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ABSTRACT

Software Defined Radio (SDR) provides a platform for a reconfigurable
communication system that is solely controlled by a software program with access to
certain hardware modules. SDRs are typically connected to very minimalistic, and often,
manually controlled reconfigurable antenna(s) with no software control over radiation
parameters. Hence, on a wave propagation front, the radiator does not capitalize on the
software infrastructure it is connected to. This thesis presents a software controlled
pattern and polarization reconfigurable microstrip patch antenna, with reconfigurable
parasitic elements, for reconfigurable wireless networks and applications.

The antenna is designed to operate from 2.4 GHz to 2.5 GHz, covering all
channels (channels 1 through 14) of the 2.4 GHz ISM band. This broadband behavior is
achieved with a two-layer stacked annular ring patch antenna, separated by a layer of
foam. This antenna is dual probe-fed to achieve vertical and horizontal linear
polarizations as well as right-hand and left-hand circular polarizations. Pattern
reconfiguration is achieved with a third layer composed of microstrip patch elements
acting as parasitic radiators, either reflecting or directing a beam in a direction, which
are controlled by RF PIN diodes. Elements are placed such that pattern reconfiguration
is possible across all polarization modes.

Various iterations of the design process are discussed along with their issues and

solutions. Other reconfiguration techniques are also suggested as part of future work.
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CHAPTER I

INTRODUCTION AND MOTIVATION

A Market-Mediated SDR is a software-defined communication system with a
certain type of cognitive response to users’ network utilization pattern; competition for
common resources; and a real-time demand of data packets for various applications
across multiple users. At the same time, the system maintains optimal performance for
each user. As described in [1], the communication system performs a per-packet level
switching, at sub-millisecond rates, requiring pattern and polarization reconfiguration at
the antenna-front. The antenna used in [1] is a polarization reconfigurable microstrip
antenna with solid-state (RF PIN diode) switching [2], [3]. Solid-state switching was
preferred over the fluidic switching mechanism due to the limitation on switching
speeds.

Polarization reconfigurable antennas, in this communication system, allow the
router to orient its polarization to that of a targeted user for a transmitted/received packet
at a specific moment in time. It also allows frequency re-use by having two channels
transmit/receive at two polarizations with very low interference due to the innate
orthogonality between them. Pattern reconfigurable antennas, on the other hand, can
direct radiation towards an intended user and boost signal strength between the router
and user, thereby reducing latency times and dropped packets; thus, steering away from

noise [4]. Traditionally, pattern reconfigurable antennas comprise of multiple antennas



forming a phased array system. This system requires multiple antennas and complex
phasing mechanism that occupy large space (of the order of a few wavelengths).

A polarization and pattern reconfigurable antenna presented in this thesis is
intended to replace the above-mentioned antenna [2], [3], thus providing the system with
an added degree of control over the communication between users and the router. Pattern
reconfiguration is achieved with the help of parasitic array elements, similar to that
discussed in [5], and polarization reconfiguration is achieved with dual-feed orthogonal
excitation of the microstrip patch antenna. The antenna is designed to operate within all
the fourteen channels of the 2.4 GHz Wi-Fi ISM band. To achieve this relatively
broadband behavior, a stacked annular ring microstrip patch antenna (ARMSP) is
designed with orthogonal dual-feeds, designed to operate at TM1; mode and is integrated
with a novel parasitic array which provides beam-steering pattern reconfiguration
without the need for any phase-shifting mechanism or additional RF signal.

Chapter 2 discusses the background required for this thesis and the theory behind
the design of the antenna using a cavity model approach. The operation of a Yagi-Uda
antenna is also presented to aid the understanding of the beam-steering mechanism used
in the antenna under study.

Chapter 3 presents the broadband characteristics of the radiating element and the
design stages involved.

Chapter 4 presents the first iteration of the radiating element coupled with the

parasitic beam-steering array and the need for further improvements.



Chapter 5 discusses the next stages of iterations with most of the issues
accounted for and a field-deployable version of the antenna under study.

Chapter 6 discusses future work and enhancement of the design of the antenna
for a more compact version with fewer solid-state devices, thus increasing the overall

efficiency of the antenna.



CHAPTER II

BACKGROUND

2.1 Two-Port Network Analysis

Every antenna is characterized by the amount of power that it transmits (in the
case of a transmitting antenna) and therefore the amount of power that is reflected to the
source, which is detrimental to the entire system. This is studied with the help of a single
or multi-port network analysis [6]. For the purposes of this thesis, since the antenna is
designed with a dual-feed, the analysis is limited to a two-port network.

Since voltages, currents, and impedances cannot be measured directly at
microwave frequencies, these quantities must be derived using more directly measurable
quantities such as the amplitude and phase angles of reflected waves with respect to the
amplitude and phase angles of incident waves. This relation between reflected
(scattered) and incident waves is represented mathematically by a matrix called
Scattering matrix or Scattering parameters.

Consider a two-port network as shown in Fig. 1, where a and b, are the incident and
reflected waves, respectively, at port 1 and a, and b, are the incident and reflected

waves, respectively, at port 2.

With these network parameters, the S parameters are defined as follows:



811:E S12:;l
& a,=0 2 |a=0 2.1)
s b b,
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|1 |2
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b, Network % b,
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Fig. 1. Two-port network illustrating network parameters.

where a, =0 means that the incident wave at port n has zero amplitude, which implies

zero input power. In the form of a matrix, the relation between reflected and incident

bl}:{sll 312}{31} -
{bz Sy Sy || @ @2

In general, the S parameters (S,,,) are interpreted as effect on port m due to port

waVves are given as

n. With this interpretation, S;; and S,, are termed as reflection coefficients at port 1 and
port 2 respectively; S,, and S,, are the transmission coefficients from port 1 to port 2

and vice-versa respectively. Since the S parameters are a ratio, they lie within the range

[0,1]. To easily relate the S parameters with respect to power, they are represented in

decibels (dB) as



|Sn| s =2010g|S 1| (2.3)

e

A general rule of thumb followed with respect to S parameters and microwave
devices is that input/output reflection coefficient should be <—-10dB, or in other words,
reflected power should be less than approximately 10% of the input/output power. For
the purposes of this thesis, bandwidth of a certain device is calculated for reflection

coefficients < —10dB.

2.2 Rectangular Microstrip Patch Antennas

Microstrip patch antennas are comprised of a thin metallic strip/patch placed on
top of a metallic ground plane, separated by a dielectric material of a certain thickness.
Microstrip patch antennas are low profile, planar, relatively inexpensive, and easy to

manufacture, making them perfect choices for mobile telecommunication devices [7].

Fig. 2. Rectangular Microstrip patch antenna with the patch and substrate surfaces
along x-y plane and z-axis pointing upwards.



The substrate properties are typically characterized into relative permittivity (e, )
and relative permeability («, ). For a rectangular patch antenna, as shown in Fig. 2, the
substrate parameters, also including substrate thickness (h, ), along with the length (L)
and width (W) of the patch determine the radiation characteristics. A rectangular patch

antenna has a narrow bandwidth (around 1 — 3 %) of resonance, which is a function of

L,, W,, and h_, depending on the mode of excitation. These modes can be analyzed

using either transmission line model or cavity model; and for the purposes of this thesis,

cavity model approach is described.

