL —

Le

Figure 2.8: Additional length associated with the radiating element due to fringing
fields

There is an approximate curve fitted equation that can determine this additional

length. If h is the height of the dielectric material,

AL _ 412(66 +0.3) (% + 0.264)
h (e — 0.258) (% +0.8)

(2.13)

In order to account for fringing, 2.8 can be more accurately described as
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1
Jreon0 = S0 T ALY Jroao e,

(2.14)

2.2 Different patch shapes and patch array feed styles

There has been literature backed with similar cavity model theories [11], [12], [13]
to prove that patches with a triangular, a circular and as a natural extension to the
theory in the previous section, a square shape work. As long as there is an acceptable
approximation to the cavity model, the patch shape should work. Hence one has a
lot of options on selecting the desired patch shape.

Several patches can be placed together to form an array. It turns out that microstrip

arrays can be broken down into three types. These are summarized below:

e In-line series feed: In this case the patches are essentially connected in series
through a microstrip transmission line. Along with knowing the lengths and
widths of individual patches, one must also decide the distance between the
neighboring patch elements in order for the design to work properly. This is

shown in figure 2.9.

Figure 2.9: In-line series feed design of the microstrip patch antenna array

If the structure of this scheme is viewed as a microstrip transmission line with
changing widths along the way, one will observe that there will be an impedance
mismatch at every patch element. Standing waves can be observed between the

neighboring elements. Based on this thought, the series feed is of two types.

1. Resonant array: These have an impedance mismatch at each antenna el-
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ement. This is used as an advantage. The radiation is always broadside.
Performance is very narrow-band. It is basically an overlapped resonance

of individual elements lined up together.

2. Traveling wave array: This is a different class of antenna which are elec-
trically large. The impedances are matched to the antenna and the feed
line. In this array at the last antenna, extra energy may be present. A
matched termination and quarter wave transformers are generally added

to avoid reflections.

e Out-of-line series feed: The patches are still in series but they are fed with an
offset as shown in Figure 2.10. Here, along with deciding the lengths and widths
of each element and the distance between neighboring patch elements, one must
also decide on the length of the out-of-line offset of the patches. Some of these
lengths do not have definite equations and may require trial and error to reach

higher efficiency in terms of gain and Sy;.

| | | | N I

Figure 2.10: Out-of-line series feed design of the microstrip patch antenna array

It is clear that the pattern associated with the in-line series feed and the out-
of-line series feed structures will be very different. For the in-line series feed,
the pattern in the direction of the progression of the patches will be narrower
since the antenna is bigger in this direction. This is the E-field direction. The
pattern in the H-field direction perpendicular to the E-field will stay the same
approximately, since the antenna width has not changed much. The out-of-line

series feed will be different where the E-field direction will have a wider beam
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compared to the H-field.

e Parallel feed: As suggested by the name, the patches are fed in a parallel fashion
as shown in Figure 2.11 where the power is divided among the patches. Gen-
erally there is an equal distribution of power as it generally employs Wilkinson

power dividers and quarter wave transformers in the design.

Figure 2.11: Parallel feed design of the microstrip patch antenna array

The patch elements in all these styles can have different sizes 8] and shapes but

generally they are identical and the structure is meant to increase the overall gain.
2.3 Polarization principles

For efficient communication, one needs to know what direction the electric field
is pointing for the propagating wave. As per IEEE [14], polarization describes the
time-varying behavior of E on a given plane in space. Depending on the change of

direction of the electric field, the polarization can be of various types.

e Linear polarization is when the electric field E varies in the same or opposite

direction as shown in Figure 2.12
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=

Figure 2.12: An illustration of the variation of electric field with time in the case of
linear polarization on the z = 0 plane

. Propagation is assumed to be coming in or going out of this page perpendicularly.

e Elliptical polarization is when E changes its magnitude and direction with the
advancement in time as shown in Figure 2.13. Propagation is again assumed to
be coming in or going out of this page perpendicularly. Elliptical polarization
is of two types depending on whether the electric field vector traverses the path

clockwise or anti-clockwise.

Right-Hand Polarization: If one’s right hand thumb points in the direction

of propagation and the fingers curl in the direction that E changes.

Left-Hand Polarization: The one that is not Right-Hand polarization is
Left-hand polarization. While figuring out the correct state of polarization, left

hand should be inside the pocket. Always.
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Figure 2.13: An illustration of the variation of electric field with time in the case of
elliptical polarization in the z = 0 plane

e Circular Polarization is when the magnitude of the electric field vector |E | does
not change with the change in direction in time. The major and the minor
axis of the polarization ellipse are the same. This is a special case of elliptical
polarization. A 3D view of a right-handed circularly polarized wave is shown in
Figure 2.14. Similarly the left-handed version is shown in Figure 2.15. Both of
them have the changing direction of the electric field vector shown in red. These

are referred to as the standard circular polarization Handedness conventions.
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Figure 2.14: 3D view of a right-handed circularly polarized wave. Image courtesy:
Wikipedia

Figure 2.15: 3D view of a left-handed circularly polarized wave. Image courtesy:

Wikipedia
Both the antennas discussed in this thesis are circularly polarized. The archimedean
spirals are circularly polarized because of their basic shape. The patch antenna array

can be made circularly polarized by arranging the patches in a specific way. More on

this in section 3.3.
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2.3.1 Axial Ratio

