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Dual band antennas are an important area of research as global telecommunications companies
compete to be the first to deploy fifth generation wireless communication systems. Dual band
antennas enable communication in more than one operating band, which leads to reduced
manufacturing costs due to the increased economies of scale that occur when one antenna is used

in multiple applications.

An aperture coupled microstrip antenna is commonly used in consumer electronic products since
it is easy to fabricate and easy to integrate with electronic circuits. In this composition, an
investigation has been made into converting an aperture coupled microstrip antenna into a dual
band aperture coupled microstrip antenna by etching slots into the radiating patch. Using this
approach, an antenna and linear array both operating at 29 GHz and 39 GHz have been designed,

simulated, fabricated, and tested.
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CHAPTER 1

INTRODUCTION

Driven by the end user’s desire to receive media content over the air as quickly as
possible, modern telecommunication companies are constantly exploring new methods to deliver
higher and higher data rates. As a result, fifth generation telecommunication systems will be
deployed at millimeter wave frequencies where operational bandwidths are several orders of
magnitude larger than earlier generations. This is creating a need to develop electronics for mass
production at frequencies not yet utilized in consumer applications. The competitive nature of
the telecommunications industry demands that products perform well, are low cost, and are very
reliable. The microstrip antenna is the preferred method of implementing the required radiator
since it meets these requirements.

The goal of this thesis is to investigate the feasibility of implementing a dual band
microstrip antenna into the RF hardware of fifth generation Radio Access Points. Dual band
antennas enable communication in more than one operating band, which leads to reduced
manufacturing costs due to the increased economies of scale that occur when one antenna is
utilized in multiple applications.

An aperture coupled microstrip antenna is commonly used in consumer electronics. In
this composition, an investigation has been made into converting an aperture coupled microstrip
antenna into a dual band aperture coupled microstrip antenna by etching slots into the radiating
patch. Using this approach, an antenna and linear array operating at 29 GHz and 39 GHz has

been designed, simulated, fabricated, and tested.



This thesis is organized into six chapters. This first chapter gives an overview of this
thesis. Chapter two outlines the history and theory behind antennas, aperture fed antennas,
resonant slot antennas, and phased arrays. Chapter three presents the design process and
associated design calculations; first for a single band aperture fed antenna, secondly for a dual
band aperture fed antenna, and then finally for the linear array. In chapter four the results of the
electromagnetic simulator used to generate the numerical solution are presented. Chapter five
discusses the fabrication process of the antenna and the laboratory measurement results. The
sixth chapter closes this work with a summary of key findings and potential future work.

The appendices include the empirical development of a modified equation to calculate
patch length, an equation to estimate the upper resonance frequency of the dual band aperture fed
antenna, the parametric analysis, and some peripheral data on array patterns.

The simulation tools used in this work are Antenna Magus [1], AWR MO [2], and CST
MWS [3]. AWR MO is an acronym for Applied Wave Research Microwave Office and CST
MWS is an acronym for Computer Simulation Technology Microwave Suite. The acronyms are

frequently used throughout this thesis.



CHAPTER 2

BACKGROUND THEORY

This chapter starts with the basic definition of antennas and the fundamental parameters
used to quantify their performance. Next, an overview is given of microstrip patch antennas and
the advantages of each type. Then, the theory on the operation of aperture coupled microstrip
antenna and dual band resonant slot antenna is presented. The chapter closes with a discussion on

antenna arrays.

2.1 Definition of an Antenna

An antenna as defined by the Institute of Electrical and Electronic Engineers (IEEE) is a
means for radiating or receiving radio waves. Overall, the impedance of free space is 377 ohms

and the antenna is a transformer that interfaces nature with the electronic hardware.

2.1.1 How Antennas Operate

A wire will radiate when there is an acceleration of electric charge. A charge moving
with uniform velocity will accelerate if the wire is curved, bent, discontinuous, open, or shorted.
Propagation happens because acceleration of the electric charge creates a magnetic field, which
then creates an electric field, which then creates a magnetic field. This causal relationship
continues out into free space. A static charge will not radiate nor will a charge moving with

uniform velocity [4, p. 9].



2.1.2 Field Regions

The fields emanating from an antenna are classified into three regions: the reactive near-
field, the radiating near field, and the far field. In the reactive near field, the H-field and E-field
are orthogonal and out-of-phase. The reactive fields dominate. In the radiating near field, the H-
field and E-field are orthogonal and as the distance from the antenna increase transition from
being out-of-phase to being in-phase. The reactive fields no longer dominate. In the radiating
far field, the E and H-fields are orthogonal and in-phase. The bulk of antenna analysis is done in
the radiating far field since antennas are primarily applied to operate in the far-field region (i.e.
long-distance communication). The far field is defined to start at 2*(D?/A), where D is the largest

dimension of the antenna [4, p. 31]. The caveat is that D is much larger than a wavelength.

2.2 Fundamental Parameters of Antennas

This section defines the fundamental parameters of antennas, paraphrased in brevity from
Balanis [4, pp. 25-80] and presented here for the readers ease of reference. This does not include
the section on polarization, which has been paraphrased from Zurcher & Gardiol [5, pp. 121-

123].

2.2.1 Radiation Power Density

The Poynting vector is used to describe the power density associated with an
electromagnetic wave; it is the cross product of the Electric Field and the Magnetic Field.

Equation 2-1
1
Wy = ERe[E X H*]



2.2.2 Radiation Intensity

Radiation intensity is defined (in any given direction) as the power radiated from an
antenna per unit solid angle. It is a far-field parameter and mathematically it can be found by
multiplying the square of the distance from the antenna by the radiation density (i.e. the average
Poynting vector).

Equation 2-2

2.2.3 Radiation Power

It is useful to know the total power radiated by an antenna. The radiation power is
mathematically defined as the surface integral of the radiation intensity over the entire sold angle
of 4m.

Equation 2-3

2w T 2w T
Prga = #WW ds = j j a. Wy, a,r’*sin8dode = j f W,,r%sin8d0de
o Jo o Yo

2.2.4 Directivity

Directivity is defined as the ratio of the radiation intensity in a given direction from the
antenna to the radiation intensity averaged over all directions (i.e. an ideal isotropic radiator).
Maximum directivity measures the radiation intensity in the direction of its strongest emission,
versus the radiation intensity of an ideal isotropic radiator. Mathematically it is defined as:

Equation 2-4
F(Q' go)lmax
n 2 T .
Jo Jy F(6,9)sinfdode




2.2.5 Radiation Efficiency

The antenna radiation efficiency is defined as the ratio of the power delivered to the
radiation resistance Rr over the power delivered to Rr and R;.. Mathematically it is defined as:
Equation 2-5
R,
€d = ———
““7 R+ R,
Where ...

* R, =radiation resistance of the antenna
* R; =loss resistance of the antenna

2.2.6 Gain

The gain of an antenna is defined as the ratio of the radiation intensity, in any given
direction, to the radiation intensity that would be obtained if the power accepted by the antenna
were radiated isotopically. Antenna gain is not amplification since an antenna is a passive
device. Mathematically it is defined as the product of the radiation efficiency and the directivity.

Equation 2-6
Go = ecaD, = ecq(dB) + D, (dB)

2.2.7 Polarization Patterns

Any electric field radiating form an antenna can be decomposed into two linear
components. Depending on the nature of the linear components, the polarization of the antenna
can be classified as elliptical, circular, or linear.

When the two linear components are not in phase, the vector sum rotates around the
direction of propagation and this is known as elliptical polarization. The rotation can either be

clockwise or counter clockwise (as seen by the observer).



When the two linear components are out of phase by 90 degrees, the ellipse becomes a
circle and this is known as circular polarization. Again, there is either clockwise rotation (right
hand) or counter clockwise rotation (left hand). Implementing circular polarization typically
drops the antenna gain by 3 dB.

When the two linear components are in phase, the ellipse becomes a straight line and this
is known as linear polarization. There is no rotation in the case of linear polarization. Cross-
polarization is a measure of the ratio (in dB) between the wanted signal and an unwanted signal,

where the unwanted signal is orthogonal to the wanted signal.

2.2.8 Beam Width & Frequency Response

The half power beam width of an antenna is a measure of the angular separation between
the -3 dB points (relative to maximum power) on either side of the main lobe. Frequency
response is the characterization of how the half power beam width of the antenna changes over

frequency. The half power beam width will be greatest at the center frequency of operation.

2.2.9 VSWR and Return Loss

VSWR is the maximum to minimum ratio of the standing wave in the transmission line

and is calculated as follows (where R, is the radiation resistance and depends on antenna type):

Equation 2-7
1+ T Rin — 2 R
Ir| .where .. T L 2..and .. Ry = .

VSWR = . = — - r
1— 1| Rin +Z Kk
n o sin (2)

Return loss is the loss of power due to a mismatch. A good antenna will have better than

14 dB return loss over the operating bandwidth. It is calculated as follows:



Equation 2-8
RL = Reflected Power (%) = 100 * |T|?

Equation 2-9
RL = Reflected Power (dB) = 10 = log(|T'|?) = 20 * log(|T|)

2.2.10 Sidelobe Suppression, Front to Back Ratio, and Nulls

Figure 2-1 illustrates the meaning of main lobe, side lobe, back lobe, and nulls. Sidelobe
suppression is the difference, in dB, between the main lobe and the largest sidelobe (12.5 dB in
the diagram below). Front to back ratio is the difference, in dB, between the main lobe and the

back lobe.

. Farfield (Array) Directivity Abs (Phi=45)
Main Lobe

Phi= 45

Frequency = 38.333 GHz
Main lobe magnitude = 0dB

180 Main lobe direction = 0.0 deg.
BaCk Lobe Angular width (3 dB) = 23.7 deg.
Theta / Degree vs. dB Side lobe level = -12.5 dB

Figure 2-1: Defining Main Lobe, Side Lobe, Back Lobe and Nulls




2.3 Microstrip Antennas

Jennifer Bernhard, currently Associate Dean for Research for the College of Computer
Engineering at the University of Illinois, has produced a paper on the history of microstrip
antennas [6]. In her paper she points out that Dechamps is commonly given credit for inventing
the microstrip antenna in 1953; although the work was a collaborative effort between Dechamps
and Sichak [7]. Bancroft [8, p. 3] states microstrip antennas didn’t gain traction until the 1970’s,
when papers released by Howel [9] and Munson [10] presented easily understood equations and

useful rules of thumb that enabled wide spread application of the radiator.

2.3.1 Typical Microstrip Antenna Shapes

HE IO

Square Rectangular Strip or Dipole Circular Ring

O@® A)

Circular Eliptical Triangular Ring Sector

Figure 2-2: Typical Microstrip Antenna Shapes. Adapted, with permission, from Antenna
Theory: Analysis and Design, John Wiley & Sons [4]
Patch antenna are typically designed using a basic geometric shape, such as a circle,
square, rectangle, or strip, that is easy to both analyze and fabricate [4, p. 785]. Recently

seemingly arbitrary shapes have been generated by genetic algorithms that maximize impedance



bandwidth [11]. Overall, any shape can be used so long as it generates the desired characteristics

of the specified antenna.

2.3.2 Feeding Mechanisms

The most common mechanisms used to feed a patch antenna are microstrip, probe,

proximity coupled, and aperture coupled; all of which are illustrated in Figure 2-3.

Microstrip Probe
Feed Feed
RF Feed Patch
&~—— Probe
ER1 Ground ER1 ‘ Ground
Plane Plane
Proximity Patch Aperture Patch
Feed Feed
1 L_,/:/”i— Stripline )zﬁl 4 Ground
Er2 Ground Er2 & /:— Microstrip Plane
Plane

Figure 2-3: Microstrip Patch Feeding Mechanisms. Adapted, with permission, from Antenna
Theory: Analysis and Design, John Wiley & Sons [4]

Advantages of the microstrip and probe feeds include ease of fabrication and impedance
matching; however, unwanted spurious radiation and surface waves limit the thickness of the
substrate which consequently limits the operational bandwidth to less than 5%. The microstrip
feed is relatively easy to model whereas the probe feed is more challenging. Both have relatively

poor cross-polarization radiation [4, p. 786].
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Advantages of proximity coupling and aperture coupling include ease of matching, low
spurious radiation (since the RF feed is either buried as a strip line or on the backside of the
antenna and separated from the radiating patch by a ground plane), good cross polarization, and
large bandwidth; however, they can be more difficult to model and fabricate since alignment is

required between feed and patch [4, p. 787].

2.3.3 Fringing Fields

The electric fields fringe at the edges of the patch, along the length and the width. The
magnitude of the fringing depends on substrate thickness, substrate dielectric constant, and the
dimensions of the patch. Fringing makes the patch larger electrically than it is physically. This

impacts resonance and must be considered when determining radiator dimensions [4, p. 790].

Fringing

g

Patch

C“T + , Substrate , | | l)

Ground Plane

Figure 2-4: Fringing Fields. Adapted, with permission, from Antenna Theory: Analysis and

Design, John Wiley & Sons [4]

2.4 Aperture Coupled Microstrip Antenna

David Pozar, currently Professor Emeritus in the Electrical and Computer Engineering
department at the University of Massachusetts, first introduced a microstrip antenna coupled to
an RF feed through a circular aperture in 1985 [12]. Shortly thereafter Sullivan and Schaubert

released a paper which illustrated a microstrip antenna coupled to an RF feed through a

11



rectangular aperture [13]. Pozar succinctly summarized the history and theory of aperture
coupled microstrip antennas in his 1996 paper [14]. It is an often-cited paper and a good starting

point for those wanting to learn about the operation of aperture fed antennas.