2.2.1 Cavity Model Analysis of Rectangular Patch Antenna

A microstrip patch antenna can be modelled as a dielectric loaded cavity with
perfect electric conductors (PEC) on the top and bottom walls and perfect magnetic
conductors (PMC) along the perimeter of the patch — modelling the perimeter walls as
PMC simulates an ideal open circuit between the top and bottom PEC [7]. In the case of
a rectangular patch, the four side PMC walls represent four narrow slots, which are
responsible for radiation. All the six walls of this cuboidal cavity have surface currents,
which are comprised of electric and magnetic current densities. As explained in [7], the
electric current densities on the top and bottom faces (PEC) are negligible and are set to

zero. The side PMC walls, however, bear magnetic current densities (M,) and is

doubled in magnitude due to the presence of a ground plane. The expression is given as

follows:



M, =-2nxE, (2.4)
where E, represents the electric field at the slots. The resonant frequencies for this

cavity can be given by [7]:

2 2 2
__ 1 |mz| bz, pT
(fr)mnp " 2nfue [ h, J +[ ij —{Wp} (25)

where m, n,and p represent the number of half-cycle field variations along z, x, and y

axes respectively.
L

. e

Fig. 3. Fringing electric fields along the length of the patch responsible for
radiation.

Assuming the dominant mode (TM,,,) within the cavity, of the four slots, only two

radiate while the other two cancel out the other. It is a considered general practice to

represent the separation between the two radiating slots as L, and the two non-radiating
slots as W, . The radiation pattern of this patch can, therefore, be calculated as a linear

array of two magnetic dipoles with current densities given by (2.4). These fields
emanating from the two radiating slots are called fringing fields (Fig. 3) and, as
mentioned earlier, are responsible for radiation. Because of these fringing fields, the
patch looks electrically larger than its physical length and hence should be accounted for

in the design. The non-homogeneity in the dielectric media involved in these fields
8



reduce the overall dielectric constant (assuming that the media around the patch is air

with €, =1), giving rise to a term generally called effective dielectric constant, which is

given by:

2
= 1 2.6
freﬁ 2 + 2 |: W } ( )

2.3 Annular Ring Patch Antenna and Cavity Model Analysis
Consider an annular ring patch antenna as shown in Fig. 4. It has an inner radius
a and an outer radius b, sitting atop a substrate of thickness h, with a dielectric

constant ¢, . In the cavity model, similar to the rectangular patch discussed earlier, the

dielectric loaded cavity is surrounded by PEC walls in the top and bottom and PMC
walls on the sides. Here, however, there would be two PMC walls, along the interior and
exterior of the annulus, as shown in Fig. 5. The resonant frequencies inside this cavity

are determined by [8]:

KounC
= (2.7
27 (e
Here, k_,, are the roots of the characteristic equation [9]:
Jo(k,a) I (Kb
n( mn )_ n( mn) (28)

Ny (Knn@) — N; (Kob)
Here, J,(x) is the first derivative of n" order Bessel function of the first kind and

N, (x) is the first derivative of n" order Bessel function of the second kind (also called



Neumann function). The derivatives are taken with respect tok o . To analyze the fields
inside the cavity, [9] has introduced a representation by expansion in resonant modes.
Here, the wave equation in the cavity with a z directed current is given as:

(v2 +k2)EZ = joudez (2.9)
Here, E,, is represented in terms of resonant modes v, as:

1 (Jy,)
KZ=K2 (o) "

E,=jou), (2.10)

ty
|

Coaxial
probe

Fig. 4. Annular Ring patch geometry and design variables.
10



Fig. 5. Cavity model of Annular Ring patch showing PEC and PMC walls (ground
plane not shown).

where (Jy,)=[Jy; ds and () = [w.w dv. Available in [9] is a list of resonant

mode equations and the one pertaining to the annular ring is given below:
Y :[N“ (km”a) Jn (kmnp)_‘]‘n (kmna) N, (kmnp)}ejnqj (2.11)

The solution for (2.10) is provided in [8], for the resonant equation (2.11):

E, = jou,J [ii R [J (kk aa;)J EE :Z;_Dcosngo (2.12)

m=1n=0

where
Rmn =
kzﬂ'W(N (kmO aeff mo kmO aeff ) 0(km0d)) n=0
k2 kz ‘] kmO aeff |
mO
kmo beff (2.13)
k%7 sinnwcosn k J, ( Ky d
T 7[( mnaeff n (mn eff) ( )) n;tO

) mn eff
2
‘] mn eﬂ

11



andk, = @,/ e . This double summation can be solved for m,n<5 as it is rapidly
convergent [8].

This structure has fringing fields that exist at the interior and exterior PMC walls,
and those fields encounter non-homogenous media, giving rise to an effective dielectric
constant which is given by (2.6). Here, however, the width of the patch is given by:

W =(b-a) (2.14)

Simplified forms of effective radii due to fringing fields are given by [8]:

3
aeﬁ - a_Zt

3 (2.15)
by =b+-—t

4

To obtain the radiation fields from (2.12), which are the fields inside the cavity,
equivalent sources representing the fields on the PMC walls are determined. Following
the same principle as in the rectangular patch, surface magnetic currents are accounted
for, taking into account its image due to the ground plane, and the far-field electric field

components are given by:

mn

[ 2tk E g Jor
E,=j" 0 Om”][ Jcoanﬁ , J (k (2.16)
’ [ 7k r 3, (Kb sin@)w

and

12



3, (ke sing) ) |
[ 2tnE,, | e : a
Fo=7 [ ﬂk:n ][ r jcotesmn;}ﬁ 3, (Kobyyr SiN0) 3, (K ) 217)
L b ‘]n (kmnbeff)_

The input impedance varies along the width of the patch for different positions of
the coaxial probe feed. It is determined by taking into account various losses in the
cavity and surrounding region, such as radiation loss, dielectric loss, conductor loss and

surface wave loss [8], [10]. The expression for the input impedance is given as follows:

Z =R+ jX
2
o (I (k. d)N,(k a)—J,(k .a )N, (k .d
:ja),utz( 0( mO ) 20( moza) (;( moa‘) 0( mO )) L (2.18)
=i 4(k& —kao)( Jo (km(,a)_1
o | 37 (ki)
sin® nw

K d)N- (k. a)=J. (k. a )N (k.d))

o S, 50 ) M )

m=1n-1 Z(k‘fﬁ—kéo)[.]'o(kmna')[l_ n2 ]—[1—nzn
k2, J, (kmnb') kZ,0? k2 a?

where

keff = koxffeff (1_ j5eﬁ )

1 2outl

O =tano + + ‘ . 2.19
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Here, &, is the effective loss tangent; tano is the loss tangent of the substrate;

o is conductivity of patch and ground plane; 7, is characteristic impedance of free

space; and 1 is given by:

2

Zn?cos? @ |dn(koa'sing) 3, (kob'sin€) 3.2 (knnd)

TlEsne | @ b 17(keb)| -
2.20
o
sing Jn(koa'sinﬁ)J}](kob'sinﬁ)% do
0 mn

Equation (2.18) could be used to plot the impedances across a band of
frequencies or along the width of the patch. The former allows for a better tuning of the
resonant radii, while the latter allows for an optimum placement of the coaxial probe
feed in order to achieve the required amount of input impedance. As the case of (2.12),

(2.18) is also rapid convergent, and it is sufficient to include terms up to m,n<5 [8].