Axial ratio is an important parameter to describe quantitatively the amount of
circular polarization of an antenna. The Axial Ratio (AR) is defined as the ratio
between the minor and major axis of the polarization ellipse. Recall that if the ellipse
has an equal minor and major axis it transforms into a circle, and we say that the
antenna is circularly polarized. In that case the axial ratio is equal to unity (or 0
dB). The axial ratio of a linearly polarized antenna is infinitely big since one of the
ellipse axis is equal to zero. For a circularly polarized antenna, the closer the axial
ratio is to 0 dB, the better. Practically, antenna with AR less than 3dB is said to

have circular polarization.
2.4 Theory on frequency independent antennas

This section is dedicated to the Rumsey’s principle on frequency independent an-
tennas [3] which describes in depth the fundamentals involved in making a physi-
cal structure extremely broadband. This section concludes with the equation of an

Archimedean spiral antenna.
2.4.1  An opinion on frequency independence

Antennas are primarily resonant structures and in my personal opinion these an-
tennas are not truly frequency independent. They can intuitively be assumed to have
range of resonant structures at different operating frequencies all fused in a single
profile. This statement may make more sense when a specific antenna in this class
is discussed. After the idea and invention of frequency independent antennas, the
engineers out of happiness, termed this extremely broadband nature as frequency
independence. Such importance was given to these inventions. Of course, this is a
hysterical take on the name.

A single parameter of an antenna spanning a frequency range of 10 : 1 or higher is

said to have frequency independence and the antenna works in that range. One needs
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to elaborate here what "work" means since frequency independence is loosely defined.
The antenna may have just a wideband input impedance match or an unaltered radi-
ation pattern or polarization for that band of frequency of interest. Some parameter

needs to operate over the 10 : 1 bandwidth.
2.4.2  The General Equation for frequency independent antennas

For maximizing the bandwidth of an antenna it is experimentally found out that
minimizing the finite lengths or abrupt edges and maximizing the angular dependence
in the structure helps. Based on this conceptual understanding, one needs to make a

few assumptions before stating that the antenna is frequency independent.

The terminals of the antenna are vanishingly close to the origin

There is symmetry about 6 = 0°

The antenna is infinitely extended

The material is a Perfect Electric Conductor (PEC)

—

The outline of the antenna is given by 7 = 7(0, ¢) where 7 is the distance vector

to a given point on the antenna

Under these assumptions, a very generic approach is used to formulate a meaningful
theory for the synthesis of a frequency independent antenna. For a given design at
frequency f1, if 71(0, ¢) is the appropriate design then at a lower frequency f, = %,
r9(0, ¢) is appropriate. It is known that antenna structures become bigger as the
operating frequency is lowered. So presumably, r5(6, ¢) must be bigger by the same

scaling factor K. Hence,

ro(0, ) = K x 11(0, ¢) (2.15)
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Since it is assumed that the antenna structure is infinite, any scaling done on it will

be equivalent to rotation by some angle, say ¢’. Hence,

ra2(0,¢) = 11(6, 6 + &) (2.16)

For a frequency independent antenna, it should operate the same at both the
frequencies f; and fs. Essentially the antenna has not changed. It has just been
rotated by some angle. One must find a function that can scale the frequency by

rotating. Also, the first partial derivative of 2.16,

iamwwnziﬂmmam

¢
0K Or1(0, )
= 9 (0, ¢) + a—qb’K (2.17)
0
=90 [r1(0, ¢ + ¢')]

Here, the value of K and ¢’ are related. For a specific value of scaling K, ¢’ denotes

the amount of rotation the antenna undergoes. r; and ¢’ are not related.

0K Ori(0,¢ + ¢) 9(¢ + ¢')
(0. 0) = 2.18
07" = "o _aa (215)
=1
Partial derivative of 2.16 with respect to ¢,
0 or1(0 0
% [K71(0,0)] = K—“é ¢’ ¢) _ 5% [r1(0, ¢ + ¢')]
_ ori(0,0+¢'") 0(¢ + ¢) (2.19)
(¢ +¢) 9¢
=1
Comparing equations 2.18 and 2.19,
a—Krl(G(b) _ gInt6:9) (2.20)

¢/ 99
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Multiplying both sides by m
1 0K 1 37“1 (9, ¢)
1 _ 92.21
K ¢/ r(0,9) 00 (221)
SN—— ~ ~~
only depends on ¢’ only depends on ¢
Let
a_iaK_ 1 8T1(9,¢)
Kog  m(0,¢) 09
Hence,
) ar(0,0) =0

This is a first order differential equation. The solution is obtained through the
separation of variables method. Let r1(0,¢) = f(0)g(¢). This implies
dg(¢)

W —ag(¢) =0

"o’ can satisfy this equation if g(¢) = ¢?®. Hence in an ideal case, for an antenna to
be frequency independent the following mathematical conditions 2.22 and 2.23 need

to be satisfied.

a= %?9_{; (2.22)
(0, 0) = f(B)e™® (2.23)

It is important to recall that Equations 2.22 and 2.23 refer to ideal conditions where
the antennas are assumed to be infinitely large and so on. Realistically this is not
possible. Also, this a general form of the necessary conditions and the antenna shape
must be an implementation of 2.23. The archimedean spiral, which is the focus for

this text, is also a specific implementation of this equation.
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2.5 Planar Equiangular Spiral

It will be apparent later in the text that the Archimedean Spiral is based on the
planar equiangular spiral antenna. The planar equiangular spiral is governed by the
following equation

df (0)

L= Ao (g _ 9) (2.24)

where r, which is the radius to the actual wire ends up being the following value.