2.4.1 Basic Structure

An exploded view of an aperture coupled patch antenna is given below. An RF feed
couples to the patch through the rectangular aperture, which is etched into the ground plane and
centered beneath the patch. There is an upper and lower substrate which may or may not consist

of the same material [13].

/ Patch
/

"4

Ground

| Upper Substrate M‘/

Aperture /

| Lower Substrate

Figure 2-5: Exploded View Aperture Antenna. © 1986 IEEE

2.4.2 Principles of Operation

The aperture fed antenna has several knobs that can be used to dial-in any given desired
resonance. The size of the patch primarily determines the resonant frequency. The length of the

slot primarily controls the real part of the input impedance. The length of the stub primarily
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controls the imaginary part of the input impedance. The thickness of the substrate primarily
determines the bandwidth. To a certain extent all four knobs impact each other, and none of the
parameters (resonant frequency, input impedance, and bandwidth) are controlled independently.
Regardless, almost any resonance can be brought to dead center of the Smith chart. Overall, the
antenna has over a dozen parameters. The impact of each parameter has been well articulated by
Pozar, and the following paragraphs in this section are paraphrased from this work [14].

The upper substrate thickness impacts bandwidth and coupling. The thicker the substrate,
the wider the bandwidth and the lower the coupling. The dielectric constant impacts bandwidth
and radiation efficiency. The lower the Dy, the greater the bandwidth and higher the efficiency.

The length of the microstrip patch determines the frequency of resonance. The shorter the
length, the higher the resonant frequency. The width of the microstrip patch determines the real
part of the impedance. The narrower the patch, the higher the resistance.

The center of the microstrip patch is aligned with the center of the aperture. Moving the
patch away from the aperture, along the axis of the feed, lowers coupling and impacts the input
impedance. Moving the patch away from the aperture, orthogonal to the axis of the feed, has
little impact to coupling and the associated input impedance.

The lower substrate thickness impacts path loss, spurious radiation, and width of the feed.
The thicker the substrate, the lower the path loss, the higher the spurious radiation, and the wider
the feed. The dielectric constant impacts the width of the feed. The lower the Dy, the wider the
feed. This is an important consideration at millimeter wave frequencies where it is possible to

specify a feed line that cannot be manufactured due to etching tolerances.
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The length of the aperture impacts the real part of the input impedance and the back-radiation
levels. The larger the length, the higher the resistance and the larger the level of back-radiation.
The width of the aperture also impacts the real part of the input impedance, but to a much
smaller extent than the length of the aperture. The ratio of width to length is typically between
1/10 to 1/100; however, at millimeter wave frequencies etching tolerances prohibit ratios above
1/10.

The width of the feed line determines its characteristic impedance and impacts the coupling
to the slot. The wider the feed line, the lower the characteristic impedance and the lower the
coupling to the slot.

The feed line is aligned with the center of the aperture and orthogonal to the axis of the
aperture. If the feed line is either offset or rotated from the center of the aperture, then coupling
will be lower.

The tuning stub is inductive and is used to cancel out the capacitance of the aperture coupled
antenna. The longer the stub, the greater the inductance. The length of the stub is typically 1/5

to 1/4 of wavelength in the respective dielectric.

2.5 Dual Band Resonant Slot Microstrip Antenna

A dual frequency patch antenna using resonant slots and fed by an aperture was first
introduced by Maci et all [15] using TM 1 excitation. In their research it was shown that the
radiation patterns of both frequencies held characteristics identical to that of a typical patch
antenna, with no apparent broad side nulls or grading lobes. Shortly thereafter, Yazidi et all [16],

introduced an aperture fed antenna with resonant slots and showed that that a smaller lower to
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upper resonance ration can be achieve using TMo; excitation. In addition, their work outlined
how the slot length and slot position are important parameters for reducing the ratio between the

upper and lower frequencies.

2.5.1 Basic Structure

Figure 2-6, which has been adapted by permission of the IET [16], gives the exploded
view of the dual band antenna. Resonant slots are etched into the rectangular patch near the

radiating edge and parallel to the aperture in the ground plane.

/ Patch
/

4

Slots

Ground

| Upper Substrate M‘/
Aperture

\

| Lower Substrate

Figure 2-6: Exploded View of Dual Band Antenna

2.5.2 Principles of Operation

The operation of the antenna can be understood through microwave cavity theory. Figure
2-7 illustrates the field configurations for the 1% and 3™ order resonant modes in a rectangular

cavity where the width is larger than the length [4, p. 804]. When drawing a comparison to a
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microstrip antenna then consider the patch as the top of the cavity, the ground plane as the

bottom of the cavity, and the dielectric substrate as the material within the cavity.

TMO3

Figure 2-7: Electric Field Configurations (W > L). Adapted, with permission, from Antenna
Theory: Analysis and Design, John Wiley & Sons [4]
Since current flow is at a maximum when the electric field is at a minimum, then the slots
are etched near the radiating edge which is a location that substantially perturbs the radiation
pattern of the 3" order mode while having only a minor impact on the radiation pattern of the 1%

order mode [17].

1st Order Mode 3rd Order Mode

—— EeYV——g

Figure 2-8: Current Flow on Slotted Patch
Figure 2-8, which has been adapted by permission of the IET [17], illustrates the current

flow after implementation of the resonant slots. The current flow of the 1*' order mode is largely
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unchanged, especially in the region which has the weakest electric field. However, the current
flow of the 3™ order mode has changed substantially, especially in the region which has weakest
electric field. The associated radiation pattern is reminiscent of the 1*' order mode of a dipole
antenna, rendering it useful since it no longer has the 3-lobe shape associated with 3™ order
mode.

Figure 2-9, which has been adapted by permission of the IET [17], illustrates how
implementation of the slots impact the resonant frequencies; there is a minor shift in the resonant
frequency of the 1% order mode and a substantial shift in resonant frequency of the 3™ order
mode. Both the 1*' and 3" order resonant frequencies are dependent on both the size of patch

and the size of the resonant slot.

—Single Band Dual Band
0
-5
-10
2
= -15
= TMO03
Single Band
-20 TMO3
Dual Band
-25
-30
20 30 40 50 60 70 80 90 100
Frequency (GHz)

Figure 2-9: Frequency Shift Caused by Resonant Slots
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2.6 Antenna Arrays

An antenna array is a grouping of antenna elements into a geometrical pattern that produces a
cumulative radiation pattern that is more useful than the radiation pattern of the single element.
The antenna elements can be patches, horns, wire dipoles, or anything that radiates. In general,
the antenna elements are all the same, although that need not be the case. As the number of
antenna elements within the array increases, the cumulative radiation pattern becomes narrower
and more directive. Consequently, antenna arrays are useful for long distance communication

systems [4, p. 285].

2.6.1 Basic Structure

Arrays are classified as linear (one-dimensional) or planar (two-dimensional). Broadside
radiation is perpendicular to the plane of the patch antenna whereas end-fire radiation is directed
along the axis of the array. Linear arrays can radiate the main beam in either broadside, end-fire,
or anywhere in between. Planar arrays can radiate the main beam to any point in space. The
radiation pattern of an array is a function of the radiation pattern of the element in conjunction
with the Array Factor. The Array Factor is a function of the number of elements, the spacing of
the elements, and the amplitude and phase of the signal at each element.

Both linear and planar arrays can be classified as uniform (in amplitude and spacing) or
nonuniform (in either amplitude or spacing). For a uniform array the theoretical worst-case
suppression of the first major lobe is — 13.4 dB. For a nonuniform array better suppression can
be achieved since the purpose of driving the elements with unequal amplitude, or spacing them

with unequal distance, is to minimize sidelobes. Driving the elements of an array with unequal
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amplitude is referred to as tapering. The most well know methods of tapering are Tschebyscheff

and binomial.

2.6.2 Principles of Operation

Increasing the number of elements in an array increases the directivity, with the trade-off
being more and larger sidelobes. Spacing the elements farther apart generates higher directivity;
however, the element spacing is typically kept smaller than half a wavelength to avoid the
occurrence of grating lobes [18].

Bevalacqua, when he was a student of Balanis at Arizona State University, published a
dissertation on the optimization of antenna arrays. He shows that with proper spacing and
amplitude tapering a sidelobe suppression of 18 dB can be achieved for an ultrawideband array

Bevalazqua concludes that the hexagonal array is a best starting point for an array geometry [19].
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CHAPTER 3

DESIGN CALCULATIONS

This chapter presents the design procedure and calculations for the single band aperture
fed antenna, the dual band aperture fed antenna, the theoretical checkered array, the theoretical

4x1 linear array, and the 4x1 RF feed network.

3.1 Design Goals

The design goals of the dual band antenna are presented in Table 3-1.

Table 3-1: Design Goals

Parameter Specification

VSWR <2

Input impedance 50 ohms

Lower Frequency Band 27.5 GHz to 28.35 GHz
Upper Frequency Band 37.0 GHz to 40.0 GHz
Antenna Polarization Linear

Antenna Element Gain > 5 dBi

Efficiency > 80%

Sidelobes ~-13 dB (no tapering)

Using a thicker the substrate causes the microstrip antenna to have a larger bandwidth.
With the pin fed patch antenna, the inductance associated with the feeding pin limits the
thickness of the substrate. Consequently, the aperture fed patch antenna was chosen over the pin

fed patch antenna since it is possible to achieve a broader bandwidth.
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3.2 Aperture Fed Microstrip Patch Antenna

3.2.1 Choice of Resonant Frequency

The aperture coupled patch antenna was initially designed to resonate at the center of the
lower band. It was subsequently observed that implementation of the slots into the patch not
only established an upper resonance but also shifted the lower resonance down in frequency by
roughly 12% (APPENDIX B). The aperture coupled patch antenna was ultimately designed to
resonate at roughly 31.8 GHz with the understanding the subsequent implementation of the slots

would shift the lower resonance to roughly 27.9 GHz.

3.2.2 Choice of Resonating Mode

P - J— >

.

Figure 3-1: Physical Orientation versus Excitation Mode

e ’\ S Q----——-- >
- 14
TM;, 'Q TMyq -Q
i i
U v
L

Figure 3-1, which has been adapted by permission of SciTech Publishing [8], shows the
aperture coupled microstrip patch antenna can either be elongated in the y-axis or elongated in
the x-axis. When a > b, the TMy is the lowest order mode and possesses the lowest resonant

frequency. The TMio is the next highest order mode and has the next lowest resonant frequency.
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When b > a, the TM o is the lowest order mode and TMo; is the next highest order mode [8, p.
24].

Elongation in the x-axis enables the implementation of longer resonant slots, which in
turn enables the resonance associated with the slots to be generated at a lower frequency [16]. In
other words, a smaller upper to lower resonance ratio can be achieved when the rectangular patch

is elongated in the x-axis.

3.2.3 Choice of Material

The selection of a substrate material is a balance between the required electrical,
mechanical, environmental, and economic constraints [8, p. 235].

The key electrical parameters of the substrate material are dielectric constant, represented
by D, (also known as relative permittivity represented by &,.), and dissipation factor, represented

by Dy (also known as loss tangent represented by tand).

The dielectric constant, Dy, of the substrate determines the physical size of the patch
antenna. The larger the dielectric constant, the smaller the element size, but also the smaller the
impedance bandwidth and directivity [14]. Surface wave loss increases with larger D,. The use
of substrates with higher dielectric constant also tightens fabrication tolerances [8, p. 235].

The dissipation factor, Dy, of the substrate is a measure of the quantity of electrical
energy that is converted to heat by a dielectric. The lowest possible loss tangent maximizes the
antenna efficiency (decreases the losses) [8, p. 235]. The dielectric constant of the RF feed

should be selected for good microstrip circuit qualities, typically in the range of 2 to 10 [14].
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Overall, a high-performance laminate must be used at millimeter wave frequencies to minimize
insertion loss.

Astra MT77 is chosen for the upper and lower substrate. The material is offered by Isola
[20]. It is a very low loss laminate that exhibits exceptional electrical properties which are very
stable over a broad frequency and temperate range. The material has a dielectric constant (D;,) of

3.0 and a dissipation factor (Dy) of 0.0017. It is currently offered in thickness 0.0050" (0.1270

mm), 0.0075" (0.1905 mm), 0.0100" (0.2540 mm), 0.0200" (0.5100 mm), 0.0300” (0.7600 mm),
and 0.0600" (1.5000 mm). The available copper weights are 173, 12, and 1 oz.

A copper weight of 12 oz. is chosen for the patch and RF feed since this is a thickness
commonly used today in the manufacture of PCB’s (printed circuit boards). A copper weight of
1/3 oz. is chosen for the ground plane since it was noticed in the parametric analysis that larger

thicknesses detune the antenna (APPENDIX C).