2.4 Yagi-Uda Antenna Array

This antenna traditionally comprises a linear array of dipole antenna of which
one is excited, while the others behave as parasitic radiators. Fig. 6 depicts a Yagi-Uda
array of linear elements. The driven element, being a dipole, has an omnidirectional
radiation pattern, with nulls in the broadside direction (z-axis). However, in the presence
of these parasitic elements, the radiator behaves as an end-fire array, and the main beam
is directed towards the positive y-axis. The parasitic elements to the right of the driven

element, from Fig. 6, act as directors while those to the left act as reflectors [7]. Due to
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its end-fire beam formation in the direction of the directors, the gain achieved is much

higher than that of the driven element.

1]
1

Driven I
element Directors

()

v
<

v

Reflector

Fig. 6. Yagi-Uda Linear Antenna Array Configuration.

To achieve this end-fire beam, as explained in [7], the directors are designed to
be smaller than the driven element. If the driven element is typically a half wavelength
dipole (with a length 0f0.45—-0.4941), the directors are about 0.40—0.454long. All the
directors need not be of the same length for optimum design, and may vary depending
on the application and desired results, but for the purpose of this thesis, the number of
directors is limited to one. The reflector on the other hand is slightly longer than the
driven element, typically larger than 0.504 . The spacing between the directors as well as
that between the driven element and the first director plays a major role in the gain of the
Yagi-Uda array. It was experimentally shown that for spacing greater than 0.304, there

was a significant drop in the gain of the array. However, the gain was more-or-less
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independent of spacing for up to approximately 0.304 [7]. An optimum spacing

between the driven element and the reflector was calculated to be around 0.251 .

2.5 RF Diodes

To achieve reconfiguration mechanisms in this antenna, RF PIN diodes and
varactor diodes are utilized. These devices are non-linear solid-state semiconductor
devices, wherein with a certain amount of bias voltage, the I-V characteristics are
altered. In the case of a varactor diode though, reverse bias voltage gives rise to a series
capacitance, and this voltage can be further tuned to obtain desired results.

These devices operate on similar principles as a PN junction diode, where a
semiconductor doped with negatively charged atoms, creating excess amounts of holes,
denote a P-type, while positively charged atoms, creating an excess amount of electrons,
denote an N-type semiconductor [3]. A PN junction is formed when the P and N type
semiconductors are joined, and near this junction, diffusion of holes and electrons
creates a depletion region (a region with no charge carriers) as the electrons and holes
combine to cancel any excessive charge. This lack of charge carriers causes an electric
field across the junction, arising due to the positive and negative charges in the N and P
type regions. This in turn gives rise to a potential barrier across the junction, causing
holes in the P-type and electrons in the N-type regions to move away from the junction

and reducing current flow. Fig. 7 illustrates the depletion region formed.
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-+—F

Fig. 7. PN junction diode is formed by fusing P-type and N-type semiconductors.
Depletion region formed around the junction giving rise to an electric field.

An external voltage applied to the PN diode is known as bias voltage. Forward
bias is when the P-type terminal has higher external potential than the N-type terminal
and reverse bias is when the N-type terminal has higher external potential than the P-
type terminal. Under forward bias conditions, holes on the P-type terminal are pushed
toward the junction and similarly, electrons on the N-type terminal are pushed toward
the junction. Due to this, the width of the depletion region decreases as there are more
electrons and holes available near the junction, thus lowering the potential barrier; and
beyond a threshold potential difference, electrons and holes drift across the junction. On
the other hand, applying a reverse bias induces an opposite effect, wherein the depletion
region widens due to attraction of holes and electrons at the P-type and N-type terminals
respectively.

Due to the opposite behaviors under different biases, diodes can act as switches —
forward bias resembles short circuit and reverse bias resembles open circuit. This holds
good for DC and low frequencies. As the frequency increases and the diode switches

17



from “on” to “off” rapidly, the amount of time available for the stored charge in the
depletion region to deplete in the “off” state may be lesser than the negative half cycle of
the RF signal, and thus behaves as an open-circuit (rectifying the RF signal which
increases distortion). This recovery time is termed as “reverse recovery time” and is a
standard measure of a diode’s performance.

To overcome this effect and increase the reverse recovery time at RF frequencies,
an un-doped semiconductor layer (also known as an intrinsic layer) is placed at the PN
junction. This layer stores charge and thus increases the amount of charge carriers
flowing through the junction between the P-type and N-type regions, when forward
biased. This increases the reverse recovery time and the diode would still behave as a
short circuit for the negative half cycle of the signal.

RF varactor diodes are a source of solid-state variable capacitors when the diodes
are reverse biased. As mentioned earlier, when the diode is reverse biased, the depletion
region widens and increases the potential barrier. This gives rise to a junction
capacitance which varies as the magnitude of the reverse bias voltage is varied. With
respect to RF designs, it allows the designer to vary capacitance between two terminals
thus making a transmission line look electrically longer or shorter without physically

modifying the transmission line.
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CHAPTER IlI
DESIGN OF A POLARIZATION RECONFIGURABLE BROADBAND ANNULAR

RING PATCH ANTENNA

This chapter describes the process involved in the design of an antenna with an
impedance bandwidth of at least 100MHz centered around 2.45GHz (~4% fractional

bandwidth).

3.1 Single Layer Annular Ring Patch (ARMSP) Antenna

The first iteration of the design started with the study of the cavity model of
annular ring patch antennas as described in section 2.3. To validate the model and thus
use it for the intended design, analysis was performed using MATLAB (analytical
solutions) and HFSS (full-wave CAD simulations) and compared with results presented
in [8]. With the antenna dimensions a=35mm, b=70mm, d =37mm, ¢ =2.32 and
t=1.59mm. Table 1 summarizes the resonant frequencies obtained across analytical
solutions, HFSS simulations, calculated and measured data. The analytical values were
obtained from (2.7) and (2.8). Fig. 8 shows the analytical and simulated values for input
impedance of the patch at TM,, mode where analytical solutions were obtained from
(2.18). The agreement between the analytical and simulated data is good, except that the
peaks of the impedances are slightly off. This could be attributed to having a finite

ground plane in the simulated measurements, the model of the coaxial connector to the
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annular ring patch or differences in the dielectric losses and metal conductivity between

the analytical and simulated versions, which could shift the frequency of resonance.

Table 1. Comparison of analytical and CAD simulations against calculated and
measured data presented in [8].