. ree®®=%0) if § = 5

0 else.

r = Ae implies ¢ = Lin%. Let tan () = L. This gives

¢ = tan () [In(r) — In(A)]

The bandwidth of the planar spiral depends on the length of the feed at the center
and the overall radius of the spiral. Smaller feed dictates higher operating frequency
while bigger radius makes the antenna operate over lower band.

The adjacent arms of the equiangular spiral have increasing distance between them
as the structure grows. This analysis so far assumes that the width of the wire is

infinitesimally small.
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2.6 The Archimedean Spiral

Figure 2.16: Top view of a conventional archimedean spiral design in HFSS

The archimedean spiral is essentially a simplified version of the equiangular spiral.
Here, the distance between two adjacent arms remains constant unlike the equiangular

spiral. The governing equations are an approximation to the equiangular spiral,

r=r7rep (2.25)

If it is a two arm spiral, the other arm is rotated by 180° and the equation for the
second arm is r = r9(¢ — m). This means that there are a lot more turns in the
same amount of space. An example of a conventional two arm spiral with ten turns

is shown in Figure 2.16.
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2.6.1  An intuitive understanding

This approach is based on the working of a dipole antenna. Figure 2.17 shows a
simple dipole antenna design. The structure of the Archimedean spiral antenna can
be thought of as a collection of such dipoles of varying lengths twisted and stacked on
the same plane. To better understand the previous statement, assume that a twisted
dipole of some length corresponding to frequency f; exists, as shown in Figure 2.18

(a). Similarly there are other dipoles with different lengths resonant at frequencies

fg, f3 and f4. Here f1 > fg > f3 > f4.

Figure 2.17: A simple dipole antenna design



(a) Dipole resonant at f; (b) Dipole resonant at fo

(c¢) Dipole resonant at f3 (d) Dipole resonant at fy

Figure 2.18: Twisted dipoles of varying lengths

The length of each dipole is now a function of the angle at which the spiral rotates.
Since these dipoles with different resonant frequencies collectively constitute the spiral
antenna, there can be infinite number of resonances in a specific band of frequencies.
Depending on the input frequency, the corresponding length inside the structure
radiates. This makes the spiral antenna radiate at all frequencies at which the dipoles

resonate and hence makes it frequency independent.



CHAPTER 3: CIRCULARLY POLARIZED FOUR ELEMENT TWO PORT
PATCH ANTENNA ARRAY

3.1  Application Background

Conventional patch antenna arrays have a single input port. If the signal entering
through the port has the operating frequency of the patches, the power radiates away
in free space through the patches. For all other frequencies except this resonant
frequency, this power reflects back into the port. The top view of a model in ANSYS
HF'SS of such a conventional patch antenna array is shown in Figure 3.1. It is 4

element patch array with series offset microstrip feed.

Figure 3.1: Top view of a four element patch array model constructed in Ansys HFSS.

Regarding the design of the circularly polarized patch array shown in Figure 3.2,
there is an addition of one more port at the other end of the feed line and the
structure in essence is a two port network. Power enters one port and leaves through

the other port. If the input frequency is the operating frequency of the patches, that
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power radiates away and minimum power is seen at the other port. For all the other
frequencies except this resonant frequency, the signal flows from one port to the other
through the 502 matched microstrip feed. This property is exploited further and

elaborated in sections 3.1.1 and 3.1.2.

Figure 3.2: Top view of the final design of the circularly polarized four element patch
antenna array model constructed in Ansys HFSS.

3.1.1  Encrypted Polarization

Since there are two ports, both of them can be used as input ports, but not si-
multaneously. If feeding the structure from one port gives a right-handed circular
polarization, feeding it from the other port will change it to left-handed because of
the symmetry and reversal. Switching the signal from one port to the other while
match terminating the unused port will change the polarization of the radiated sig-
nal on the fly. The resultant radiation will have a right-handed and a left-handed
polarization component. One can assume Figures 2.15 and 2.14 interleaved with one
another at different intervals in time. Any conventional antenna, which will always
have fixed polarization, will not be able to decipher this signal since a conventional
antenna cannot "catch" the missing polarization component.

The switching frequency of the ports can be made higher than the operating fre-
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quency of the patch antenna array. In this way, a single cycle of radiated data can
have multiple polarizations. There is then only one way to receive such dual polar-
ized signals. This communication scheme can only work when the transmitting and
the receiving antenna are of the same kind and switching frequency of the ports is
phase-synchronized. Without this synchronization too, the communication link will
fail.

To summarize, the antennas on both the ends must be capable of changing the
polarization of the radiated signal on the fly and the switching frequency of this
"changing polarization" must be phase-synchronized. In essence, there is now a new
layer of security added at the antenna end of a transceiver system which encrypts po-
larization. This can be particularly useful in military applications where one can have
multiple such systems having the same operating frequency but different switching

frequencies.
3.1.2  Radiative filters

As the microstrip antennas are based on the resonant cavity model, they are inher-
ently narrow band. For most of the research community out there, this narrow band
response is a challenge to overcome. For the purpose of this thesis, it is a welcomed
advantage.