3.2.4 Choice of Antenna Substrate Thickness

Choice of the antenna substrate thickness impacts the mutual coupling between elements
of the array, operational bandwidth, and back radiation levels. The operational bandwidth is
calculated following the equations:

Equation 3-1

fui = fio _ 283 GHz —27.5 GHz

BWiower = = = 2.99
lower £, 27.9 GHz %

Equation 3-2
fui — fio 40.0GHz —37.0 GHz

BW,per = - = 7.89
upper 7, 38.5 GHz o
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A plot of percent bandwidth of a rectangular patch versus the electrical thickness of the

substrate is determined following [21, p. 244] and reproduced for a material with Dj, of 3 (Figure

3-2).

fo =40 GHz, Dk =3, Df = 0.0017

15.0
13.2
12.5

10.0

Bandwidth (%)
~
(92]

0.000 0.020 0.040 0.060 0.080 0.100
height / Ao

Figure 3-2: Percent Bandwidth versus Electrical Thickness of a Rectangular Patch Antenna

It is evident that an electrical thickness of 0.070 is required to achieve a bandwidth of

7.5%. The associated height is calculated as follows:

Equation 3-3
c 299792458

%0.055= —————— 5 % 0.070 = 0.525 mm

h, = 1, *0.070 =
v ? (fr)o1 40 GHz

Antennas on substrates that are 0.01-0.03 have yielded front-to-back ratios on the order
of 20 dB [13]. A material thickness of 0.510 mm is chosen (as a starting point) for the upper
substrate to achieve the required bandwidth. Attention will be given to the back-radiation levels

shown in the simulation results.
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For a resonant frequency of 31.8 GHz; the limitation on the height of the upper substrate,
to avoid surface waves, is calculated following [8, p. 61].

Equation 3-4
03¢ 03 (299792458)

hy < <
2n(f)o1Ver ~  2m(31.8 GHz)V3

< 0.026 mm

Consequently, it is anticipated that a thickness of 0.510 mm will create challenges due to

surface waves when trying to find the optimum spacing of the elements in the array.

3.2.5 Choice of Feed Substrate Thickness

Thinner microstrip substrates result in less spurious radiation from feed lines, but the path

loss is high. A compromise of 0.01A to 0.02A is desirable [14]. For a resonant frequency of 31.8
GHz; the recommended limitations of the lower substrate height are calculated as follows:

Equation 3-5

C
h; > 0.01A4 > 0.01———= 0.0364 mm
: (£)orVer

Equation 3-6

h; < 0.024 < 0.02 = 0.0728 mm

c
(foVer
A material thickness of 0.127 mm is used for the lower substrate since this is readily
available in the lab. Again, attention will be given to the back-radiation levels shown in the

simulation results.

3.2.6 Calculation of the Patch Effective Permittivity

For a relative permittivity of 3.0, a height of 0.510 mm, and a width of 3.312 mm; the
effective permittivity of the upper substrate is calculated as follows [22, p. 460] — equation 8-

205b:
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Equation 3-7

_etl e lo i ”_1/2—259
Eeffu_ 2 + 2 + Wu = 4.

3.2.7 Calculation of the Patch Width (x-axis)

For a resonant frequency of 31.8 GHz; the patch width is calculated as follows [4, p. 803]
— equation 14-34:

Equation 3-8
c 299792458 m/s

= 2(eve | 2GL8GHDYZ | oormm

u

3.2.8 Calculation of the Fringing Length (y-axis)

For an effective permittivity of 2.59, a width of 3.334 mm, and a height of 0.510 mm; the
fringing length is calculated as follows [23]:

Equation 3-9
(€effu + 0.300) (W, /hy, + 0.264)
(€effu — 0.258) (W, /h,, + 0.800)

Al =0.412 h =0.241 mm

3.2.9 Calculation of the Patch Length (y-axis)

For a resonant frequency of 31.8 GHz, an effective permittivity of 2.59, and a fringing
length of 0.241 mm; the patch length is calculated following the equation in APPENDIX A.

Equation 3-10

L= — 2AL = 2.050 mm
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3.2.10 Calculation of the Aperture Width (y-axis)

The aperture width is one percent of the wavelength in free space [24]. For a resonant
frequency of 31.8 GHz; the aperture width is calculated to be as follows:

Equation 3-11

c 1
Apeture Width = ( )(—) = 0.094 mm
P (7o’ \100

3.2.11 Calculation of the Aperture Length (x-axis)

For a resonant frequency of 31.8 GHz and an effective permittivity of 2.59; the aperture
length can be adjusted to obtain the desired resistive part of the impedance [13]. The max length
of the aperture is estimated to be less than a half wavelength and is estimated as follows:

Equation 3-12

c
Max Apeture Length < ( ) (

1
T >(o.49) = 1.782 mm

Eeff
The antenna was simulated in CST MWS using the parameters calculated in this chapter
and then a parametric analysis was run on the length of the aperture, as per Table 3-2.

Table 3-2: Parameter Sweep Values for Aperture Length

Sweep Run # % of A in the Stub Length (mm)
Lower Substrate
1 47.2% 1.717
2 47.4% 1.724
3 47.6% 1.731
4 47.8% 1.739
5 48.0% 1.746
6 48.2% 1.753
7 48.4% 1.761
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Figure 3-3 (simulation dimensions outlined in Table 4-1) indicates an aperture length of
1.739 mm (pink line) intersects the 50-ohm point of the y-axis at 31.8 GHz. It is the best choice

to match the real part of the antenna impedance to 50-ohm input feed line.

V/A Matrix Coefficients in Z [Real Part]

60
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71,1 (aptx=1.7533) : 51.720001
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71,1 (aptx=1.77512) : 54.443452

T e ———
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Figure 3-3: Input Impedance (Real) Versus Aperture Length

3.2.12 Calculation of the RF Feed Effective Permittivity and Width

The effective permittivity of the lower substrate is calculated following [22, p. 205] —
equation 8-205b:

Equation 3-13

&e+1 g —1 h, 1z
Eeffl = + 1412
2 2 feed

The width of the RF feed is calculated following [22, p. 205] — equation 8-205a:

Equation 3-14

, 1207
€= W, W,
Veors % +1.393 + 0.667 In (% + 1.444)]
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For a characteristic impedance of 50 ohms and a height of 0.127 mm; solving the two

equations with two unknows yields:

Seffl = 2.417 and ered =0.321mm

3.2.13 Calculation of the RF Feed Stub Length (y-axis)

Equation 3-15

For a resonant frequency of 31.8 GHz; the open-circuited stub length can be adjusted to

obtain the desired reactance [13]. The max length of the stub is typically less than a quarter

wavelength [14] and is estimated as follows:

c 1
Max Stub Length < ( ) <

(fr)o1 Eeffl

Equation 3-16

) (0.25) = 0.976 mm

Again, the antenna was simulated in CST MWS using the parameters calculated in this

chapter and then a parametric analysis was run on the length of the stub, as per the Table 3-3.

Table 3-3: Parameter Sweep Values for Stub Length

Sweep Run # % of A in the Lower Stub Length (mm)
Substrate
1 16% 0.625
2 17% 0.664
3 18% 0.703
4 19% 0.742
5 20% 0.781
6 21% 0.820
7 22% 0.859
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Figure 3-4 (simulation dimensions outlined in Table 4-1) indicates a stub length if 0.742
mm (pink line) has a max and a min that is symmetrical about the zero point of the y-axis, and is

therefore the best choice to cancel out the reactance associated with the aperture fed antenna.

V/A Matrix Coefficients in Z [Imaginary Part]
30 ‘ . ‘
] Z1,1 (stub_length=0.5856) : -17.909885
20 T 71,1 (stub_length=0.62464) : -13.312549|
4 Z1,1 (stub_length=0.66368) : -9.2722789
10 [ 71,1 (stub_length=0.74176) : -2.1255695|
e Z1,1 (stub_length=0.7808) : 1.679171
0 Z1,1 (stub_length=0.81984) : 4.7700348 |
71,1 (stub_length=0.85888) : 7.712857 ||
71,1 (stub_length=0.89792) : 10.049752 H
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Figure 3-4: Input Impedance (Imaginary) Versus Stub Length
The S11 (dB) of the final aperture coupled microstrip antenna is given in Figure 3-5

(simulation dimensions outlined in Table 4-1). All other simulation results are in CHAPTER 4.

S-Parameters [Magnitude in dB]
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Figure 3-5: S11 Magnitude (dB) of Aperture Fed Antenna
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3.3 Dual Band Microstrip Patch Antenna

Presented in [17, pp. 227, Eqn 8] is an equation to estimate slot length. The work
however was completed on a dual band pin fed microstrip antenna, and consequently the
equation is not entirely valid for an aperture fed microstrip antenna since the current flows are
slightly different. Consequently, the dimensions of the resonant slot (length, width, and offset)
in this work were determined empirically using CST MWS. After the slot dimensions were
realized, an effort was made to determine a modified form of the equation in [17, pp. 227, Eqn 8]

and the work is presented in APPENDIX B.

3.3.1 Estimation of the Resonant Slot Dimensions

To ensure a good radiation efficiency at both frequencies, the aspect ratio between the
two sides of the patch is fixed in the range [17]:

Equation 3-17
0.7<L/W <0.8

Using L = 2.050 and W = 3.334 mm, it follows that L/W is equal to 0.615 and does
not meet the stated criteria. Since L and W were determined during the design of the aperture
coupled microstrip antenna, then the only option is to proceed with these dimensions. Attention
will be given to the radiation efficiency shown in the simulations of the final dual band antenna.

The best antenna performance in terms of both radiative properties and simultaneous
impedance matching at the two operating frequencies is obtained when the width d of the two
slots is comparable with the thickness h,, of the upper substrate and when [17]:

Equation 3-18

L

< <L d l<W
cg <W<pg - and.. 10
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Using L = 2.050 and W = 3.334 mm, it follows that 0.041 mm < w <0.137 mm ... and ...
[ <0.334 mm. Since the thickness of the upper substrate was already chosen to realize a large
operational bandwidth, then it is not feasible to make the width d of the two slots comparable
with the thickness h,,. Otherwise such a large width of the slot will not perturb the 3rd order
mode in manner that generates a usable upper resonance.

Consequently, and as a starting point, d is chosen to be the same as w, which is chosen to
be the same as [ (where d is slot width, slot w is the offset from bottom edge of patch, and [ is
slot offset from side edge of patch. This aligns with the approach taken by Maci, et al to
generate a half-wavelength microstrip resonator [17].

As per Table 3-4, a parametric analysis, with a sweep step size of 0.010 m, was run on
the resonant slot dimensions keeping | =d = w.

Table 3-4: Parameter Sweep Values Versus Resonant Slot dimensions

Sweep Run # Wu (mm) Ls (mm) l=d=w (mm)
1 3.334 3.252 0.042
2 3.334 3.232 0.052
3 3.334 3.212 0.062
4 3.334 3.192 0.072

Although the criteria states that w < 0.140 mm is feasible, it was quickly seen that
resonant slots with dimensions above 0.720 mm would not be usable due to the excessive shift in

the upper resonance. Hence, the parametric analysis is limited to 4 sweeps.
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Figure 3-6 indicates resonant slot dimensions between 0.420 mm (red line) and 0.520 mm
(green line) will generate a dual band antenna that has a lower resonance centered at roughly 28
GHz and an upper resonance centered at roughly 38 GHz. However, with the implementation of

the resonant slots the antenna is now detuned.

S-Parameters [Magnitude in dB]
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Figure 3-6: S11 (dB) Versus Resonant Slot Dimensions of 32.0 GHz Aperture Antenna
A parametric analysis on aperture length and stub length was done on the dual band
antenna following the process outlined in Chapter 3. The following parameters were obtained:
* Aperture Length: 1.940 mm
e Stub Length: 0.8465 mm
Using the new values for aperture length and stub length a second parametric analysis,
with a sweep step size of 0.002 mm, was run on the resonant slot dimensions keeping [ = d =

w, as per Table 3-5.
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Table 3-5: Parameter Sweep Values versus Resonant Slot dimensions

Sweep Run # Wu (mm) Ls (mm) L=d=w (mm)
1 3.334 3.252 0.042
2 3.334 3.248 0.044
3 3.334 3.244 0.046
4 3.334 3.240 0.048
5 3.334 3.236 0.050
6 3.334 3.232 0.052

Figure 3-7 indicates sweep #5 (pink line) centers the lower resonance at 28 GHz. The
antenna however still does not meet the desired performance due to lack of bandwidth at the

lower resonance.
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Figure 3-7: S11 (dB) Versus Resonant Slot Dimensions of 31.7 GHz Aperture Antenna
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As w increases the slot creeps away from the edge of the patch where the 3rd order mode
is strongest. Therefore, it is reasonable to keep w as small as feasible while tuning the

parameters | & d to achieve desired performance.

3.3.2 Determination of the Resonant Slot Dimensions

A parametric analysis was run on all the antenna parameters (APPENDIX C) and then the
antenna was tuned to generate the desired dual-band response using the knowledge summarized

in Table C-2. The optimized values are as follows:

Aperture Length: set 1.940 mm

e Stub Length: set to 0.847 mm

e Slot Width (d): set to 0.052 mm

* Slot Edge in x-axis from patch edge (w): set to 0.045 mm

* Slot Edge in y-axis from edge of patch (I): set to 0.043 mm

S-Parameters [Magnitude in dB]
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Figure 3-8: S11 Magnitude (dB) of the Dual Band Antenna
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It is primarily the slot length, and secondarily the parameter 1, that determines the upper
resonance frequency. An [ of 0.043 mm corresponds to a slot length of 3.250 mm. The “dialed-
in” frequency response of the dual band antenna is given in Figure 3-8 (simulation dimensions as

per Table 4-2). All the other simulation results are presented and discussed in CHAPTER 4.

3.3.3 Array Network

With a dual band antenna, the goal is to find a spacing pattern that will generate a
sidelobe suppression, at both the lower and upper resonance, that is equal to or better than the
sidelobe suppression in a uniform array operating in a single band. Therefore, the target is to
have a sidelobe suppression that is equal to, or better than, -13.2 dB, at both operating bands.