Mode Measured [8] | Calculated [8] | Analytical HFSS
(TMmn) (MHz) (MHz) (MHz) (MHz)
TMy; 625 618 623 614
TMi2 1230 1220 1228 1214
TMi3 1800 1790 1805 1792
TMyy — 2335 2351 2344
TM2; 2760 2820 2839 2870
TMy, 3037 3068 3089 2975
TMy3 3446 3450 3475 3378
TMyy 3940 3935 3962 3870

Having established that there is a close agreement between the cavity model and
a full-wave simulation model and that these model also agree with the data presented in

[8], the model parameters were modified to find an optimum geometry for a TM,; mode

annular ring patch antenna with a resonance at 2.45 GHz.
At 2.45 GHz, the corresponding wave number was calculated using (2.7). To
then find out the patch dimensions using (2.8), it was fixed that the outer radius of the

annular ring was twice that of the inner. The substrate chosen was Rogers RT/duroid
20



5880 with the following substrate parameters: ¢ =2.2, t=15748mm and

r

tano =0.0009. The reason for a low dielectric substrate is that it has a relatively low
loss tangent and therefore lesser dielectric losses. With these parameters, the analytically
computed radii were a=11Imm and b=22mm. These values gave a resonant peak at
approximately 2.1 GHz. After further optimization to shift the resonant peak to the
desired frequency, the radii obtained were a=9mm and b=20mm. Fig. 9 shows the

input impedance obtained from the HFSS simulated model for the initial and the final

configuration.
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Impedance ()

= e Ri, HFSS
= R;, Aralytical
| ®e X, HFSS
= Xin Analytical
-400 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Frequency (GHz)

Fig. 8. Analytical and simulated input impedances of TM1; mode of annular ring
patch antenna.

-200 —

The reflection coefficient of the optimized configuration of the single layer

ARMSP antenna is presented in Fig. 10. It is clearly evident that there is a poor
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impedance match to a 50Q input coaxial line. Further simulations found no probe
positions along the width of the ARMSP with minimal reflections. If the coaxial probe
feed impedance is shifted to 550Q2 (the actual impedance of the patch, obtained from
Fig. 9), the reflections are drastically reduced (also shown in Fig. 10). This solution is,
however, impractical as the standard for RF systems is 50Q2 and was only examined to

measure the impedance bandwidth of the antenna (z 0.9%).
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Fig. 9. Input impedance of simulated single layer ARMSP antenna showing initial
design (a=11mm, b=22mm) vs. optimized design (a=9mm, b=20mm).
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Fig. 10. Reflection coefficient of single layer ARMSP antenna — comparison
between 50Q and 550Q coaxial feed line. Impedance bandwidth ~0.9%.

Fig. 11. Normalized radiation pattern of single layer ARMSP antenna at 2.45 GHz.
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3.2 Stacked ARMSP Antenna

As calculated earlier, it was obtained that the impedance bandwidth of the
ARMSP antenna was approximately 0.9%, which is far less than what is required. To
tackle this issue, a concept of stacked patch was studied and simulated. From [11] it was
understood that having a lower dielectric constant substrate as the first layer along with a
layer of foam above it allows for a wider impedance bandwidth, as compared to having a
larger dielectric constant first substrate. It is also stated that the lower radiating patch
must be strongly capacitive in order for the stacked patch as a whole to be better
impedance matched. From Fig. 9, we can say that at frequencies near 2.45 GHz, the
patch is strongly capacitive and behaves as a good starting point for a stacked design
with no further alterations required.

The second substrate was fixed to be a Rogers RT/duroid 5880 substrate with

half the thickness (t, =0.787mm) as the bottom one. These two substrates are separated
by a foam of thickness t,, with dielectric constant ¢ =1.06 and tano =0.0001. The

second layer patch was designed as a 2.45 GHz resonant ARMSP antenna but with
varying dielectric constants and overall thickness of the effective substrate accounted
for. As suggested in [11], a starting point for the foam thickness could be approximately

0.064,, which was roughly 6mm thick. Fig. 12 illustrates the 3D model of the stacked

patch.
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Fig. 12. HFSS 3D model cut-out of the stacked ARMSP antenna; a, and b, are the
inner and outer radii, respectively, of the stacked patch element, t;, t, and t; denote
the thickness of the first layer substrate, foam and second layer substrate,
respectively.

Keeping the foam thickness fixed, the values of a, and b, were optimized and

eventually set to be a=11Imm and b=24mm. With this configuration, a much larger
impedance bandwidth was achieved and as shown in [11], a resonant loop was observed
in the Smith chart. Now, keeping the second layer patch radii fixed, the foam thickness
t, was varied. It was observed that as the foam thickness was reduced, the resonant loop
in the Smith chart became larger. In the initial case (where t, =6mm), from Fig. 13, it
can be observed that the resonant loop does not surround the center of the chart, and
hence a narrower impedance bandwidth is noticed. With the foam thickness t, =5.5mm,

however, it is observed that the loop is formed around the center and a wider impedance

bandwidth is achieved.
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Fig. 13. Effect of varying foam thicknesses on the reflection coefficient and
impedance bandwidth of a stacked ARMSP antenna.

With t,=6mm, an impedance bandwidth of 8.7% was observed and with
t, =5.5mm, an impedance bandwidth of 9.3% was observed, both of which were more

than twice the bandwidth desired. The simulated radiation pattern for the stacked

configuration with t, =5.5mm is presented in Fig. 14.
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Fig. 14. Normalized radiation pattern for a stacked ARMSP antenna with t, =
5.5mm, at 2.45 GHz.

3.3 Polarization Reconfiguration on Stacked ARMSP Antenna

Now that a broadband behavior is achieved in the radiating element, a
polarization reconfiguration mechanism is introduced. The types of polarization
expected are linear and circular polarizations. Each of these has two orthogonal types,
viz., horizontal and vertical linear polarizations as well as left-hand and right-hand
circular polarizations. To achieve all four types of polarizations on one radiating
element, the most straightforward approach is to have dual feeds on the antenna. The
antenna presented in sections 3.1 and 3.2 are designed to operate at 2.45 GHz with the

dominant mode (TM,,). When the dominant mode is excited, the surface currents on the

patch are either vertically or horizontally oriented. This behavior aids in the placement

of second feed port. Due to the innate orthogonality along the two axes on the surface of
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the patch in the TM,, mode, the two feed ports can be placed at right angles to each

other. So if either of one is excited, either vertical or horizontal polarization is achieved.

This is illustrated with the help of Fig. 15.

Fig. 15. lustration of a dual feed ARMSP giving rise to horizontal and vertical
linear polarizations in TMy; mode. Vertical polarization is observed along the xz-
plane and horizontal polarization, along the yz-plane.
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In [7], it is stated that circular polarization can be achieved in a dual feed antenna
if the feeds are right angles to each other (if the antenna is designed to excite the
dominant mode) and if the phase difference between the feeds are 90° (leading or
lagging). Depending on the sign of the relative phase difference between the feed ports,
the polarization achieved is either right-hand or left-hand circularly polarized.