The two coaxial ports are connected via a microstrip line on the antenna. This
antenna can be used as a stub on a continuous transmission line. At the resonant
frequency of 5G H z, signal fed through any of the ports will radiate away from the
patches in free space. At all other frequencies, the signal will continue to transit from
one port to the other on the transmission line and the antenna will not act as a stub.
At 5G H z the power will be lost from the transmission line into free space.

The antenna is hence behaving as a narrow band notch filter at 5GHz and it is

radiative in nature.
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3.2 Antenna design specifications

The antenna consists of four rectangular patches arranged in a circular fashion. The
design procedure involves calculating the length and width of the radiating element,
the width of the quarter-wave transformer and the feed structure that connects the
four patches. This section talks about their design in that specific order.

The design procedure for the patch involves assuming that the relative permittivity
of the dielectric medium e,, the operating resonant frequency f, and the height of
the dielectric substrate are known. For the design under consideration €, = 4.4, f, =

5GHz and h = 0.79mm.

1. The width W of the patch is calculated depending on the type of feed. For a
microstrip feed, there is an optimal width given in open literature which is used

here as a guide

1 2
W = 3.1
2fr/1oco V € + 1 (8.1)

With the input parameters given, the width turned out to be 10.5848mm.
2. The effective dielectric is calculated based on the formula for a microstrip line

as given in [15].

€T+1+€r—1 1
2 2 1128

For the width of the patch element, ¢, = 3.93

€ =

The patches are arranged in a circle and spaced a quarter wavelength A, apart to
accommodate circular polarization. ). is the effective wavelength corresponding to
the phase velocity obtained in the dielectric medium. The center of the radiating

elements are distant by half of the free-space wavelength .



40

For feeding the patches, a 50§2 microstrip line and an offset series feed method is
used. The ends of the feed are connected to coaxial connectors. Although the cables
are thinner, the connectors are approximately 8mm in diameter. For the antenna
feeding to be possible physically with these connectors, the end points of the circular
feed must be at least 9mm apart, where 1mm is kept for tolerances. At 5GH z, the
physical distance between the patches of %, is calculated to be 17.12mm. For 9mm
diameter of the coaxial connectors, 18mm is the minimum required distance. Hence
practically, it is not possible to arrange the feed in a perfect circle and some trade
off must be made in order to fabricate the antenna where it is feasible to connect the

cables.
3.3  Antenna feed design options

Several feed methods were simulated in Ansys HFSS keeping in mind the design
constraints of the antenna. The initial form of the antenna is shown in Figure 3.3
(a) while the finalized design is (g). Although, all these designs satisfied most of the
design criteria, the hunt was for the one that went closest to these specifications.
This section discusses about why the other feed designs did not work and why the

final "U" feed was selected referring to the options shown in Figures 3.3 and 3.4.

e The First option was the microstrip feed shown in (a). The initial idea was
to keep two switches on the antenna substrate and control them to direct the
signal entering the microstrip feed left or right. The figure shows a simulation
of the switch connected to the left. Since there was just one port, all the signal

reflected back into the patches and adversely affected the gain.

e The switching very close to the radiating elements is bound to cause interfer-
ences. It was then decided to move the switching outside the antenna and use

two ports instead of one emerging out as (b). This is where the antenna became
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a two port network. Since the ports were very close to the first patch and the
last patch, impedance match was an issue. It was suspected that signal did not
get enough room to convert itself from the coaxial mode to microstrip mode.
Also, ground plane was missing near connectors which would have affected the

impedance at the input of the patches.

a) Microstrip line feed ) Circular feed with Coaxial cable
) Circular feed with offset in coaxial ports (d) Spiral feed

Figure 3.3: Top views of first four antenna feed options simulated in Ansys HFSS
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The ports were then moved away from the patches and from each other in (c).
The only problem faced by this model was the reflection occurring near the

sharp bend.

This gave rise to the spiral feed option in (d). Although this solved all the
problems from the previous models and achieved the highest gain of 4.389dB,
the radiation pattern was more elliptical than circular. The centers of the

radiating elements were not equidistant from each other anymore.

The feed shape was changed back to a circle and an attempt was made to move
the ports away from each other in (e). The problem with this model is the
turning radius. As per literature the radius of the bend must be at least four

times the width of the trace to minimize losses. [16]

The U bend radius was adjusted to meet the requirements in (f). Now since
the radius was increased by a fraction of approximately 0.5mm, the patches
were no longer % apart. This additional phase difference decreased the gain by

approximately 1dB.

The final idea was to create a circular feed with a radius that keeps the patches
e apart and then extend the feed straight up to make a "U" as shown in (g).
From a logical standpoint, it is expected to have a hint of elliptical polarization
since the patches are not equidistant. Simulation data shows that this effect is

minimum and the pattern is still circularly polarized.
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(e) The snake feed (f) The Q feed

(g) The "U" feed

Figure 3.4: Top views of remaining antenna feed options simulated in Ansys HFSS

3.4  Simulation design and results

The simulations for all of the designs are done in Ansys HFSS (High Frequency
Structure Simulator). For the two coaxial connections to the antenna, wave ports
are used in HFSS and the coaxial cables are directly attached to the antenna instead

of using a coaxial connector. Several other simulation environment settings are in
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effect to give plausible results. For example, the air box is kept % away from the

substrate to capture all the field variations. A mesh operation on the air box is also

Ag
6

implemented to restrict the finite element length to Here )\ is the free space
operating wavelength corresponding to 5GH z.