Many array patterns were experimented with in the simulation tool and the associated
side lobe suppression is listed in Table 3-6. Diagrams of each array pattern can be found in
APPENDIX D. A spacing of 4.0 mm is A/2 at upper resonance and ~A/3 at lower resonance. A
spacing of 5.6 mm is ~2A/3 at upper resonance and A/2 at lower resonance. The square and
square-offset array patterns with 4.0 mm x 4.0 mm spacing meet the design goal; however, the
spacing of the elements are too close to allow routing of RF input feed. The square and square-
offset array patterns with 5.6 mm x 5.6 mm spacing are just short of the design goal at the upper
resonance. The checkered square patterns yield excellent performance at the lower resonance,
but at the upper resonance there is a large lobe that runs along the x-y plane. This configuration
could possibly be used in an application that does not require large scan angle. The checkered
3x3 diamond pattern with 8.0 mm x 8.0 mm spacing has excellent performance at the lower
resonance and just misses the design goal at the upper resonance, and it is noticed the same

pattern with 4x4 elements slightly improves the side lobe suppression. The checkered 3x3 and
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4x4 diamond patterns with 11.2 mm x 11.2 mm spacing have poor performance.

Overall, the

checkered diamond pattern (Figure 3-9) yields reasonable sidelobe suppression and allows

enough room for routing of RF input signals.

Table 3-6: Sidelobe Suppression for Various Array Shapes

Array Shape Array Number of Array Lower Upper
Size Elements Spacing Resonance | Resonance
(mm) Sidelobe Sidelobe
(dBc) (dBc)
Square 4x4 16 4.0x4.0 19.9 14.3
Square 4x4 16 5.6x5.6 14.2 12.7
Square, Offset 4x4 16 4.0x4.0 17.9 14.3
Square, Offset 4x4 16 5.6x5.6 14.2 12.7
Square, Checkered 4x2 8 8.0x8.0 14.4 7.6
Square, Checkered 4x2 8 11.2x11.2 16.5 8.3
Diamond, Checkered 3x3 9 8.0x8.0 15.8 12.5
Diamond, Checkered 3x3 9 11.2x11.2 12.8 7.5
Diamond, Checkered ax4 16 8.0x8.0 14.5 12.7
Diamond, Checkered ax4 16 11.2x11.2 13.0 8.2
+0.0,+8.0
-4.0,+4.0 +4.0,+4.0
-8.0,+0.0 +0.0,+0.0 +8.0,+0.0
-4.0,-4.0 +4.0,-4.0
+0.0,-8.0

Figure 3-9: Checkered Diamond 3x3 Array with 8.0 x 8.0 mm Spacing
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The challenge with developing an RF feed network for a checkered 3x3 diamond array
with aperture fed antennas is finding a way to feed the elements without creating cross talk due
to coupling. Initially, an attempt was made to feed the bottom elements and the top elements
from opposite directions in the y-axis. This led to a valuable lesson into the nature of the
aperture fed antenna which does not exist with the pin fed antenna. When feeding elements from
opposite directions the phase need be 180° out of synchronization to get proper constructive and
destructive interference in the radiation pattern. With this finding in hand, there remained an
open question on how to feed the center element. Consequently, and as a starting point, it was
decided to fabricate a checkered linear 4x1 array (Figure 3-10), which is a subset of the larger
diamond. The idea is to get the linear array working first, and then determine the feed network

for the diamond pattern in a later work.

2.0,+2.0 +6.0,+2.0

-6.0,-2.0 +2.0,-2.0

Figure 3-10: Checkered Linear 4x1 Array with 8.0 x 4.0 mm Spacing

3.3.4 RF Feed Network

The RF feed network for the checkered linear 4x1 array consists of a Wilkinson splitter
feeding two more Wilkinson splitters [25]. The block diagram is given in Figure 3-11, and is
representative of the bottom view of the PWB (hence the output feed lines seemingly do not
align with the elements in Figure 3-1). Each Wilkinson splitter consists of two quarter wave

transformers that were designed to operate at the midpoint between the lower and upper
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resonance (32 GHz). The characteristic impedance of each quarter wave transformer is 70.7
ohms, ensuring a proper match between 50-ohm input and 50-ohm output. Each quarter wave
transformer has a 100-ohm resistor placed between the output ports, to improve matching for all
ports and improve isolation between each output port. The dimensions of the of the quarter wave
transformer are easily determined as per the work of Wilkinson [25]. The width of the RF feed

line was calculated earlier in Section 3.2.12, and following the same process the width of the

quarter wave transformer is calculated to be 0.178 um.

Equation 3-19
Zouarter = ZoV2 = 50vV2 = 70.7 ohms

Equation 3-20

CO
A Jeurs*
1= 2= #zl.Slme

4
Output 1 Output 3
(500Q) (500Q)
Output 2 Output 4
(50Q) (50Q)
) g
< < 4 i
= > g 3
v J J i
<o RF Line (50 Q ) ----rmmrmmv >
‘N 100 0 )
M4 Transformer -----> § §
(70.7Q) i
v v
RF Input (50 Q)

Figure 3-11: RF Feed Network Block Diagram
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Each output RF trace is of different length since the elements in the array are slightly offset
in the y-axis. Unequal lengths will generate an unequal change in phase. If nothing is done to
compensate for the unequal lengths then the radiation pattern of the array will take on an
unexpected shape. Consequently, each RF path must be of equal distance to ensure matching of
phase at each antenna element. The length of the RF traces that feed the lower elements can
extended by implementing an “s-pattern”. The extra bends associated with the “s-pattern”
create a disturbance in the phase, making it difficult to match phase even when all RF paths are
of the same length. Consequently, extra bends were implemented into the longer RF path simply
to enable better phase matching. A picture of the final 4x1 RF feed network is given in Figure

3-12. A magnified view of the Wilkinson splitter is given in Figure 3-13.

gu|

Figure 3-12: RF Feed Network Layout in CST MWS
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Figure 3-13: Wilkinson Splitter Layout in CST MWS

The mitered edges are sloped at 45°. Critical to performance is the extent to which the

mitered edges cut into the width of RF trace. The feed network was simulated in AWR [26] and

the dimensions of the transformer were tweaked using the “tuning” feature to achieve optimal

return loss and phase match in both operating bands. The final dimensions are given in Table

3-7.
Table 3-7: Final Dimensions of Wilkinson Splitter

Parameter Value Comments

A4 Width 0.136 mm

A/4 Outer Edge 1.667 mm

A/4 Miter Width 0.085 mm At the narrowest point
A/4 Miter Width 0.085 mm At the narrowest point
RF Trace Miter Width 0.200 mm At the narrowest point

41




CHAPTER 4

SIMULATION RESULTS & COMPARISON

This chapter begins with an overview of the software used to simulate the radiators. Next
are presented the simulations for the single band antenna, the dual band antenna, the theoretical
arrays, the RF feed, and the linear array using the RF feed. A comparison of the simulations for

the various radiators is given at the end of this chapter.

4.1 Simulation Software Overview

CST MWS 2015 is used to generate the numerical solution using the Antenna Workflow
within the Microwave Suite [3].

A CST MWS simulation can be run using one of six offered solvers: time domain,
frequency domain, eigenmode, integral equation, asymptotic, and multilayer. All simulations in
this chapter have been run using the time domain solver with mesh type “hexahedral TLM” set to
an accuracy of -40 dB. As a rule of thumb, the size of the mesh cell should never be larger than
8 cells per wavelength [27]. In this chapter, and to ensure good accuracy, the largest cells were
set to 15 cells per wavelength and the smallest cells were set to 20 cells per wavelength (where
wavelength is associated with the highest frequency in the simulation). The meshing was done
automatically.

CST MWS offers two types of ports to feed the RF signal; discrete ports and waveguide
ports. Weiland, Timm, and Munteanu authored an article on commercial tools used for

electromagnetic simulation titled “Practical Guide to 3D Simulation” [27]. The authors outline
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in detail the differences between the types of ports used to feed the input signal. A summary of
their more salient points follows in the next two paragraphs.

The discrete port is placed between the RF feed line and the ground plane, and feeds the
signal to the RF line at a discrete point. The user must input the TEM mode and line impedance,
and then during simulation CST MWS will calculate the voltage and current. Discrete ports
introduce a parasitic series inductance, which is proportional to the distance between the RF feed
and the ground. As such, discrete ports will always introduce a small perturbation into the
numerically calculated solution. The only way to eliminate the perturbation is to extend the
excited transmission line to infinity to eliminate the appearance of reflections, which of course is
not practical.

Waveguide ports were introduced as a means of truncating the infinite line, without
introducing any perturbations. The waveguide port is placed perpendicular to the RF feed line.
The user must input the area of the waveguide port (i.e. the area for the eigen mode solution),
and then during simulation CST MWS will calculate the E-field, H-field, line impedance, and
propagation constant. Waveguide ports provide a better match to the mode pattern as well as
higher accuracy for the S-parameters [28].

A waveguide port has been used in all simulations presented in this chapter. It was
centered in the x-axis and placed at the edge of the substrate. The shielding feature was not
enabled. The patch is centered over the substrate. In the following plots the red line indicates
the reference plane of the waveguide port is set at the center of the aperture and the green line

indicates it has been set at a 4 wavelength from the center of the aperture.
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4.2 CST MWS Simulations of Aperture Fed Antenna

The simulations run using the parameters specified in Table 4-1.

Table 4-1: Aperture Fed Antenna Simulation Dimensions

Parameter Value Parameter Value

Patch Width 3.336 mm Upper Substrate Height | 0.510 mm
Patch Length 2.050 mm Upper Substrate Er 3.0

Aperture Width 0.094 mm Lower Substrate Height | 0.127 mm
Aperture Length 1.739 mm Lower Substrate Er 3.0

Stub Length 0.742 mm Copper Thickness 18 um (1/2 oz.)
Stub & Feed Width 0.321 mm Ground Plane Thickness | 12 um (1/3 oz.)
Substrate Width 6 mm Substrate Length 8 mm

4.2.1 Aperture Fed Antenna S11 (Magnitude and Phase)
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Figure 4-1: Aperture Fed Antenna S11 (Magnitude & Phase)

The resonant frequency is 31.7 GHz. The 10 dB return loss bandwidth is 8.2% and

extends from 30.6 GHz to 33.2 GHz. The phase changes rapidly at the resonant frequency and
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the phase difference between the red line and the green line (from the center of the aperture to

the quarter wavelength reference point), within the 10-dB bandwidth, is roughly 180°.

4.2.2 Aperture Fed Antenna Z-Smith Chart
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S-Parameters [Impedance View]

Figure 4-2: Aperture Fed Antenna Z-Smith Chart

The arc of the S11 is symmetrical within the 10-dB bandwidth and rotates about the

center of the Z-Smith Chart indicating the antenna is matched to a 50-ohm system.

4.2.3 Aperture Fed Antenna Input Impedance (Real & Imaginary)
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Figure 4-3: Aperture Fed Antenna Input Impedance (Real & Imaginary)
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At the resonant frequency, the real part of the input impedance wobbles about the 48-ohm

point and the imaginary part of the input impedance wobbles about the 0-ohm point.

4.2.4 Aperture Fed Antenna 3D Farfield Plot
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Figure 4-4: Aperture Fed Antenna 3D Farfield Plot
The radiation pattern is shaped like a sphere and has a directivity of 7.1 dBi in the

broadside. The radiation efficiency is 99.3% (-0.03 dB).

4.2.5 Aperture Fed Antenna Polar Plots

Farfield (Array) Dectivty Abs (Phi=0) Farfield (Array) Drectivity Abs (Phi=90)

Frequency = 31.78 GHz £ P Frequency = 31.78 GHz
Man lobe magntude = 0 dB - Man lobe magntude = 0.0052 dB
5 Man lobe drection = 0.0 deg. 5 Man lobe drection = -2.0 deg.
Angular vidth (3 dB) =  72.9 deg Angular vidth (3 dB) = 84.0 deg
Theta / Degree vs. dB Side lobe level = -14.8 dB Theta / Degree vs. dB Side lobe level = -14.7 dB

Figure 4-5: Aperture Fed Antenna Polar Plot, Phi = 0 & Phi =90
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The back lobe is — 14.7 dB down from the main lobe and would be smaller if either the
upper or lower substrate were thinner. The angular width (3db) is 72.9° for Phi = 0° and 84.0°

for Phi = 90°.

4.2.6 Aperture Fed Antenna Surface Current
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Figure 4-6: Aperture Fed Antenna Surface Current (Phase = 90°)
The current distribution is strongest on the edges of the patch, around the aperture, and in
the RF feed. The current flow along the length of the patch (along the inside of the y-axis edges)

determines the resonant frequency. During the design phase this length was set to be 1/2 of a
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wavelength in the respective dielectric substrate. There is little to no current flow along the

width of the patch (inside of the x-axis edges).

4.3 CST MWS Simulations of Dual Band Antenna

The simulations were run using the parameters specified in Table 4-1 in conjunction with

the updated or new parameters specified in Table 4-2. The center of the resonant slot is offset

from the x-axis edge of the patch by 0.071 mm in the y-axis.