Fig. 16 presents the complete S-parameters of the dual feed stacked ARMSP

antenna. It is evident that both S;; and S,, are almost identical and well matched to their

respective feed ports. There is also a strong isolation between the two ports, which is

represented by S, .

S Parameters (dB)

-40 1 | 1 | 1 | 1 | 1
2.0 2.2 2.4 2.6 2.8 3.0

Frequency [GHZz]

Fig. 16. S-parameters of the dual feed stacked ARMSP antenna; both ports are
matched across the desired bandwidth and there is high isolation between them.
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Fig. 17 presents the simulated radiation patterns showing both the vertical and
horizontal linear polarizations on the two primary cut-planes. Fig. 18 presents the
simulated radiation patterns showing left-hand and right-hand circular polarizations on
the two primary cut-planes. From both these figures, it is observed that the cross-
polarization levels for each cut-planes are about 25dB lesser in magnitude than the co-
polarization levels. This shows high orthogonality between the co- and cross-

polarization fields.

Vertical
Polarization

Horizontal
Polarization

-40

Fig. 17. Normalized radiation patterns for vertical and horizontal linear
polarizations of stacked ARMSP antenna.
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Fig. 18. Normalized radiation patterns showing right-hand and left-hand circular
polarizations.

3.4 Polarization Reconfigurable Stacked ARMSP Antenna on Duroid 5870
Substrate
At this point, the substrate Rogers RT/duroid 5880 was unavailable for

fabrication, so, its nearest alternative, Rogers RT/duroid 5870 (with a dielectric constant
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¢, =2.33 andtano =0.0009) was chosen. Design parameters using the cavity model

approach were used to start the initial simulation with the new substrate. This new
design was then iteratively simulated and optimized on HFSS, starting with a single
layer and then the stacked patch. During the design of the second ARMSP layer, the
foam thickness was kept fixed and only the inner and outer radii were optimized. After
finalizing the radii, the foam thickness was varied. The final optimized design

parameters are presented in Table 2.

Table 2. Optimized design parameters for Stacked ARMSP Antenna on Duroid

5870 substrate.
Design Parameter Value
Substrate-1 thickness (t;) 1.5748 mm
Foam thickness (t,) 4.5 mm
Substrate-2 thickness (t3) 1.5748 mm
ARMSP-1 inner radius (a;) 7.5mm
ARMSP-1 outer radius (b1) 20.5 mm
ARMSP-2 inner radius (a;) 10 mm
ARMSP-2 outer radius (b,) 23 mm
Probe feed location (from origin) 12 mm

Fig. 19 presents the port terminal parameters for this modified antenna,

highlighting the broader bandwidth, minimal reflection on feed ports and high isolation
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between the ports. The achieved impedance bandwidth is approximately 11%. The

radiation patterns are almost identical to that of the previous design.

S Parameters (dB)

20 2.2 24
Frequency [GHZz]

Fig. 19. S-parameters of the dual feed stacked ARMSP antenna with Duroid 5870
substrates. The impedance bandwidth achieved is approximately 11%.
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CHAPTER IV
DESIGN OF A PATTERN RECONFIGURABLE BROADBAND ANNULAR RING

PATCH ANTENNA

This chapter further develops the antenna from section 3.3 to enable steering of
the main-beam for different polarizations, and thus, to achieve a basic form of pattern
reconfiguration. It was mentioned in section 3.3 that due to substrate unavailability, the
design had to be modified from duroid 5880 to duroid 5870. This was, however,
executed after several design iterations of pattern reconfiguration mechanisms on duroid
5880 substrates (presented in sections 4.1 through 4.3); the design procedures remain the

same, with only the physical dimensions having to be altered.

4.1 Quasi-Yagi Coupled Stacked ARMSP Antenna
The antenna presented in this section builds upon the parasitic array described in

[4] and [5].

4.1.1 Effect of a Director on the Stacked ARMSP Antenna
The first iteration of adding the Yagi steering elements involved placing one
microstrip element (director) on the same plane as the stacked ARMSP element. The

length was designed for approximately 0.44,, width was designed to be approximately

the same width as a 50Q2 microstrip line. Fig. 20 illustrates this design. This director is

intended to steer the beam when the antenna is fed in the second port (long the y-axis),
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as the length of director is along the y-axis and is y-polarized. The port reflection

parameters are presented in Fig. 21 and the radiation pattern is presented in Fig. 22.

Fig. 20. Stacked ARMSP antenna with parasitic element (director) for beam-
steering; wp is the width of the director and spacing, is the spacing of the
director from the center of the second layer ARMSP.

From Fig. 21, it is observed that when the antenna couples with a parasitic element, it
makes the antenna largely capacitive, and since the director is shorter than a half-
wavelength, the resonant frequency is shifted slightly higher. This director not only

affects port 2, but also port 1, however the resonant frequency is not adversely affected.
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Fig. 21. Port reflection parameters for wp, = 16mm and spacingp, = 46mm.

Fig. 22 shows the radiation pattern of this antenna. A beam tilt is observed in the
horizontal polarization, which is due to the presence of the director. It can also be noted
that the presence of a director along the negative x-axis does not affect the radiation
properties of the vertical polarization configuration. In order to obtain beam-steering for
vertical polarization, the director must be placed along the y-axis, and port 1 must be

energized to couple with it.
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Fig. 22. Normalized radiation patterns showing about 20° of beam tilt towards
negative axis. The patterns along vertical polarization plane remains unaltered.

The configuration presented so far serves as a good starting point to further

investigate the effects of adding parasitic elements, their dimensions and their positions.
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4.1.2 Effect of Adding a Foam Layer between the Stacked ARMSP and Yagi-Elements

From the previous design, it was observed that there was a strong coupling
between the director and the antenna, giving rise to a large capacitance. In order to
reduce the amount of coupling, a layer of low dielectric foam (thickness t, =7mm) was
introduced to add a physical separation between the antenna and the Yagi-elements. To
also make the Yagi-elements layer easily manufacturable, they were simulated atop a
duroid 5880 substrate (thickness t, =0.787mm).

With this configuration, it was observed that while the antenna still maintained
the beam tilt of about 20°, the excessive capacitance issue was solved. There were,
however, large reflections observed. In order to improve the port reflections, the foam

thickness t, (between the two ARMSP elements) was varied. The results are presented

in Fig. 23.

4.1.3 Effect of Introducing Reflector Element
Having been able to have an acceptable port impedance match with some amount
of beam tilt, a reflector element was added at the same spacing and as the same width as

the director but with a length approximately 0.54,. This however did not aid in a larger

beam-tilt and the port reflection parameters were similar to that obtained in Fig. 23 for

t, =3.5mm.
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Fig. 23. Port reflection parameters for different values of foam thicknesses (t, =
3mm to 5. 5mm). The final value chosen at this stage was t, = 3. 5mm.
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4.1.4 Effect of Increasing Foam Thickness (t,) between Stacked ARMSP Antenna and
Yagi-Elements

Since there was no visible and substantial difference with the introduction of a
reflector element, the height between the Yagi-elements and the antenna was increased.