Regarding the simulation design, the complete antenna along with the substrate mea-
sures 7T0mm x 7T0mm. The width of the microstrip feed line is 1.5132mm to keep it at
50€2. The quarter wave transformer attaching the feed and the antenna has a width
of 0.2563 and has a length of 8.348mm which is equal to %. The final length of the
patch is 14.098mm while the width turned out to be 10.58mm. The Ufeed curve
radius is kept to be 5.233mm in order to maintain the four patch elements % apart.
An FR-4 substrate of height 0.8mm and dielectric constant of 4.4 is used.

The simulated Si5 and Ss; for the U-feed design is shown in Figure 3.5. Both the

values are identical with —19.07dB at 5GHz. The lowest is —21.12dB at 4.98GH z.

Using HFSS simulation
I

S12 and S21 in dB
>

o

-20

5 | | | | |
47 48 49 5 5.1 5.2 5.3

Frequency (in GHz)

Figure 3.5: Simulated S, and S5; in HFSS
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Similarly, S7; and Syo are shown in Figure 3.6 where the plots are close to identical.
S11is —12.47dB at 5GHz. It is important to note that for a conventional one port
antenna, one would see the curves reversed. Usually at the operating frequency, Si;
would tend to fall down and stay at minimum to demonstrate lowest reflection. Most
of the energy is radiated away at that frequency and the least is reflected back. For
this antenna design, since the two ports are connected to coaxial cables through a
50€2 microstrip transmission line, the losses will be the least for all other frequencies

except the operating frequency.

Using HFSS simulation

S11 and S22 in dB

20 | | | | |
47 48 49 5 5.1 5.2 53

Frequency (in GHz)

Figure 3.6: Simulated S;; and Syy in HFSS

The antenna is perfectly impedance matched in the band of frequencies up to
which the coaxial cable is 50€2 but it does not radiate at all frequencies. Only at the
resonant frequency of operation of the antenna, the Si; rises up to reach that value of

reflection the structure provides and the energy is radiated out. Similar explanation
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can be given for Sis.
The Gain pattern of the antenna in dB at 5GHz is shown in Figure 3.7. This is
simulated using the port on the left of Figure 3.2 as input. The gain is 4.21dB at
the center of the structure. As it can be seen, the pattern is circular, as expected,
due to the geometry of the structure. Constructive contribution from every patch in

enhancing the gain is also evident.

dB(GainTotal)

4. Z1A1 E+BR
1. 4361E+28
-1.3379E+2@
4. 1119E+2@

-6, 8859E+08
-9. B599E+08
1. 2454E+B1
-1.52A3E+81
-1.798ZE+B1
-2.875EE+B1
-2.3530E+81
-2, B3E4E+DL
-2.9878E+01
-3.1852E+01
-3. 4BZBE+B1
=3, THEBE+AT

l

Figure 3.7: Simulated 3D gain pattern of the patch antenna array using the first port
as input

The isolated gain patterns for the left-hand circular polarization and the right-hand
circular polarization are shown in Figures 3.8 and 3.9 respectively. For the left-hand
circularly polarized radiation, the gain is —4.25d B while the right-handed circularly
polarized radiation shows a gain of 4.139dB. The input is fed from the left port in

Figure 3.2 and the energy traverses the path from left to right, following the finger of
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a folded right hand. So the polarization will be right-handed as is also evident from
the gain pattern.
Changing the input port to the one on the right of Figure 3.2, one quickly gets the
implications that the radiated wave will be left-handed circularly polarized. The
energy then traverses clockwise in the structure opposing the direction of fingers in
a folded right hand. Simulated evidence is shown in Figures 3.10 and 3.11. Right-
hand circularly polarized wave has a gain of 4.15dB while the left-handed circularly

polarized wave is down to —4.26dB.

db{GainLHCP)

~l4, 2556E+DE
-7. BEE4E+DD
-1, 1EB77E+B1
-1, 44B8E+B1

-1, 7899E+81
-2, 1318E+01
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-2.8131E+01
-5 1542E+B1
-3 4353E+B1
-3, 83E4E+DL
—4. 17FSE+E1
-4, 5185E+81
-4, B596E+01
-5, 2BE7E+B1
-5.5418E+B1

Figure 3.8: Gain pattern of the left-handed circularly polarized radiation
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db({GainRHCP)
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Figure 3.9: Gain pattern of the right-handed circularly polarized radiation with the
left hand side port of Figure 3.2 as input

dB{GainLHCP)

. 15Z25E+08
. B613E-A1
-3. 188 2E+66A
—-6. B466E +0EA

-1.8513E+@81
-1.4179E+@1
-1. 7846E+A1
-2, 1512E+@1
-2.5178E+@1
-2. B845E+A1
-3. 2511E+A1
-3.6177E+@1
-3, 9844E+@L
~4. 351LE+@1
=4, F17GE+A1
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Figure 3.10: Gain pattern of the left-handed circularly polarized radiation with the
left hand port of Figure 3.2 as input
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dB{GainRHCP}

4. 267 FE+@B
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Figure 3.11: Gain pattern of the right-handed circularly polarized radiation with the
right hand side port of Figure 3.2 as input

dB{GainTotal)
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Figure 3.12: Simulated 3D gain pattern of the patch antenna array using the right
hand side port of Figure 3.2 as input
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Symmetry is also observed between both the ports in the design when the total

gain pattern is observed. As shown in Figure 3.12, the maximum value of gain is at

the center of the structure at 4.228dB, which is very close to the value obtained for
the other port as input.