Table 4-2: Dual Band Antenna Simulation Dimensions

Parameter Value Parameter Value
Aperture Length 1.940 mm Stub Length 0.847 mm
Slot Width 0.052 mm Slot Length 3.250 mm

4.3.1 Dual Band Antenna S11 (Magnitude & Phase)
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Figure 4-7: Dual Band Antenna S11 (Magnitude & Phase)

There are two resonant frequencies; one at 27.9 GHz and the other at 38.5 GHz. The

lower resonance has a 10 dB return loss bandwidth of 3.2% and extends from 27.5 GHz to 28.4
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GHz. The upper resonance has a 10 dB return loss bandwidth of 7.9% and extends from 36.9
GHz to 40.0 GHz. The phase changes rapidly at the resonant frequencies. Since the magnitude
of the upper resonance is not as narrow and deep as the lower resonance, then the phase change
of the upper resonance is not as steep and rapid as the lower resonance. At the lower resonance,
the phase difference between the red line and the green line (from the center of the aperture to
the quarter wavelength reference point), within the 10-dB bandwidth, is roughly 180°. At the
upper resonance, the difference between the red line and the green line is not a quarter of a
wavelength (1.732 mm is roughly 1/3 of a wavelength at 38.5 GHz) and therefore the phase

difference is not 180°.

4.3.2 Dual Band Antenna Z-Smith Chart

S-Parameters [Impedance View] S-Parameters [Impedance View]

0 36.9
® 40
Frequency / GHz

0 27.454
® 28.419
Frequency / GHz

% 27.960000 ( 42.487140, 0.308026 ) Ohm % 38.500000 ( 54.720578, 10.702970 ) Ohm

Figure 4-8: Dual Band Antenna Z-Smith Chart at 28 GHz & 38 GHz
The arc of each S11 is symmetrical within the 10-dB bandwidth and rotates around the
center of the Z-Smith Chart indicating the antenna is matched to a 50-ohm system. The
reference plane for the wave guide port was offset from the center of the aperture by 1.732 mm

(1/4 wavelength at 27.9 GHz) for the lower resonance, and, by 1.255 mm (1/4 wavelength at
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38.5 GHz) for the upper reference. This is the reason both plots show a quarter wavelength

rotation from red line to green line.

4.3.3 Dual Band Antenna Input Impedance (Real & Imaginary)

V/A Matrix Coefficients in Z [Real Part]
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Figure 4-9: Dual Band Antenna Input Impedance (Real & Imaginary) at 28 GHz

At the lower resonance, the real part of the input impedance wobbles about the 48-ohm

point and the imaginary part of the input impedance wobbles about the 0-ohm point.
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Figure 4-10: Dual Band Antenna Input Impedance (Real & Imaginary) at 38 GHz

At the upper resonance, the real part of the input impedance wobbles about the 47-ohm

point and the imaginary part of the input impedance wobbles about the 0-ohm point.
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4.3.4

| — | —
Tyoe Farfeld Tyoe Farfeld
Approximation  enabled (R >> 1) Approximation  enabled (R >> 1)
Monitor farfeld (=27 95) 1] Monitor farfeld (f=38.333) 1]
Component ~ Abs Component ~ Abs
Output Directiviy Output Directiviy
Frequency  27.955 GHz z x Frequency  38.333 GHz z x
Rad. efl ‘005975 0B Rad. efic. 00281208
Tot efic. -0.07604 0B Tot efic. 000818 0B
Dir. 7.306 dBi Dir. 7124 dBi

Dual Band Antenna 3D Farfield Plot

Figure 4-11: Dual Band Antenna 3D Farfield Plot at 28 GHz & 38 GHz

For both the lower and upper resonance, the radiation pattern is shaped like a sphere and

have a directivity of 7.1 dBi in the broadside. At the lower resonance, the radiation efficiency is

98.6% (-0.06 dB) which is worse than the single band antenna. At the upper resonance, the

radiation efficiency is 99.3% (-0.03 dB) which is the same as the single band antenna.

4.3.5

Dual Band Antenna Polar Plots at Lower Resonance

Farfield Directivity Abs (Phi=0) Farfield Directivity Abs (Phi=00)

Phi= 0 Phi=180 Phi=270

Frequency = 27.955 GHz Frequency = 27.955 GHz
Main lobe magniude = 0 dB Main lobe magniude = 0 dB
80 Main lobe direction = 0.0 deg. 80 Main lobe direction = 1.0 deg.
Angular width (3 dB) = 70.1 deg. Angular width (3 dB) = 87.9 deg.
Theta / Degree vs. dB Side lobe level = -12.1 B Theta / Degree vs. dB Side lobe level = -12.1 B

Figure 4-12: Dual Band Antenna Polar Plots at 28 GHz, Phi = 0 & Phi =90
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For the lower resonance the back lobe is 12.1 dB lower than the main lobe, which is ~
2dB worse than the single band antenna, and would be smaller if either the upper or lower
substrate were thinner. The angular width (3db) is 70.1° for Phi = 0° and 87.9° for Phi = 90°,

which is roughly the same as the single band antenna.

4.3.6 Dual Band Antenna Polar Plots at Upper Resonance

Farfield Directivity Abs (Phi=0) Farfield Directivity Abs (Phi=00)

0 0

Frequency = 38.333 GHz
Main lobe magntude = Frequency = 38.3
irection = 0.0 deg 180 Main lobe magnitude

180

Angul ction
Theta / Degree vs. dB Side lobe level = -17.5 dB Theta / Degree vs. dB Angular width (3 dB) = 83.3 deg.

Figure 4-13: Dual Band Antenna Polar Plots at 38 GHz, Phi = 0 & Phi =90
For the upper resonance the back lobe is 17.5 dB lower than the main lobe, which is ~ 3
dB better than the single band antenna. The angular width (3db) is 81.6° for Phi = 0° and 83.3°
for Phi = 90°, which is roughly the same as the single band antenna. Since the upper resonance
is associated with the slots in the microstrip patch then it stands to reason that the back lobe
generated by the upper resonance will be smaller than the back lobe generated by the lower

resonance.
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4.3.7 Dual Band Antenna Surface Current
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Figure 4-14: Dual Band Antenna Surface Current at 28 GHz (Phase = 90°)

At the lower resonance, the current distribution is like the single band antenna with the
notable difference being that there is also current flow on the inside of the x-axis edges (i.e.
along the width of the patch). In practice, this means the lower resonant frequency is determined
not only by the length of the patch but also by length, width, and position of the slot. Since the
electric field is strongest along the width of the patch (Figure 2-7) then the surface current along

the x-axis edges generates only a minor shift in the lower resonance.
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Figure 4-15: Dual Band Antenna Surface Current at 38 GHz (Phase = 0°)

At the upper resonance frequency, the current distribution is strongest on the inside of the
x-axis edges (i.e. along the width of the patch) where the electric field is weakest. Observation
of the current distribution around the slot reveals a null at the center of the slot, directly above
the RF feed. APPENDIX B discusses a method to estimate the upper resonant frequency based

on the current flow around the slot.
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4.4 CST MWS Simulations of Phased Array

Table 4-3: Phase Array Simulation Dimensions

Array Type Array Size Spacing (mm) Reference
Checkered Diamond 3x3 8 mm x 8 mm Figure 3-9
Checkered Linear 4x1 8 mm x4mm Figure 3-10

4.4.1 Checkered Diamond 3x3 Array 3D Farfield Plots

-0.05975 dB
-0.07604 B
15.23 dBI

F
Ra
Tot.
Oir

33333

17.62 dBI

Figure 4-16: Checkered Diamond 3x3 Array 3D Farfield Plot at 28 GHz & 38 GHz

The checkered diamond array has caused the spherical radiation patter to become

elongated, with the lower resonance having a directivity of 15.2 dBi and the upper resonance

having a directivity of 17.6 dBi, both in the broadside. The radiation efficiency remains as was

seen with the dual band antenna.

4.4.2 Checkered Diamond 3x3 Array 3D Polar Plots

For the lower resonance, the angular width (3db) is 31.3° and the side lobes are 15.9 dB

lower than the main lobe for Phi = 45°. For the upper resonance, the angular width (3db) is




23.7° and the side lobes are 12.5 dB lower than the main lobe for Phi = 45°. The back lobes are

as was seen in the dual band antenna. Although the separation between array elements is

constant in the physical domain, it is a variable in the frequency domain. The lower resonance

sees an electrical separation of 1/2 wavelength whereas the upper resonance sees an electrical

separation of 1/3 wavelength. This is the reason the lower resonance has smaller directivity,

better sidelobe suppression, and greater angular width.
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Figure 4-17: Checkered Diamond 3x3 Array Polar Plot at 28 GHz & 38 GHz, Phi = 45

4.4.3 Checkered 4x1 Array 3D Farfield Plots
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Figure 4-18: Checkered 4x1 Array 3D Farfield Plot at 28 GHz & 38 GHz
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The linear array has caused the spherical radiation patter to become shaped like a disk,
with the lower resonance having a directivity of 12.3 dBi and the upper resonance having a
directivity of 13.8 dBi, both in the broadside. The radiation efficiency remains as was seen with

the dual band antenna.

4.4.4 Checkered 4x1 Array Polar Plots

Farfield (Array) Dectivty Abs (Phi=0) Farfield (Array) Dectivty Abs (Phi=0)

farfield (=27.955) [1] farfield (=38.333) [1]
Phi= 0 Phi=180 Phi= 0 Phi=180

Frequency = 27.955 GHz Frequency = 38.333 GHz
Main obe magntude = 0 dB Main obe magntude = 0 dB
180 Main lobe direction = 0.0 deg 180 Main lobe direction = 0.0 deg
Angular width (3 dB) = 31.7 deg Angular width (3 dB) = 24.5 deg
q (60.72,20.99) Theta / Degree vs. dB Side lobe level = -12.1 dB q (1789, -17.54) Theta / Degree vs. dB Side lobe level = -14.8 dB

Figure 4-19: Checkered 4x1 Polar Plot at 28 GHz & 38 GHz, Phi =0
For the lower resonance, the angular width (3db) is 31.7° and the side lobes are 20.9 dB
lower than the main lobe for Phi = 0°. For the upper resonance, the angular width (3db) is 24.5°
and the side lobes are 14.8 dB lower than the main lobe for Phi = 0°. The back lobes are as was

seen in the dual band antenna.
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4.5 CST MWS Simulations of RF Feed Network

The dfx files of the entire RF feed network were exported from AWR and then loaded in

to CST MWS. Simulations were run using the parameters specified in Table 3-7.

4.5.1 RF Feed Network S-Parameters

S-Parameters [Magnitude in dB] S-Parameters [Magnitude in dB]
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Figure 4-20: RF Feed Network Input & Output Return Loss
For both the lower and upper resonance, the input and output return loss of the RF feed

network is better than 15 dB and therefore well matched to a 50-ohm system.
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Figure 4-21: RF Feed Network Insertion Loss & Phase Difference
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The difference in phase between each of the four paths is less than 12 degrees at 40 GHz,

which is an error of 3.3% (12° + 360°). Well within the established limit of A/8 that enables

sidelobe cancellation in a phased array [29].

4.5.2 RF Feed Network Z-Smith Chart
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Figure 4-22: RF Feed Network Z-Smith Chart (Input) at 28 GHz & 38 GHz
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Figure 4-23: RF Feed Network Z-Smith Chart (Output) at 28 GHz & 38 GHz

For both the lower and upper resonance, the input and output impedance of the RF feed is

close to the center of the Z-Smith Chart and therefore well matched to a 50-ohm system.
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4.6 CST MWS Simulations of Checkered 4x1 Array with RF Feed Network

The simulations were run using the parameters specified in Table 4-2 in conjunction with
the new (or updated) parameters specified in Table 4-4. The array elements are centered in the
x-axis and offset +4 mm in the y-axis. The waveguide port is centered in the x-axis and offset
from the edge of the substrate by +1.7 mm in the y-axis.

Table 4-4: Checkered 4x1 with RF Feed Simulation Dimensions

Parameter Value Parameter Value

Substrate Width 20 mm Substrate Length 20 mm

4.6.1 Checkered 4x1 Array with RF Feed S11 (Magnitude & Phase)

S-Parameters [Magnitude in dB] S-Parameters [Phase in Degrees]
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Figure 4-24: Checkered 4x1 Array with RF Feed S11 (Magnitude & Phase)
There are two resonant frequencies, one at 27.9 GHz and the other at 38.5 GHz. The
lower resonance has a 10 dB return loss bandwidth of 4.1% and extends from 27.3 GHz to 28.5
GHz (slightly broader than the theoretical linear array). The upper resonance has a 10 dB return

loss bandwidth of 8.2%, extends from 37.6 GHz to 40.8 GHz, and has shifted up by roughly 0.8
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GHz due to the mutual coupling between the elements of the array. Also, there are dips at 34
GHz and 40 GHz which are cause by the RF feed network. The phase changes more rapidly at

the resonant frequencies.

4.6.2 Checkered 4x1 Array with RF Feed 3D Farfield Plot

ifeld

|
Type Far
roximation — enabled (kR = 1)
Monitor farfeld (=27.92) 1]
omponent  Abs
Output Directiy
Frequency  27.82 =z %
Radefic.  -0.9560 08 Radefic.  -0839908

Tot efic. -0.9699 0B Tot efic. -0.8994 0B
Oir 11.91 dBi Oir 12,89 dBi

Farfield
enabled (kR >> 1)
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Figure 4-25: Checkered 4x1 Array with RF Feed 3D Farfield Plot
The radiation pattern is shaped like a disk as was the case with the theoretical linear
array, with the lower resonance having a directivity of 11.9 dBi and the upper resonance having a
directivity of 12.9 dBi, both in the broadside. At the lower resonance the radiation efficiency is
80.2% (-0.96 dB) and at the upper resonance the radiation efficiency is 82.4% (-0.84 dB),

considerably worse than the theoretical linear array due to the losses in the RF feed network.
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4.6.3 Checkered 4x1 Array with RF Feed Polar Plots

Farfield Directivity Abs (Phi=0) Farfield Directivity Abs (Phi=0)
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Figure 4-26: Checkered 4x1 Array w. RF Feed Polar Plots at 28 GHz & 38 GHz, Phi =0
For the lower resonance, the angular width (3db) is 34.4° and the side lobes are 19.3 dB
lower than the main lobe for Phi = 0°. For the upper resonance, the angular width (3db) is 24.3°
and the side lobes are 14.9 dB lower than the main lobe for Phi = 0°. The overall performance is
like the theoretical linear array, except for the back lobes which have taken-on an unsymmetrical
pattern and are roughly 3 dB worse at the upper resonance. The strange shape of the back lobes
is attributed to the RF feed network which includes several bends and three Wilkinson power

dividers.