Fig. 24 illustrates the new modification.

Fig. 24. HFSS 3D model, depicting a foam layer that separates the Yagi-elements
and the stacked ARMSP antenna. The shorter element (towards the right) is the
director and the longer element (towards the left) is the reflector.

After fine-tuning the design with the following parameters shown in Table 3, a

beam-tilt of 30° towards the negative x-axis was observed while still maintaining
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acceptable levels of port reflections. S parameter plots are shown in Fig. 25. Radiation

pattern is presented in Fig. 26.

Table 3. Design parameters for Quasi-Yagi Stacked ARMSP antenna with a
Director-Reflector configuration.

Design Parameter Value
Substrate-1 thickness (t;) 1.5748 mm
Foam thickness (t2) 4 mm
Substrate-2 thickness (t3) 0.787 mm

ARMSP-1 inner radius (a) 9mm
ARMSP-1 outer radius (b) 20.5 mm
ARMSP-2 inner radius (a2) 12,5 mm
ARMSP-2 outer radius (b,) 23 mm

Probe feed location (from origin) 11.5 mm

Foam thickness (t3) 30 mm
Substrate-3 thickness (ts) 1.5748 mm
Reflector Spacing (spacingy) 59 mm
Director Spacing (spacingq) 59 mm
Reflector width (w;) 8 mm
Director width (wyg) 8 mm
Reflector arc length 57 mm
Director arc length 34 mm
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Fig. 25. Port reflection parameters showing acceptable impedance matching across
the desired bandwidth and strong isolation between the two feed ports.

Horizontal
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Fig. 26. Normalized radiation pattern showing fields for horizontal polarization
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4.2 Pattern Reconfigurable Quasi-Yagi Coupled Stacked ARMSP Antenna

In the previous sub-section, the ability for the radiated main beam to skew from
the broadside direction was established. This sub-section details the strategies and design
changes adopted for being able to electronically control the pattern across both

polarizations.

4.2.1 Use of RF PIN Diodes to Switch between Director and Reflector

The ability to achieve pattern reconfiguration with the help of RF PIN diodes was
established in [4] and [5]. The similar concept is being investigated here.

In the previous sub-section, the Yagi-elements were fixed to be either a director
or reflector, and with that configuration, only a certain type of radiation pattern was
observed. If the director and reflector were interchanged, the main beam would skew
towards the positive x-axis instead of the negative. Therefore, in order to control the
physical length of the Yagi-elements, RF PIN diodes [12] were used. That configuration
is illustrated in Fig. 27, where each diode shown is representative of two diodes places
near the edges of the parasitic elements. For the sake of understanding the pattern
behavior, DC bias lines were not simulated.

The diodes are oriented in such that the anodes are pointing inwards to every
element. A small gap is introduced so as to position the diodes and to keep the main
element open-circuit from the edges. When the diodes are forward biased, as per the data

sheet [12], they offer very minimal resistance (R, =1.5Q) and shunt capacitance

(C, =0.18pF). Under reverse bias conditions, the diodes were simulated to have a
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series resistance of R, =15kQ . All diodes have a packaging inductance and this is

accounted for in the simulations with the value from the datasheet (L, =0.7nH) [12].

Fig. 27. RF PIN Diode configuration on the Yagi-elements to control lengths of
those elements. Y; and Y3 couple with feed port 2 and Y, and Y, couple with feed
port 1.
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With the diodes forward biased, the diodes allow the surface currents to pass
through and also excite the edges of the elements, thus making it longer and therefore
designed to be a reflector. However, when the diodes are reverse biased, the diodes offer
very high resistance for the surface currents to flow through and only confine the
currents to operate as a director.

With this environment and diodes setup, while maintaining the same reflector
and director dimensions as the previous experiment, there was no observed beam-tilt for
any diode state. But as the reflector and director spacing were reduced, the antenna
began to couple with the Yagi-elements and the radiation patterns were affected.
However, as the coupling increased, the port reflections increased too. Fig. 28 presents

the reflections at the ports at a reflector and director spacing of 40 mm.
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Fig. 28. Port reflection parameters for all Yagi modes affecting port 2.
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Fig. 29. Normalized radiation patterns for all Yagi modes affecting port 2.
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4.2.2 Impedance Matching the Quasi-Yagi Pattern Reconfigurable Stacked ARMSP
Antenna

As evident from Fig. 28, the impedance matching is lost at the expense of a high
beam tilt for any of the modes involving the director. There were various methods used
to impedance match this antenna, viz., quarter wave transformer (QWT), stub matching,
and changing the probe feed position.

At frequencies close to 2.45 GHz, the impedance was very close to the real axis
of the Smith chart. So in order to impedance this, a quarter wave transformer was used.

This was achieved by probe-feeding into a transmission line designed as a QWT, and
. A . . :
with a length of Tg This solution was not feasible due to the narrow-band nature of a

QWT and the feeding mechanism from a probe to a microstrip line was highly
inefficient.

Placing stubs on the outer periphery as well as the inner periphery helped but the
results were not broadband enough to cover the required bandwidth. Changing the probe
feed position, however, adversely affected the frequency of resonance of the antenna; the
closer it was the inner periphery, the lower the frequency of resonance. Hence, none of
these mechanisms worked well enough to solve the issue.

Just as how the impedance performance of the first layer ARMSP improved upon
adding a second layer ARMSP, a similar approach was tried, but with a circular disk

instead. Fig. 30 illustrates this design. The radius of this disk was set to be 21mm.
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Fig. 30. Hlustration of a Circular disk loaded Quasi-Yagi Pattern Reconfigurable
Stacked ARMSP antenna.

Fig. 31 presents the port reflection parameters. Except for the RR mode, all the

impedance bandwidths look agreeable. Fig. 32 presents the radiation pattern results.
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Fig. 31. Port reflection parameters for all modes on Y; and Y3, when excited by
port 2.

Though this design improves upon the port impedance matching, it still does not
provide the right bandwidth for all the modes. The beam tilts for the RD or DR modes
are not as distinct as those obtained in Fig. 29.

As mentioned, the other important take away from this investigation is that when
the antenna couples with different modes, due to the lengths of the Yagi-elements, the
resonant frequency shifts, thus altering the bandwidth of operation. This design,
therefore, required a broader-band response such that the frequency shift due to the Yagi
elements would still lie within the frequency response of the antenna, while maintaining
the desired impedance bandwidth.
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DD Mode
Y1=0, Y2=O

RD Mode
Y1=1, Y2=O

DR Mode
Y1=0, Y2=1

RR Mode
Y1:1, Yz=1

Fig. 32. Normalized radiation patterns for design with the circular disk loading for

all Yagi modes.
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CHAPTER V
IMPROVEMENTS ON PATTERN RECONFIGURABLE BROADBAND ANNULAR

RING PATCH ANTENNA

5.1 Improving Radiating Element Broadband Response on Duroid 5870 Substrate

In the previous section, it was understood that a third layer of patch (circular
disk) needs to be present (on the same plane as the Yagi-elements) in order to maintain a
good reflection coefficient behavior. This, however, was achieved at the cost of losing
out on the extent of the beam tilt angle, possibly due to the broadside radiation
characteristics of the circular disk. Efforts were then made to optimize the shape of the
third layer of the patch. This was done on substrate duroid 5870, as mentioned earlier,
due to the unavailability of duroid 5880. The design had to be, initially, modified to
resonate at 2.45 GHz without the Yagi-elements. This was achieved and reported in
section 3.4. It was for the reason stated above why the bandwidth of the stacked ARMSP
antenna was allowed to be kept much higher than required.