The input impedance remains unaltered and is shown in Figure 3.13. It is 72.8 —

j20.18Q at 5GH .

Using HFSS simulation
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Figure 3.13: Simulated Z;; in HFSS

The structure emits circular polarization at the operating frequency. This is evident
from Figure 3.14. The plot is for both the ports, not used simultaneously. As seen in
the Figure, the axial ratio is less then 3dB in the vicinity of 5GHz. This is the only

region where the antenna radiates.
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Simulated results
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Figure 3.14: Axial Ratio in dB with respect to frequency for the U feed patch antenna
array

The fact that the individual patches are at 90° phase apart, means that the energy
adds up in time till it completes the full 360° circle along the U shape. One can
observe different phases of the surface current densities on the structure in HFSS.
This is shown through figures 3.15 to 3.18. The patches on the opposite corners have
similar current densities while the adjacent patches differ in their pattern by 90°.

As it was pointed out before in theory, this is a basic condition for circular polarization
to occur efficiently. Not keeping the patches at the right distance might also give
circular polarization to some extent but it will affect the axial ratio and the gain

adversely.



52

Jsurf [A/m]

1. 53250 w81
1.4318E+81
1.92956+81
1.2288E+81
1. 1266EBL
1. B251E L
9. 2359E+88
5. 2211E+88

|
| 51914480

5. 1765E 4D
4. 1617E+88
3. 1469E+28
2.1328E+88
1. 1172E 408
1. B250EB1

Figure 3.15: Surface current density on the U feed patch antenna array at 0° input
phase of the signal
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Figure 3.16: Surface current density on the U feed patch antenna array at 90° input
phase of the signal
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Figure 3.17: Surface current density on the U feed patch antenna array at 180° input

phase of the signal
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Figure 3.18: Surface current density on the U feed patch antenna array at 270° input

phase of the signal
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3.5 Measured data

Small tolerances can make a huge difference for narrow band structures. This was
said by Dr. Adams from his experience in one of his lectures on Antennas. He is right

indeed. The fabricated antenna design is shown in Figure 3.19.

Figure 3.19: Fabricated four element patch antenna array

The measurements for this antenna were done on a two port Anritsu Shockline
Vector Network Analyzer. The plot for S7; and S, is shown in Figure 3.20 while the

plot for Si5 and Sy; is shown in Figure 3.21.
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Figure 3.20: Measured Si; and S5 in dB of the patch antenna array

Even though there are multiple frequencies at which the antenna gives the least
reflection, S1o makes it clear that the antenna radiates only at 5.31GHz. This is
the point where a dip is seen in the Sis curve. Note that the resonant frequency of
operation is approximately 5.3GHz instead of 5GHz. This shift in resonance can
be due to various factors, primary being the substrate parameters. If the thickness
of the substrate is different than the one used in simulation, the effective dielectric

constant will change, shifting the frequency as per equation 2.8.



0 Actual measured results
I I I

\ A= RNV~ o A
/ V> R\ VAN, ~>\/7\/\> . /wﬁ\ Ay

S12 and S21 in dB
=3
T

16 | | | | | | ' |
2 2.5 3 35 4 45 5 5.5 6
Frequency (in GHz)

Figure 3.21: Measured Si2 and S5; in dB of the patch antenna array

In order to substantiate for these results, an effective dielectric constant is calcu-
lated using 5.31G' H z as the resonant frequency. The new value for dielectric constant
turned out to be 3.82. In HF'SS, the dielectric constant of the FR-4 material is changed
to 3.82 instead of the default value of 4.4 and the antenna is simulated again. The
results for the S-parameters after this amendment is shown in Figures 3.22 and 3.23.
The resonant frequency did change as expected and the antenna now resonated at
5.3G' H z matching with the actual results. The input impedance plot after the amend-

ment is shown in Figure 3.24 as reference to exhibit the shift in resonance.
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Figure 3.22: Simulated S7; and S, in HFSS after changing ¢, to 3.82

Simulated results
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Figure 3.23: Simulated Si5 and Ss; in HFSS
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% Using HFSS simulation
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Figure 3.24: Simulated Z;; in HFSS after changing ¢, to 3.82

3.6  Conclusion

Making an antenna a two-port network can open an array of applications where it
can be viewed as a filter element. It no longer have to be at the beginning or at the
end of a transceiver. Changing the feed of the patch array gave a circularly polarized
radiation pattern with minimal effect on gain. Compared to a straight offset series

feed, the new design also saved board space and made the antenna compact.