4.6.4 Summary of Simulation Results

A summary of the simulation results is given in Table 4-5. Implementing the slots
reduces the efficiency and lowers the bandwidth of the lower resonance without impacting
directivity or radiation pattern. The upper resonance is a perturbed third order mode but radiates

like a first order mode. The performance of upper resonance is better than the lower resonance.
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Table 4-5: Summary of Simulation Results

Parameter Single Dual Checkered Linear Linear
Band Band 4x4 Array 4x1 Array 4x1 Array
RF Feed
Resonance Due to Patch
Resonance - 31.8 GHz | 27.9 GHz --- - 27.9 GHz
BW - 8.2% 3.2% --- - 4.1%
Radiation - Sphere Sphere Elongated Disk Disk
Pattern Sphere
Directivity - 7.1 dBi 7.1 dBi 15.2 dBi 12.3 dBi 11.9 dBi
Radiation - 99.3% 98.6% 98.6% 98.6% 80.2%
Efficiency
Back Lobe - -14.7 dB -12.1dB -12.1dB -12.1 dB -13dB
3dB BW Phi =00 72.9° 70.1° - 31.7° 34.4°
Phi =45 - --- 31.3° - -
Phi =90 84.0° 87.9° --- - -
Side Lobe - - --- -15.9dB -20.9 dB -19.3 dB
Resonance Due to Slots
Resonance - N.A. 38.5 GHz --- - 38.5 GHz
BW - N.A. 7.9% --- - 8.2%
Radiation - N.A. Sphere Elongated Disk Disk
Pattern Sphere
Directivity - N.A. 7.1 dBi 17.6 dBi 13.8 dBi 12.9 dBi
Radiation - N.A. 99.3% 99.3% 99.3% 82.4%
Efficiency
Back Lobe - N.A. -17.5dBc | -17.5dBc | -17.5dBc @ -13.3dBc
3dB BW Phi =00 N.A. 81.6° --- 24.5° 24.3°
Phi =45 - - 27.3° - -
Phi =90 N.A. 88.3° --- - -
Side Lobe - N.A. --- -159dBc | -20.9dBc @ -19.3dBc
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CHAPTER 5

MEASUREMENT RESULTS & COMPARISON

5.1 Fabrication

The antenna has extremely fine features that are difficult to fabricate. The center of the
resonant slots relative the respective outer edges of the patch are specified to by 71 microns in
the y-axis. Figure A-10, in Appendix A, indicates both the upper and lower resonance will shift
by as much a 0.5 GHz if the position of the resonant slot is off by as little 10 microns. For
perspective, the width of a human hair is ~ 20 to 150 microns. A laser etcher, such as the LPKF
Proto Laser S4, can achieve an accuracy of +/-2 microns; however, the heat associated with the
process of stripping away copper will cause a thin laminate to bow and twist rendering the final
product useless. Leading edge PWB suppliers, such as TTM, Sanmina, and Aspocomp, can
achieve an accuracy of +/- 20 microns with their plating process on 1/3 oz. copper without
galvanic plating. However, observation of Figure 5-1 clearly illustrates the challenges these

PWB suppliers encounter when etching such fine features into copper.

i <— Upper Base —»i

Solder Resist Solder Resist

Plating Plating

Copper Copper

| ] ]
|¢—————— Lower Base ———» | !
I 1 1

Figure 5-1: Typical Etching Characteristics. Adapted from [30].
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Consider that the thickness of the 1/3 oz. copper is 12 microns and, when following IPC
standards, the thickness of the galvanic plating is 20 microns, yielding a total copper & plating
thickness of 32 microns. Thus, as per the slope shown in Figure 5-1, the width of the conductor
base must be 32 microns larger than the width of the conductor top. This is a substantial
difference in comparison to the specified width of the resonant slot (52 microns). And, since the
center of the resonant slot is specified to be 71 microns from the edge of the patch, then the
width of the lower base must be 45 microns and the width of the upper base must be 13 microns
(which is outside their accuracy of +/- 20 microns).

Ultimately, the antenna was fabricated by Aspocomp, located in Oulu, Finland, with the
agreement to violate IPC standards (for this proto antenna only) and radically down etch the 1/3
oz. copper to ~5 microns before implementing a galvanic plating of thickness of ~13 microns
(yielding a total copper & plating thickness of ~17-20 um) [31]. A magnified photograph of the

etched radiator is given in Figure 5-2.

Figure 5-2: Photograph of Etched Radiator
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5.2 Test Set Up

The performance of the aperture fed antenna, the dual band antenna, and the linear array
was characterized at the Nokia facilities in Irving, Texas. Return loss was measured using the
Keysight N5245A PNA-X Microwave Network Analyzer (10 MHz to 50 GHz). A laser level
was used to manually align the x-y plane of the antenna prior to collecting radiation patterns
inside an anechoic chamber. The path losses in the set-up were determined using horn antennas
whose characteristics where well known. The CW signal was generated by the Keysight
E8267D PSG Vector Signal Analyzer (250 kHz to 44 GHz) and received by the Keysight

N9030A PXA signal Analyzer (3 Hz to 50 GHz).

Figure 5-3: Photograph of Anechoic Chamber (Antenna & Receiving Horn)
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5.3 Photographs of the Radiators

Pictures of the radiators are presented below. In Figure 5-5 and Figure 5-6, although not

visible in the photograph, the resonant slots are present within the patch.

0.85,2.05,NA.
S\ NO1804 TYPHLIF 94V@458ed
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Figure 5-6: Photograph of Linear Array
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5.4 Aperture Fed Microstrip Patch Antenna

Figure 5-7 compares the simulated S11 from Chapter 4 to the measured S11. A few
differences are observed, namely the realized antenna has a double resonance at 32 GHz which
creates a wider bandwidth. Consequently, the simulated model was updated so that the
dimensions of the substrate (and the ground plane) matched the size of the fabricated radiators at
25 mm by 25 mm. Additionally, to align with their respective locations on the fabricated
antenna, changes were made to the location of the patch (shifted from the center of the substrate
by 3.5 mm in the y-axis) and the location of the RF feed point (shifted from the edge of the
substrate by 4.5 mm in the y-axis). However, these changes alone were not enough to generate a
match between the simulation and the realized radiator.

Ultimately, and as shown in Figure 5-8, a decent correlation was produced after
implementing a discrete port and the Frequency Domain Solver in conjunction with auto-
meshing feature. Now both curves show a double resonance in the operating band and a shallow
resonance at roughly 38 GHz. The measured resonance at 31 GHz is generated by the patch
antenna, and shows up at a slightly lower frequency in the improved simulation. The resonances
at 32 GHz and 38 GHz do not appear in the simulation results when using a waveguide port, and
are a result of the discrete port which has an inductance proportional to the distance between the
RF trace and the ground plane. Since the discrete port feed behaves like an RF connector, then
the differences at these resonances is attributed to the modeling, or lack thereof, of the RF
connector. A better correlation can be achieved with either solver if an accurate model of the RF

connector is introduced into the simulation.
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Figure 5-7: Aperture Fed Antenna (8x6mm), Simulated vs. Measured, S11 (dB)
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Figure 5-8: Aperture Fed Antenna (25x25mm), Simulated vs. Measured, S11 (dB)
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The resonances at 32 GHz and 38 GHz are also a result of the position of the discrete port
relative to the aperture of the antenna. S11 versus feed position is illustrated in Figure 5-10 for a
waveguide port and in Figure 5-11 for a discrete port. The blue line represents a feed placed 4.5
mm from the edge of the substrate (11.5 mm from the center of the aperture). The green line
represents a feed placed 14.5 mm from the edge of the substrate (3.5 mm from the center of the
aperture). As the discrete port feed moves closer to the center of the aperture, the dips at 32 GHz
and 38 GHz start to disappear. The inductance of the discrete port feed has created an
impedance mismatch with the antenna, resulting in a standing wave on the feed line. The
resonances at 32 GHz and 38 GHz are a result of the standing waves.

The radiation pattern associated with 25x25 mm substrate is given in Figure 5-9. When

compared to the radiation pattern in Figure 4-4, there is now ripple.

Figure 5-9: Aperture Fed Antenna (25x25mm) 3D Farfield Plot
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Figure 5-10: Aperture Fed Antenna (25x25mm), S11 (dB) vs. Feed Position, Waveguide Port
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Figure 5-11: Aperture Fed Antenna (25x25mm), S11 (dB) vs. Feed Position, Discrete Port
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It was initially speculated the flat top in the measurement data of Figure 5-12 was due to
saturation of the test equipment. However, it was soon realized that a flat top could be generated
in the simulation by enlarging the substrate (and without implementing a discrete port feed or
auto meshing). The substrate is so electrically large and thick that there are reflections which
generate constructive and destructive interference, and the impact is seen in both the simulated
and measured results.

Since the radiator was aligned manually in the anechoic chamber, then it was not aligned
perfectly in either the x, y, or z-axis. There is a mismatch of roughly +11°. The results were
adjusted and this can be seen in the bottom left corner of Figure 5-12, where there is a gap in the
data between theta equals -79° and -90°. Imperfect alignment also explains the peak gain
difference since a tilted antenna will not radiate max power in the direction of the receiving horn

antenna. This can be seen in Figure 5-9.
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Figure 5-12: Aperture Fed Antenna, Simulated vs. Measured, Cartesian Plot, Phi = 0
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5.5 Dual Band Microstrip Patch Antenna

The simulated 3D radiation patterns of the dual band antenna using 25x25 mm substrate
are given in Figure 5-13. When compared to the radiation patterns using 8x6 mm substrate given
in Figure 4-11Figure 4-4, there is now ripple due to surface waves in the electrically large upper
substrate.

A comparison of the simulated to measured S11 is given in Figure 5-14 and Figure 5-15.
Standing waves and the associated nulls are seen in the updated simulation results.

The lower and upper radiation patterns are shown in Figure 5-16 and Figure 5-17. The
measured data has been adjusted by -4.5° for the lower resonance and +3.0° for the upper
resonance. The flat top is again present due to constructive and destructive interference. The
difference in gain is due to imperfect alignment of the antenna within the anechoic chamber
during testing. Although not shown in Figure 5-17, the simulation results indicate the upper

resonance becomes flatter as the patch moves closer to the upper edge of substrate.

Farfield
enal

bled (R > 1)
o (=27.955) 1]

Gain ut Gain
27.955 GHz z reruenc: 38.333 GHz
004059 dB Ra 007200 dB
-0.2130dB 07588 dB
EE70dB 7.322d8

Figure 5-13: Dual Band Antenna (25x25mm) 3D Farfield Plot
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Figure 5-14: Dual Band Antenna (8x6mm), Simulated vs. Measured, S11 (dB)
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Figure 5-15: Dual Band Antenna (25x25mm), Simulated vs. Measured, S11 (dB)
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Figure 5-16: Dual Band Antenna, Simulated vs. Measured, Cartesian Plot at 28 GHz, Phi =0
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Figure 5-17: Dual Band Antenna, Simulated vs. Measured, Cartesian Plot at 38 GHz, Phi =0
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5.6 Linear Array

The simulated 3D radiation pattern of the linear array using 25x25 mm substrate is given
in Figure 5-18, and is not much different than the radiation patterns shown in Figure 4-25 since
the initial model used a 20x20 substrate.

A comparison of the simulated to measured S11 is given in Figure 5-19 and Figure 5-20.
As can be seen in Figure 5-6, the RF feed is of enough length to create standing waves and the
associated nulls are seen in the initial simulation results.

A comparison of the simulated to measured radiation patterns is given in Figure 5-21 and
Figure 5-22. The measured data has been adjusted by -4.5° for the lower resonance and by +3.0°
for the upper resonance. There is a small difference in gain that is due to a small misalignment
of the antenna within the anechoic chamber during testing. The flat top is no longer present as

the additive nature of the array dominates the radiation pattern.
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Figure 5-18: Linear Array with RF Feed (25x25mm) 3D Farfield Plot
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Figure 5-19: Linear Array (20x20mm), Simulated vs. Measured, S11 (dB)
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Figure 5-20: Linear Array (25x25mm), Simulated vs. Measured, S11 (dB)
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Figure 5-21: Linear Array, Simulated vs. Measured, Cartesian Plot at 28 GHz, Phi =0
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Figure 5-22: Linear Array, Simulated vs. Measured, Cartesian Plot at 38 GHz, Phi =0
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CHAPTER 6

CONCLUSION AND RECOMENDATIONS

6.1 Conclusion and Learnings

This work achieved the overall objective of investigating the feasibility of a dual band
millimeter wave microstrip antenna and the associated phased array, applicable to the fifth-
generation mobile communication systems in the USA.