Extensive simulations had to be performed to obtain the optimum dimensions of

the Yagi-elements and the design parameters are tabulated in Table 4.
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Table 4. Design parameters for pattern reconfigurable Quasi-Yagi Stacked
ARMSP Antenna with broadband characteristics and improved reflection
coefficients.

Design Parameter Value
Substrate-1 thickness (t;) 1.5748 mm
Foam thickness (t,) 4.5 mm
Substrate-2 thickness (t3) 1.5748 mm
ARMSP-1 inner radius (a;) 7.5mm
ARMSP-1 outer radius (b1) 20.5 mm
ARMSP-2 inner radius (ay) 10 mm
ARMSP-2 outer radius (b,) 23 mm
Probe feed location (from origin) 12 mm
Foam thickness (t3) 24 mm
Substrate-3 thickness (ts) 0.508 mm
Reflector Spacing (spacingy) 44 mm
Director Spacing (spacingq) 44 mm
Reflector width (w;) 8 mm
Director width (wg) 8 mm
Reflector arc length 54 mm
Director arc length 36 mm
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Fig. 33. lllustration of design of the third patch element (as a replacement to the
circular disk).

Fig. 34 presents the port reflection parameters for all modes and Fig. 35 presents

the radiation patterns for this design.
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Fig. 34. Port reflection parameters for the third patch element as a cross structure.
Shown are all modes on Y1 and Y3 when excited by port 2.

It can be observed in Fig. 35 that in the DD mode, the main beam tilts to
approximately +55°. In the DR and RD modes, the tilt is nearly +45° and —45°
respectively, with about a 5dB decrease in gain on the opposite side. The RR mode
makes the antenna behave as a traditional microstrip patch antenna with the main beam

at broadside.
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DD Mode
A 0 Y1=0, Y2=0

) RD Mode
0 Y:=1, Y,=0

DR Mode
Y1=0, Y2=1

RR Mode
Y1=1, Y2=1

Fig. 35. Normalized radiation patterns for design with crossed microstrip line
loading for all Yagi modes.
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5.2 Design of DC Lines for RF PIN Diode Biasing

So far, the design has considered just microstrip RF radiating elements with an
RLC model of diodes, simulating their ON and OFF states. Since these diodes need to be
biased in order to behave as switches, DC feed lines have to be designed.

Just having wires or copper strips feeding into these Yagi elements wouldn’t be a
wise decision, because as explained in section 5.1, having a resonant length element of

thickness <0.0094, had a significant effect on the port reflection parameters.

5.2.1 First Iteration with RF Open-Circuit Cross-Coupled Lines
The main driving force behind this was to have as few DC feed lines as possible.

Fig. 36 illustrates these feed lines, showing just one half of the antenna.

Fig. 36. Design of the DC feed lines.
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Since the ends of the Yagi elements represent an RF open-circuit, travelling

0.54, on a transmission line will bring the impedance back to an RF open-circuit. Upon

simulating this, the port reflection parameters were affected, bringing the reflection
coefficient down to about -7dB. The radiation pattern was not as distinct as without the
DC lines. It was then observed that though Y, and Y, are open-circuit, there is still some
amount of surface current leaking into the other polarization element. This was avoided
with the help of an inductor behaving as an RF choke, and the cross-connected design

was not opted for.

5.2.2 Second Iteration with Meandering DC Feed Lines

When port 1 is activated, Y, and Y, are coupled. Along with this, since the “DC
Feed 1” line is oriented in the same direction, it is also coupled and distorts the intended
operation. To solve this issue, a meandering DC feed line was introduced. Fig. 37
illustrates this design.

Fig. 38 presents the port reflection parameters for all Yagi modes. Fig. 39
presents the radiation patterns for those modes. From Fig. 39, it is clear that having
meandering feed lines has improved the radiation performance as well as reduced the

coupling with the radiating elements.
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Fig. 37. Design illustrating meandering feed lines and RF chokes.
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Fig. 38. Port reflection parameters for the meandering DC feed lines design. All
modes are sufficiently well matched.
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DD Mode
fo Y1=0, Y,=0 Lo

RD Mode
0 Y1=1, Y,=0

DR Mode
Y1=O, Y2=1

RR Mode
Ya=1, Y,=1 0

¢ =90°

Fig. 39. Normalized radiation patterns of antenna with meandering DC feed lines.
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5.3 Antenna Fabrication and Measurements
With the design presented in the previous section, the antenna was fabricated and

its performance was measured.

5.3.1 Fabricated Stacked Patch Antenna with Meandering DC Feed Lines

Fig. 40 shows the fabricated top layer of the antenna. In this antenna, the
horizontal Yagi-elements are unaltered and closely resemble the simulated design. The
vertical Yagi-elements are, however, modified with copper tape in order to finely tune
the lengths. The radiation pattern results of the unaltered fabricated antenna are

presented in Fig. 41, with a comparison to the simulated results.

Fig. 40. Fabricated version of the meandering DC feed line top layer
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DD Mode

Y1:0, Y2:O
$=0° = Measured
—E& == Simulated
- Ey
RD Mode
Y1=1, Y,=0
$=0° e Measured
—E , === Simulated
- E,
DR Mode
Y1=0, Y2=1
e Measured
—E& === Simulated
- Ey
RR Mode
Y1=1, Y2=1

Fig. 41. Normalized radiation patterns of meandering DC feed lines Measured vs.
Simulated.

61



From Fig. 41, the beam tilts observed were not as large an angle as the
simulations. The amount of increased gain for DR or RD modes were also not as

prominent as expected.

Fig. 42. CAD model of tri-state Yagi-elements with diode configurations illustrated.
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It was at this point where the next stages involved copper tape. The effects of the
lengths of director and reflector were investigated using copper tape and it was observed
that for the design that was fabricated, the measured results matched the simulations at a
frequency of 2.3 GHz. It was then understood that the director that was fabricated was
electrically large for 2.45 GHz and hence yielded good results at lower frequencies (as

frequency and wavelength are inversely proportional).

Fig. 43. Fabricated version of the meandering DC feed lines with tri-state Yagi-
elements.

It was also observed that for DR or RD modes, the director needed to be shorter
than for DD mode. This could be attributed to the presence of the reflector, which is a
larger element, thus affecting the coupling with the director.

Taking all these factors into consideration, a newer antenna was simulated and
fabricated which had the capability of switching the size of the director depending on the
scenario. Fig. 42 illustrates the CAD model of this antenna and Fig. 43 shows the

fabricated version of this layer. In this design, the DC feed lines were meandered with
63



greater magnitude and lesser frequency in order to further prevent coupling between

these elements and the antenna.