CHAPTER 4: SELF-MATCHED 40:1 ARCHIMEDEAN SPIRAL ANTENNA

A noteworthy modification of the Archimedean spiral discussed in section 2.6 is
explained here. The term "self-matched" refers to the fact that the antenna by itself
does not need any mechanism or apparatus to match its input impedance to a 502

feed. The antenna structure inherently exhibits a 502 impedance at the feed point.
4.1  Applications

The goal of creating a frequency independent antenna is to use it in a variety of
applications subject to a range of different frequency bands. As per the simulations,
this antenna operates from 7T00M Hz to 29.9GHz and hence can satisfy a massive
range of communication spectrum right from somewhere in the middle of the L. band
(0.5GHz to 1.56GHz) up to the start of the Ka band (26GHz to 40GH z) of frequen-
cies.

Also, this antenna is not only about frequency independent behavior. One can effec-
tively change the state of polarization of the radiated wave by reversing the polarity

of the signal at feed and changing the face of the antenna.
4.2 Antenna Design

A conventional archimedean spiral antenna, although having a wide frequency
bandwidth, has a few shortcomings. The antenna must be fed by a balun since
the structure is not impedance matched. The wires might have to run through the
spiral arms which can disrupt the electromagnetic characteristics of the structure.
Several design options were discussed to improve the feed methods. One inspired
from [4] and [6], where the feed is tapered and the structure is a double sided parallel

strip line was proposed. The feed becomes a double sided parallel stripline structure
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because the arms are on either sides of the substrate and there is no ground plane. In
total, exactly two modifications have been done on the conventional design as shown
in Figure 2.16 to overcome these shortcomings. This tapering idea evolved into the
second modification. The top view of the actual simulation structure in HFSS is
shown in Figure 4.1.

The first modification is the change in the position of the arms. One of the arms of
the spiral is shifted on the bottom side of the substrate. This gives more space to
both the arms on their respective sides of the substrate. Primary advantage of this
modification is to simplify feed. One can easily connect a coaxial connector at the
center of the spiral with the ground connected to the bottom arm and the signal pin
soldered to the top.

Since there is now more space on each side of the substrate, the range of increasing
the width of the arms doubles. This is the second modification. As proven in [4],
increasing the metal-to-slot ratio decreases the impedance. For a conventional spiral,
this metal-to-slot ratio is 1 since it needs to maintain a self-complimentary structure.
For this design, this ratio is changed to 4.8 to bring the input impedance in the range
of 3012 to 80f2. The antenna is designed in Ansys HFSS with the spiral arms as equa-
tion based curves. The governing equations are similar to the one discussed in section

2.6 except that they are parameterized in order to suit the HF'SS environment.

z(t) = (a + b x t)cos(t) (4.1)

y(t) = (a+ b x t)sin(t)

Here, ’t’ is the parameter that runs from start to the end of each spiral arm while
‘a’ and ’b’ are constants. The equation for the other arm has an added argument of

7 in the sinusoidal terms. Top view of this design is shown in Figure 4.1.
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Figure 4.1: Modified Archimedean spiral design in HFSS with one arm on the top
side of the substrate (in black) and the other on the bottom side (in white)

For simulation purposes, a coaxial cable is directly connected to the structure.

FR-4 is the substrate material used with ¢, = 4.4.
4.3  Simulation design and results

Similar simulation settings are used for the Archimedean spiral antenna. With a
total of 15 turns on the Spiral, the antenna measures 182.4mm x 182.4mm. The
arms width is kept at 2.4mm while the spacing is at 0.5mm. An FR-4 substrate
with thickness of 0.8mm and a dielectric constant of 4.4 is used for all simulations.
The width of the substrate is chosen as thin as possible to keep the arms closer for
more coupling. Tapering is not done in this design since the antenna is big enough
to radiate all the current in air. At the end of the spiral, it is assumed that none of
the current reflects back.

As per the simulations done in HF'SS, Sy; is below —10dB across 7T00M H z to 29.9GH z.
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This is shown in Figure 4.2. Z;; as shown in Figure 4.3 stays fairly constant through-
out the band. The gain patterns for frequencies 1GHz, 5GHz, 10GHz, 15GH z,
20G'H z and 30G H z are shown in Figures 4.9 through 4.4. The pattern is slightly dis-
torted at 30GHz but the gain has remained fairly constant at approximately 6.2d B

across the band.

Using HFSS simulation
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Figure 4.2: Simulated plot of S;; of the modified archimedean spiral antenna in HFSS*

The typical shape of the plot for the real and imaginary parts of Z;; in Figure
4.3 confirms with the stacked dipole understanding of the spiral. The lumps seen
at intervals show resonance at different operating frequencies. It is because of these
resonances that the antenna is frequency independent. More such resonances with
the correct impedance match, better is the performance of an antenna at those fre-

quencies.
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Using HFSS simulation
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Figure 4.3: Simulated plot of real and imaginary parts of Z;; of the modified
archimedean spiral antenna in HFSS
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Figure 4.4: Simulated 3D Gain pattern of the modified archimedean spiral antenna
at 20GHz in HFSS
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Figure 4.5: Simulated 3D Gain pattern of the modified Spiral antenna at 30GH z in
HFE'SS
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Figure 4.6: Simulated 3D Gain pattern of the modified archimedean spiral antenna
at 1bGHz in HFSS
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Figure 4.7: Simulated 3D Gain pattern of the modified Spiral antenna at 10GH z in
HFSS
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Figure 4.8: Simulated 3D Gain pattern of the modified Spiral antenna at 5GHz in
HFSS
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Figure 4.9: Simulated 3D Gain pattern of the modified Spiral antenna at 1GHz in
HFSS