During the design phase, a modified equation for predicting patch length and an
approximation for predicting upper resonance frequency of the dual band antenna was
formulated. It was noted that an aperture fed antenna with resonant slots excited in the TMo
mode enables an upper to lower resonance ratio that is smaller than that of a pin fed antenna with
resonant slots excited in the TMio mode. The bandwidth of the aperture antenna can be greater
than that of a pin fed antenna, since the thickness of the upper substrate is not limited by the
inductance associated with the feeding mechanism.

During the simulation phase, a parametric analysis was completed showing that some of
the slot dimensions are sensitive to a movement as small as +/ -0.01 millimeters and that, aside
from the slot, the most sensitive antenna dimensions are patch length, stub length, and aperture
length. It was illustrated that a checkered diamond array pattern can minimize side lobes in two
distinct operating bands. The depth of the miters and the number of bends are both significant
when trying to match phase in the RF feed network. For an aperture fed antenna, it was noted
that when feeding the elements from opposite directions the input signals need be 180° out of

phase to get proper constructive and destructive interference in the radiation pattern. Resonant
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slots etched near the edge of the patch significantly shift the 3™ order resonance and reduce the
bandwidth of the lower resonance.

The fabrication process illustrated the etching capability limits of modern PWB suppliers
and there are few companies that can etch features in copper that are smaller than the width of a
human hair. Due to the extremely tight dimensional specifications of the resonant slots that
occur at millimeter wave frequencies, it was determined that the resonant slot approach to dual
band radiators is not practical for volume production.

The measurement results illustrated the significance of surface waves in an electrically
large substrate and the associated impact to radiation patterns. The results also demonstrate the
importance of modeling the RF connector at millimeter wave frequencies, since the associated
inductance will shift the impedance locus of the antenna into the inductive area of the Smith
chart causing unexpected ripples in the input return loss. These results show the significance of
standing waves in an electrically long RF trace and how the associated resonances affect the
input return loss. Small misalignments of the antenna within the anechoic chamber will cause
the radiation patterns to indicate less than expected gain.

Reconciliation of the simulation results with reality revealed the differences between the
waveguide port and the discrete port. To cross-check the accuracy of the Frequency Domain
Solver, the final model was also simulated using the Time Domain Solver in conjunction with
auto-meshing. The results matched; however, the simulation time was more than six hours. The
Frequency Domain Solver is faster than the Time Domain Solver and is a good choice for future

design activities.
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6.2 Potential Future Work

Future research possibilities include the development a feed network for the checkered
diamond array using a strip line feed, determining the exact equations for predicting the upper
resonance, proper modeling of the RF connector (or via feed), and development of an aperture
(i.e. bowtie, bone, diamond, etc.) that will broaden the lower resonance without narrowing the
upper resonance or increasing back lobe radiation level.

Although PWB suppliers are not able to etch the fine features of the resonant slots, there
are alternative technologies such as IC fabrication that easily achieve a tolerance of +/- 1 micron

in their process. The approach taken in this thesis might find application in other areas.
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APPENDIX A

EUQATION FOR PATCH LENGTH

Patch length is typically estimated using a widely known empirically developed equation
that is given in engineering text books such as Balanis [4, p. 791] or Bankfrokft [9, p. 61]. For a
resonant frequency of 31.8 GHz, an effective permittivity of 2.59, and a fringing length of 0.241
mm; the patch length is calculated as follows:

Equation A-1
L= S 2AL = 2.447 mm
Z(fr)m‘/eeffu

The resonance associated with a patch length of 2.447 mm lands at 27.9 GHz in the CST
MWS simulation (Figure A-1) and is substantially less than the expected 31.8 GHz, an error of
12.3%. Upon inspecting above equation with the realization that L must be smaller to generate a
higher resonance, it is obvious that either the fringing length is larger than calculated or the
effective permittivity is larger than calculated (since the resonant frequency and the speed of
light are fixed).

It was observed that, since &, is larger than eefr, using the relative permittivity in place of
the effective permittivity leads to a more accurate prediction of patch length. This was also
observed by Kai Fong Lee and Wei Chen. They wrote, “This formula is often used in the
literature with eefr instead of .. The original reference by Hammerstad [23] does not make it
clear which is correct, since no formula for resonance frequency is given there. However, in our
comparisons with measurements and the results from James (discussed below) we have obtained
more accurate results by using & [21, p. 232]. Hence, using &, the patch length is calculated as

follows:
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Equation A-2

c
L= ————2AL =2.241mm
Z(fr)m‘/er

The resonance associated with a patch length of 2.241 mm lands at 29.8 GHz; an error of

6.2% (Figure A-1).
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Figure A-1: Resonant Frequency versus Patch Length
Continuing with this idea, it was observed by this author that further modifying the
equation, so that the relative permittivity is multiplied by the relative permittivity normalized by

effective permittivity, leads to an extremely accurate prediction of patch length. Hence, using

(er / eeffu) * &, the patch length is calculated as follows:

Equation A-3

c
L= — 2AL = 2.050 mm

20 () e

Eeffu
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The resonance associated with a patch length of 2.050 mm lands at 31.7 GHz (Figure
A-1), an error of 0.3%. It is important to note that aperture width and stub length were held the
same for all three simulations in Figure A-1, and that is the reason the resonance at 31.8 GHz is
so deep.

Antenna dimensions for resonant frequencies ranging from 7 GHz to 37 GHz were
determined using Antenna Magus and then also calculated following the process outlined in
CHAPTER 3. The dimensions generated by each method were simulated in CST MWS. A
comparison is presented in Table A-1. The results are similar, although above 12 GHz the
equation for patch length developed in this appendix yields a resonant frequency that more
closely matches the target frequency.

Antenna Magus was contacted for insight into the operation of their algorithm design
code. Although the details could not be shared, their customer support team stated they have
implemented a multi-dimensional regression based approach as per a paper from Woods, Sikel,
and Brand [32]. This gives a more generalized method, which isn’t limited by substrate
permittivity and electrical thickness like the empirically developed equation from Hammerstad.

The comparison presented in Table A-1 is for only one substrate material (dielectric
constant of 3.0 and thickness of 0.510 mm). A substrate with dielectric constant 4.4 was also
checked, and again there was seen a high correlation between Antenna Magus and the patch
length equation developed in this appendix. Several substrates need be compared before making
conclusion. Ultimately, it’s the results we see in the laboratory that validate the equation.
However, modern computers and simulation software have become so powerful that results

presented here are a decent indication of what to expect.
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Table A-1: Patch Length Accuracy Comparison

Design Frequency (GHz) 7 12 17 22 27 32 37
Parameter Values as per Antenna Magus
Patch Width (mm) 15.142 | 8.833 | 6.235| 4.818 | 3.926 | 3.312 | 2.865
€effu 2.84 2.77 2.71 2.66 2.63 2.59 2.56
Fringing Length (mm) 0.251 | 0.249 | 0.247 | 0.245| 0.243 | 0.241| 0.239
Patch Length (mm) 11531 | 6.449 | 4.367 | 3.216 | 2.558 | 2.096 | 1.767
Parameter Values as per Calculations following CHAPTER 3
Patch Width (mm) 15.142 | 8.833 | 6.235| 4.818 | 3.926| 3.312 | 2.865
€_effu 2.84 2.77 2.71 2.66 2.63 2.59 2.56
Fringing Length (mm) 0.251 | 0.249| 0.248| 0.245| 0.243 | 0.241| 0.239
Patch Length (mm) 11.535| 6.430| 4.344| 3.216| 2.512| 2.032 | 1.684
CST MWS Results using Parameters from Magus & Calculations following CHAPTER 3

Magus, Resonance (GHz) 6.81| 11.79| 16.78| 21.70| 26.48 | 31.11| 35.70
Magus, Error (%) 2.80 1.79 1.30 1.38 1.96 2.84 3.65
Calculated, Resonance (GHz) 6.80 | 11.82 | 16.87 | 21.88| 26.85| 31.90| 37.03
Calculated, Error (%) 2.88 1.54 0.81 0.56 0.56 0.32 0.08
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APPENDIX B

EUQATION FOR UPPER RESONANCE

Inspection of the current distribution around the resonant slot in Figure B-1 reveals that

the null is located at the center of the resonant slot, is located directly over the RF feed, and is

roughly with width of the RF feed.
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Figure B-1: Magnified View of Lower Slot on Dual Band Antenna

Visiting the equation for resonant frequency associated with the slot in a dual band pin

fed patch antenna [17], the resonant frequency is estimated as follows:

c
(f )03 =
" Z(LS + d)\/eeffslot
Where:
&gE+1 & -1 h, -1/2
Seffslot = > + > <1 + 12 Wslot> = 2.09
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Since the resonant frequency is proportional to the length of the slot (Ls) and the width of
the slot (d) then, when considering the nulls, the equation for the resonant frequency associated
with the slot in an aperture fed patch antenna can be modified as follows:

Equation B-3

C
Z(LS +d— Nullfactor)\/eeffslot

(fr)oz =

The variable Nullfcor is determined empirically by running simulations in CST MWS on
several different scenarios of the aperture fed antenna, firstly without resonant slots and then
secondly with resonant slots. Table B-1 summarize the findings. For a slot length of 3.100 mm,
minimal error between predicted resonance and simulated resonance was observed when:

Equation B-4
Nullfactor = \/Eeffslot * ered

This relationship held to an error less than 3% when the dielectric constant changed from
3 to 4, however, the error increased to almost 5% when the length of the slot changed from 3.100
mm to 3.250 mm (Table B-2). The equation can be used to roughly guess the minimum value of
the upper resonance since the length of the slot cannot exceed the width of the patch. Further
experimentation is required to establish a relationship that will hold true for all values of

permittivity, substrate thickens, slot width, slot offset, and feed width.
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Table B-1: CST MWS Resonance Comparison for Slot Length 3.100 mm

Design Frequency GHz 32 32 32 32 32
Substrate Height mm 0.150 0.250 0.350 0.450 0.550
Substrate Height Lambda % 4.1 6.9 9.7 12.4 15.2
Magus Aperture Length mm 1.028 1.256 1.463 1.648 1.815
Magus Aperture Width mm 0.094 0.094 0.094 0.094 0.094
Magus RF Feed Width mm 0.319 0.319 0.319 0.319 0.319
Magus Patch Length mm 2.454 2.337 2.231 2.141 2.069
Magus Patch Width mm 3.312 3.312 3.312 3.312 3.312
Magus Stub Length mm 1.011 0.916 0.837 0.776 0.730
Slot Length mm 3.100 3.100 3.100 3.100 3.100
Slot Width mm 0.052 0.052 0.052 0.052 0.052
Slot Gap mm 0.045 0.045 0.045 0.045 0.045
No Slots, CST Lower Resonance GHz 31.7 31.7 31.7 31.6 313
Slots, CST Lower Resonance GHz 28.0 28.3 28.5 28.4 28.3
Slots, CST Upper Resonance GHz 37.99 38.3 38.6 38.7 39.0
Lower Resonance Change % 11.7 10.9 10.2 9.9 9.5
sqrt (Ee(w/t, Er)) 1.473 1.460 1.454 1.449 1.446
2(Ls + d + sqgrt (Ee(w/t, Er))*Wf) 5.36E-3 | 5.37E-3 | 5.38E-3 | 5.38E-3 | 5.38E-3
Predicted Upper Resonance GHz 37.97 38.2 38.4 38.5 38.6
Predicted Upper Error % 0.06 0.09 0.49 0.59 1.13
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Table B-2: CST MWS Resonance Comparison for Slot Length 3.250 mm

Design Frequency GHz 32 32 32 32 32
Substrate Height mm 0.150 0.250 0.350 0.450 0.550
Substrate Height Lambda % 4.1 6.9 9.7 12.4 15.2
Magus Aperture Length mm 1.028 1.256 1.463 1.648 1.815
Magus Aperture Width mm 0.094 0.094 0.094 0.094 0.094
Magus RF Feed Width mm 0.319 0.319 0.319 0.319 0.319
Magus Patch Length mm 2.454 2.337 2.231 2.141 2.069
Magus Patch Width mm 3.312 3.312 3.312 3.312 3.312
Magus Stub Length mm 1.011 0.916 0.837 0.776 0.730
Slot Length mm 3.250 3.250 3.250 3.250 | 3.2500
Slot Width mm 0.052 0.052 0.052 0.052 0.052
Slot Gap mm 0.045 0.045 0.045 0.045 0.045
No Slots, CST Lower Resonance GHz 31.29 30.93 32.73 31.29 30.75
Slots, CST Lower Resonance GHz 27.45 27.6 27.99 28.05 28.93
Slots, CST Upper Resonance GHz 12.3 10.8 14.5 104 5.9
Lower Resonance Change % 37.28 37.2 37.92 38.19 38.49
sqrt (Ee(w/t, Er)) 1.473 1.460 1.454 1.449 1.446
2(Ls + d + sqgrt (Ee(w/t, Er))*Wf) 5.36E-3 | 5.37E-3 | 5.38E-3 | 5.38E-3 | 5.38E-3
Predicted Upper Resonance GHz 35.96 36.22 36.37 36.46 36.53
Predicted Upper Error % 3.55 2.64 4.10 4.53 5.10
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APPENDIX C

PARAMETRIC ANALYSIS OF DUAL BAND ANTENNA

The findings of the parametric analysis are summarized Table C-1. A legend is given in
Table C-1. The most sensitive dimensions are patch length, aperture length, slot length, and the
permittivity of the upper substrate.