Fig. 44 presents the port reflection coefficients, comparing simulated vs.

measured results. Fig. 45 presents the radiation pattern results comparing simulated vs.

measured results.
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Fig. 44. Port reflection parameters comparing simulated data vs. measured.
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Fig. 45. Normalized radiation patterns of the tri-state Yagi-elements, simulated vs.
measured.
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CHAPTER VI

SOFTWARE CONTROL MECHANISM

The antenna used in [1] is a polarization reconfigurable microstrip patch antenna
[2] and [3]. Polarization reconfiguration was achieved with the control of bias voltages
across the diodes on both the arms of the antenna. These bias voltages could be
controlled electronically, with the help of a microcontroller, along with certain electronic
components such as inverters, amplifiers, etc. This chapter briefly outlines this electronic
controlling mechanism along with a software program that in turn controls the

microcontroller.

6.1 System Block Diagram and Working Principle

Fig. 46 depicts a brief outline of the system that is used with the reconfigurable
ARMSP patch antenna, studied in this thesis. Only one control signal is depicted
emanating from the microcontroller; this could, however, be multiple and independent
control signals, each signal biasing diodes on the different Yagi elements as detailed in
chapter 5.

The software program used in the Laptop/PC is Qt Creator, which is a cross-
platform integrated development environment (IDE) that helps in creating graphical user
interface (GUI) using C++ programming language. An Arduino based microcontroller,

Teensy 3.1, is used to convert the control signals sent by the laptop/PC over a serial
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channel, into control voltages with 0 V indicative of an OFF state and 3.3 V indicative of

an ON state.

Laptop/PC 2SB5emal, Microcontroller
Otof.SV
Diodes on
5t0 45V Inverter and
Patch ) Amplifier
Antenna P

Fig. 46. Block diagram of software control mechanism for reconfigurable antenna.

An RF PIN diode, however, behaves reasonably well as an open switch (OFF
state) when it is reverse biased; and for a reverse bias voltage to be achieved across the
terminals, voltage difference between the anode and cathode terminals must be negative.
To convert the control signals of 0 to 3.3 V into reverse and forward bias voltages, an
inverter and an operational amplifier (op-amp) are used. Aside from converting the
voltages to -5 V (OFF state) and +5 V (ON state), these devices also isolate the load
(diodes) from the microcontroller, because these devices are directly connected to the

supply voltage that drives the output. Depending on the number of independent diode

67



control channels required, the number of op-amps is chosen; in the case of the
reconfigurable ARMSP antenna presented in chapter 5, four independent channels are

necessary.

6.2 Proof-of-Concept Design and Integration with Reconfigurable SDR

To validate the design presented in section 6.1 and to implement a reconfigurable
system for the antenna in [2] and [3], a software program was developed in Qt Creator
that switched between the two polarization states (vertical and horizontal linear
polarizations) permitted by the antenna. Since the antenna is designed such that the bias
voltages are supplied along with the RF signal through the coaxial cable, an RF bias-tee
is used as a diplexer (to multiplex RF and DC signals into an output port that connects to
the antenna).

As a proof-of-concept, the biasing network (described in section 6.1) is setup in a
Wi-Fi network with one router and one client connected to that router. As mentioned
earlier, the number of control channels are governed by the required reconfiguration
states; in this case, each antenna requires two channels. The antennas of both, the router
and the client, are replaced with the reconfigurable antenna designed in [2] and [3], each
with its own biasing network and separate bias-tees. It was observed that when the
polarizations of both the antennas were oppositely aligned (cross-polarized), there was
close to a 10dB drop in the recorded signal strength of the client. This behavior was then

utilized to implement an auto-switching technique to orient the client to the router.
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Fig. 47 shows a screenshot of the software program developed to control the
antenna from the laptop/PC. The plot in the screenshot depicts the client auto-orienting
itself with the router when the router changes its polarization states. The software
program on the router-side was modified to switch its polarization states about every five
seconds; and the software program on the client-side was modified to have an auto-

switching function when a drop in received signal strength is detected.

Start Stop Client

. P Received Signal Strength
Bit Rate": "36.00",

"ESSID™: "NETGEAR",
"Frequency": "2.412",

"RSSI™: "-65.00",
"Timestamp:": "1457472484",
"Tx-Power": "15.00"
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15:27:50 15:27:52 15:27:54 15:27:56 15:27:58 15:28:00 15:28:02 15:28:04
Time

RSSI =-65.00 dBm

Fig. 47. Screenshot of software program depicting an auto-switching of polarization
states to that of the router.
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6.3 Bias Network Integration with the Reconfigurable ARMSP Antenna

With the intention that the antenna discussed in this thesis (reconfigurable
ARMSP antenna) is intended to replace the antenna in [2] and [3], a modified version of
the software program was developed with increased number of control channels;
therefore modifications to the circuit to include increased number of amplifiers. Fig. 48

shows a screenshot of the modified software program.

B MainWindow — O 4
Reconfigurable Microstrip Yagi Antenna
Control Terminal
M- Director
V. Yagi- 2
H. Yagi- 1 Reflector H. Yagi- 2
Director Director
L ||
Reflector - Director Reflector
V.Yagi-1
Reflector

Fig. 48. Screenshot of the modified version of the software program for the
reconfigurable ARMSP antenna.
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While the antenna in [2] and [3] was able to switch polarization states
electronically, this antenna uses the same mechanism to achieve pattern reconfiguration.
Initial design states of the antenna had two diode bias states on each Yagi element, while
final stages had three diode bias states. In the final design, the biasing of one Yagi
element required the knowledge of the Yagi element on the opposite side. This
knowledge required to be abstracted from the end-user and was this implemented in the
software program, maintaining the same GUI, with modifications made only to the

software application running on the back-end
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CHAPTER VII

FUTURE WORK AND CONCLUSIONS

The antenna discussed in this thesis supports multiple polarizations but the
feeding network was not mentioned. To achieve this, a software controlled Butler-matrix
with digital phase shifters will be designed and implemented as a plug-and-play device
as part of future work.

Adding a greater number of RF PIN diodes reduces the efficiency of the antenna
due to losses in the diodes (additional series resistance, shunt capacitance and packaging
inductance). It was stated that the length of the director needed to be adjusted to switch
from DR or RD mode to DD mode and vice versa. This is intended to be achieved using
varactor diodes, which enable a control over capacitance, thus allowing for an increase
or decrease in the electrical length of the element. This is also intended as part of future
work.

This this proposes a compact pattern and polarization reconfigurable microstrip
patch antenna with capabilities of fast switching, with support for applications in the 2.4
GHz Wi-Fi band. A dual-probe feed approach was used to allow polarization
reconfiguration. Several parasitic elements were strategically designed and placed
around the antenna in order to achieve pattern reconfiguration. Adding reconfigurable
parasitic elements allows for having a compact beam-steering antenna without the need

for phase shifters or amplifiers.
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