Noting the turn direction of the antenna structure, the antenna is left-handed
circularly polarized. Figure 4.10 shows the radiation pattern of the LHCP plane with
a gain of 3.82dB in the positive z direction. Figure 4.11 is of particular interest. For
the gain on right-handed circular polarization plane, the antenna radiation occurs in
the negative z direction. The positive z direction has a gain less than —1dB. Figure
4.12 on the Axial ratio tells that the antenna emits circularly polarized waves across
the band with less than 2.6dB difference between the major and minor axes on the
polarization plane. This plot assumes # = 0 and ¢ = 0 for keeping the direction on
the broadside. It is less than 1dB for most of the part of the band, which is quite

remarkable.
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Figure 4.10: 3D Gain pattern of Left-handed circular polarization of the modified
Archimedean Spiral antenna on the broadside
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Figure 4.11: 3D Gain pattern of Right-handed circular polarization of the modified
Archimedean Spiral antenna on the broadside
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8 Using HFSS simulation
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Figure 4.12: Axial Ratio plot in dB on the broadside of the modified Archimedean
spiral with respect to frequency

4.4  Measured data

Measurements are done on Anritsu MS46322A Vector Network Analyser. The

fabricated Archimedean spiral antenna is shown in Figures 4.13 and 4.14 with both

its faces. Since the structure has an average input impedance of 502 across the band,

a coaxial connector is directly soldered on the substrate.
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Figure 4.13: Fabricated design of the modified Archimedean Spiral antenna in air
showing the top and the bottom arms

As it is evidently seen in Figure 4.13, the structure requires no balun at the input.
The coaxial connector is directly attached to the center of the archimedean spiral.
The width to gap ratio has changed the input impedance of the antenna close to 50¢2.
The coaxial connector used in the Figure is through-hole type and has a bandwidth
of up to 19GHz. With better fabrication efficiency and changing the connector to a

surface mount type, the antenna is believed to operate at higher bandwidths.
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Figure 4.14: Top face view of the modified Archimedean Spiral antenna

From the top face, only one arm is seen, as shown in Figure 4.14. The feed is not
seen here since it is on the bottom face. The width of both the arms have been kept
constant from the beginning till the end of the design. Tapering the arms at the ends

may improve Sp; performance since this may reduce the amount of reflected current.

The measured plot for S across the band is shown in Figure 4.15. It is interesting
to note that the plot crosses the —10dB mark near 20G H z instead of 30GH z seen
in simulation. This is because the coaxial connector used in the antenna design had
a bandwidth limitation at approximately 19GHz. This plot would have had wider
bandwidth if an appropriate connector with S less than —10dB across the band till
30GH z is used.
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0 Measured data
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Figure 4.15: Measured Si; of the modified Archimedean spiral antenna

The plot has S;; more than —10dB in the lower frequency range where it is fluc-
tuating rapidly. The reason behind this transience is not clear. Also the lowest value
of S11 is observed at around 10G H z which is not seen in simulations. It is suspected

that the connector impedance characteristic at that frequency might be a reason.
4.5  Conclusion

The technique of offsetting the arms of the spiral vertically improved the impedance
characteristics of the antenna over the complete bandwidth of interest and made the

feed simpler. The radiation characteristics were not affected by this modification.



CHAPTER 5: CONCLUSIONS AND FUTURE WORK

Two classes of antennas- the narrow band patch antenna array and the frequency
independent Archimedean spiral have been shown to gain advancements in terms of
bandwidth, simplicity in the feed and a novel approach to the polarization of the radi-
ated wave. This effort is a proof that simple design ideas can lead to extremely useful
inventions. The idea of encrypted polarization is not only boasts a breakthrough in
terms of data security, but it also approves a simple implementation. The proposal for
using an antenna as a filter alters the way antennas fit in a conventional transceiver
system. Antenna, when used as radiative filter, can be used at an intermediate stage,
just as a traditional filter. This approach can change the way antennas are perceived.
From what is observed during this development seems to be only a start of a remark-
able technology in the future. The modified archimedean spiral antenna is one which
has a simple feed and a satisfactory far-field radiation pattern for the complete range
of frequencies from 700M Hz to 29GH z, reaching a 40 : 1 bandwidth. Wider arms
helped bring down the input impedance near 505).

Having two ports to the patch antenna array introduced the possibility of using the
structure as a two port network. Along with using the antenna as a filter which
radiates, one can also change the polarization of the radiated wave on the fly. This
concept can be extended to other antenna types or different patch shapes.

As a part of future work, one can attempt to prove the concept of encrypted po-
larization by keeping two similar patch antenna arrays on the transmitting and the
receiving end. One then will have to synchronously match the port switching fre-
quency of both the antennas in order to receive the complete signal. The idea of

offsetting the arms vertically can be tried on other frequency independent designs
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like the equiangular spiral or the log-periodic antenna. It has been shown that for
a microstrip patch array, the radiated beams can be switched using a butler matrix
[17]. Although, there is no change in polarization for these beams but it can be useful

as a future work on the antenna developed here.
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