IPC standards for etching tolerance is +/- 20% however it is reasonable to expect PWB
suppliers to achieve +/- 0.0254 (one thousand of an inch) on %2 oz copper. The general idea of
this parametric analysis is to shift dimensions as per PWB etching capabilities. In cases where
such a small dimensional change generated no visible disturbance to the resonant frequencies, a
larger dimensional change was implemented into the parametric analysis. Consequently, most x-
axis or y-axis dimensions were shifted by either +/- 0.1 mm or +/- 0.01 mm depending on their
sensitivity. The slots were shifted by +/-0.05 mm in the x-axis since anything greater would
cause the slot break through the side of the patch rendering no point to simulation.

During the PWB fabrication process the aperture is etched into the ground plane and then
a glue is used to bond the upper substrate to the lower substrate which includes the etched
aperture. Depending on the quality of the bonding process, it is possible the aperture is either
filled with glue or filled with air. A parametric analysis was run on aperture material dielectric
constant and little difference was noticed. Ground plane thickness had little impact when the
aperture dielectric constant of the bonding glue is same as the substrate. However, ground plane

thickness does have noticeable impact on the resonances when the aperture is filled with air.
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Table C-1: Legend for Parametric Analysis of Dual Band Antenna

Symbol Frequency Shift
“— Less than +/- 0.10%
“or L7 +/-0.10% and +/- 0.50%
“PPN or UL Between +/- 0.50% and +/- 1.00%
B AR AR Mo TRRN PN N idd Between +/- 1.00% and +/- 1.50%

DA or LI

Greater than +/- 1.50%

Table C-2: Parametric Analysis Summary for Dual Band Antenna

Antenna Parameter Lower Resonance | Upper Resonance
Feature Descriptor | Axis Shifted Incr. / Decrease Incr. / Decrease
patch width x-axis | +0.10 mm ™ J
patch length y-axis | +0.10 mm NN N2
aperture length x-axis | +0.10 mm NN ™~
aperture width y-axis | +0.01 mm J —
slot length x-axis | +0.01 mm NN N2
slot width y-axis | +0.01 mm N\ T
patch offset --- x-axis | +0.10 mm - -
patch offset --- y-axis | +0.10 mm — N
aperture offset x-axis | +0.10 mm — —
aperture offset --- y-axis | +0.10 mm NN ™~
slot offset x-axis | +0.05 mm — -
slot offset --- y-axis | +0.01 mm NN ™~
upper height z-axis | +0.02 mm J J
substrate
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upper &, --- +0.1 NN N~
substrate
upper Dy +0.0017 — —
substrate
lower substrate height z-axis | +0.01 mm J —
lower substrate & - +0.1 ™ N2
lower substrate Dy +0.0017 — —
ground height z-axis | +0.02 mm ™ —
patch height z-axis | +0.02 mm ) )
feed height z-axis | +0.02 mm - -
feed width x-axis | +0.02 mm ™ ™
feed length y-axis | +1.00 mm ™ N
stub length y-axis | +0.10 mm ™ ™~
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Figure C-1: Parametric Analysis of Patch Width (x-axis)
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Figure C-2: Parametric Analysis of Patch Length (y-axis)
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S-Parameters [Magnitude in dB]

35 +-----

40

...........................

— 51,1 (aptx=1.84)
— 51,1 (aptx=1.94)
— 51,1 (aptx=2.04)

......................................................................................

22

24 26 28 30 32

34 36 38 40

Frequency / GHz

Figure C-3: Parametric Analysis of Aperture Length (x-axis)
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Figure C-4: Parametric Analysis of Aperture Width (y-axis)
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S-Parameters [Magnitude in dB]
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Figure C-5: Parametric Analysis of Patch Offset from Center (x-axis)
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Figure C-6: Parametric Analysis of Patch Offset from Center (y-axis)
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S-Parameters [Magnitude in dB]
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Figure C-7: Parametric Analysis of Aperture Offset from Center (x-axis)
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Figure C-8: Parametric Analysis of Aperture Offset from Center (y-axis)
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S-Parameters [Magnitude in dB]
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Figure C-9: Parametric Analysis of Slot Offset from Center (x-axis)
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Figure C-10: Parametric Analysis of Slot Offset from Center (y-axis)
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S-Parameters [Magnitude in dB]
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Figure C-11: Parametric Analysis of Upper Substrate Height
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Figure C-12: Parametric Analysis of Lower Substrate Height
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Figure C-13: Parametric Analysis of Upper Substrate Permittivity

S-Parameters [Magnitude in dB]

— 51,1 (Er_Lower=2.9)

sl o fsutEwer29)|
: : : : : — 51,1 (Er_Lower=3)
35 Lo 1 ____________________ rﬂ __________ *_~'_I,.'_ :_E"_L::'-:.e*:‘.'_; __________
-40 i i . . i . i i i
22 24 26 28 30 32 34 36 38 40 42

Frequency / GHz

Figure C-14: Parametric Analysis of Lower Substrate Permittivity
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Figure C-15: Parametric Analysis of Upper Substrate Loss Tangent
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Figure C-16: Parametric Analysis of Lower Substrate Loss Tangent
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Figure C-17: Parametric Analysis of RF Feed Height
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Figure C-18: Parametric Analysis of Patch Height
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S-Parameters [Magnitude in dB]
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Figure C-19: Parametric Analysis of Ground Height
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Figure C-20: Parametric Analysis of Aperture Material
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Figure C-21: Parametric Analysis of Stub Length
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Figure C-22: Parametric Analysis of RF Feed Length

103




S-Parameters [Magnitude in dB]

: : . ! . —— 51,1 (feedw=0.301) |
---------- oo e 51 9 (feedw=0.321) fo
: : § § : —— 51,1 (feedw=0.341) |
e R B R R e e e
-40 i i i i i i i f i f
2 24 26 28 30 32 34 36 38 40 42 44

Freguency / GHz

Figure C-23: Parametric Analysis of RF Feed Width
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APPENDIX D

ARRAY PATTERNS

Figure D-1: Square 4x4 Array with 4.0 x 4.0 mm Spacing

Type Farfield (Array) Type Farfield (Array)

Anproximation  enabled (cR »> 1) Approximation  enabled (kR => 1)

Monitor farfield (=27 955) [1] Moritar farfiel (=38.333) 1]

Component s Component s

Output Directity Output Direstivity

Frequency 27.955 GHz z 5 Frequency 38333 GHz ‘3
Rad. efic. -0.05875d8 Rad. effic -0.02812 dB

Tot effic -0.07604 dB Tot effic -0.09815 dB

Dir. 16.21 dBi Dir. 17.55 i

Figure D-2: Square 4x4 Array with 4.0 x 4.0 mm Spacing - Radiation
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Tyne
i
Monitor
Component
Output
Frequency
Radl. efic.
Tot effic
Dir.

Figure D-3: Square 4x4 Array with 5.6 x 5.6 mm Spacing

Farfiold (Array) Type Farfield (Array)

enabled (R =» 1 Approximation  enabled (kR > 1
farfield (=27 955) [1] Monitor farfiel! (=38 333) [1]
Abs Component  Abs

Directivity output Directiity

27955 GHz z 23 Frequency 38333 CHz
-0.05975d8 Rad. efic 002812 4B
-0.07604 4B Tot. eff -0.09818 B

17.70 081 Dir. 19.87 di

Figure D-4: Square 4x4 Array with 5.6 x 5.6 mm Spacing — Radiation
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Figure D-5: Offset Square 4x4 Array with 4.0 x 4.0 mm Spacing

Type Farfield CArras) Tyne Farfleld (Arra)
Approximation  enabled (kR >> 1 Approximation  enabled (kR => 1

Monitor Tarfield (=27 955) [1] Monitar farfield (=38.333) [1]

Component  Ap: Component  Abs

Output Directity output Direstivity

Frequency 27.055 GHz 25 38.333 6Hz. -

&

z Frequency =z
Rad. effic. -0.05975 dB Radl. effc -0.02812 4B
Tot efic 007604 dB Tot efic. -0.09818 4B
D 15.28 dBi Dir. 17.60 dBi

Figure D-6: Offset Square 4x4 Array with 4.0 x 4.0 mm Spacing — Radiation
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Figure D-7: Offset Square 4x4 Array with 5.6 x 5.6 mm Spacing

dBd
17.%

15.5
2353
111
5.86
6.65
4.43 1
2.22

-2.78
=557
-8.35
-11.1
AL
-16.7
—15.5
2213

Farld (Aray) e Farfield (Aey)
b 4 Approximation  enabled (kR == 1)

Type

Approvimation enabled (R >= 1)

Monitar Farfield (=27 955) (1] 2 Monitor farfield (=38.333) (1]

Camponent Abs Component Abs

Output Directivity = Output Directivity %

Frequency 27855 GHz = Frequency 38333 GHz z
Rad. effic. -0.05875 4B Rad. effi. -0.02812d8

Tot effic -0.07604 4B Tot effc -0.09818 dB

D, 17.73 dBi D 19.88 dBi

Figure D-8: Offset Square 4x4 Array with 5.6 x 5.6 mm Spacing — Radiation
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Tipe
Approximal
Monitor

Component s Component  Abs

Output Directivity Output Directivity

Frequency ~ 27.956GHz Frequency  38.333 GHz z
Rad effic. -0.05975 dB Racl.effic -0.02812 ¢B

Tot efic -D.07604 dB Tot efic. -0.09818 4B

D -1.083 B Dir. -2.4048-005 dBl

Figure D-9: Checkered Square 4x2 Array with 8.0 x 8.0 mm Spacing

Farfield (Arrayy
tion  enabled (kR > 1)
Tarfield (=27 955) [1]

dB
-1.08
-3.58
-6.08
-8.58
—21
-13.6
-16.1
-18.8

Type

Monitor

Farfield (Array)

Approximation  enabled (kR ==

Tarfield (=38.333) (1]

Figure D-10: Checkered Square 4x2 Array with 8.0 x 8.0 mm Spacing — Radiation
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Tipe

Figure D-11: Checkered Square 4x2 Array with 11.2 x 11.2 mm Spacing

Farfield (Arrayy

Approximation  enabled (kR >»

Type

Farfield (Array)

Approximation  enabled (kR ==

Monitor Tarfield (=27 955) [1] Monitar Taield (38,333 [1]

Component s Componient  Abs

Output Directity output Direstivity

Frequency 27.955 GHz 23 Frequency 38.333 GHz -
Rad. efic. -0.05975 d8 Rad.effic 002812 08

Tot effic -0.07604 48 Tot efic -0.09818 4B

Dir. 17.06 B Dir. 1615 di

Figure D-12: Checkered Square 4x2 Array with 11.2 x 11.2 mm Spacing — Radiation
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Figure D-13: Checkered Diamond 3x3 Array with 8.0 x 8.0 mm Spacing

Type Farfield (Array) Type Farfield (Array)
Approdmation  enabled (kR == 1) Approdmation  enabled (R == 1)

Monitar farfield t1=27.955) [1] Monitor farfield (=38.333) 1]

Component  Abs Component  Abs

Outiut Directiity Output Directivty

Freuency  27.955 x *

z Frequency 38333 z
Rad_ effc -0.05875 dB Rad. effic. -002812dB
Tot effc. -0.07604 0B Tot effc -0.09818 4B
15.23 dBi D 17.620Bi

Figure D-14: Checkered Diamond 3x3 Array with 8.0 x 8.0 mm Spacing — Radiation
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Figure D-15: Checkered Diamond 4x4 Array with 8.0 x 8.0 mm Spacing

Farfield (Array)

Type Farmeld (Aray)
Approdmation  enabled (kR >» 1)

Type
Approximation  enabled (R => 1)

Monitor farfield (=27 955) [1] Monitar farfield {i=38.333) [{]

Component  Abs Component  Abs

Output Directity Output Direstivity

Frequency  27.955CHz ~ x

Frequency  38.333 GHz
Rad. efiic. -0.05075 dB

z
4 Rad. effic 002812 dB
Tot effc -0.07604 dB Tot effic 009818 dB

17.74 dBi 2001 dBi

Figure D-16: Checkered Diamond 4x4 Array with 8.0 x 8.0 mm Spacing — Radiation
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Figure D-17: Checkered Diamond 3x3 Array with 11.2 x 11.2 mm Spacing

Farfield (Array)

Type Farmeld (Aray)
Approdmation  enabled (kR >» 1)

Type
Approximation  enabled (R => 1)

Monitor farfield (=27 955) [1] Monitar farfield {i=38.333) [{]

Component  Abs Component  Abs

Output Directity Output Direstivity

Frequency  27.955CHz ~ x

Frequency  38.333 GHz
Rad. efiic. -0.05075 dB

z
4 Rad. effic 002812 dB
Tot effc -0.07604 dB Tot effic -0.09818 dB

17.66 dBi 16.78 881

Figure D-18: Checkered Diamond 3x3 Array with 11.2 x 11.2 mm Spacing — Radiation
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Figure D-19: Checkered Diamond 4x4 Array with 11.2 x 11.2 mm Spacing

Type Farfielc (Array) Type Farmeld (Aray)
Approdmation  enabled (kR >» 1) Approvimation  enabled (kR >> 1)

Monitor farfield (=27 955) [1] Monitar farfield {i=38.333) [{]

Component  Abs Component  Abs

Output Directity Output Direstivity

Frequency  27.955CHz ~ x

Frequency  38.333 GHz

z
Rad. efiic. 005075 dB Rad. effc -0.02812 dB.
Tot effc -D.07604 dB Tot effc. -0.08816 0B
D 20.07 dBi Dir. 19.15 dBi

Figure D-20: Checkered Diamond 4x4 Array with 11.2 x 11.2 mm Spacing — Radiation
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