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ABSTRACT

Staffan, Paul. MSEE, Electrical Engineering, Wright State University, 2019. Design
of an ultra-wideband Microstrip Antenna Array with Low Size, Weight and Power.

This study focuses on the use of microstrip antenna technology for designing an ultra-
wideband antenna to meet low size, weight and power requirements. Based on the
recent literature for such antennas, a quasi-log periodic microstrip antenna array is
designed to operate from 8 to 40 GHz (radar bands X, Ku, K and Ka). The array
consists of 33 co-linear, inset-fed, square patches on a Roger’s Duroid substrate, and
is modeled using the Advanced Design System software from Keysight. The simu-
lated results show the antenna has pass-band gains greater than 5 dB, a half-power
beamwidth of 30 degrees, and linear polarization with a broadside radiation pattern.
In addition, the fractional voltage standing wave ratio is less than 1.8 for 18 GHz of
the pass-band, and the antenna has an efficiency greater than 60 percent over the entire
pass band.
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1 Introduction

The Sensors and Signals Exploitation Lab (SSEL) at Wright State University (WSU)
is a dynamic hands-on, laboratory environment for electromagnetic experimentation and
development by engineering students. Students can experiment with the laboratory equip-
ment to create radar images of target objects. The laboratory consists of an antenna posi-
tioning fixture, 4-port analyzer (43.5 GHz), and horn antennas. Students can do laboratory
level experiments. Students are also encouraged to be creative and make improvements,
or to optimize previous designs of hardware, or software. The motivation is to create an
open learning environment where students can get experience with the “real world” of en-
gineering, electromagnetics, and radar systems. For example, the above mentioned antenna
positioning system was created by the students of the university. The students use Matlab,
Comsol Multi-Physics, and ADS software for experimentation. These software programs
are used to simulate and accurately depict final designs and analysis of wave propagation

and radar cross-section studies [1].

1.1 Motivation

The lab can utilize one to four small UWB horn antennas to meet the needs of the exper-
iment. The current horn antenna(s), singular or array can be removed or added, but it is
undesirable to have to change the mechanical fixture to add or subtract horn antennas for
various experiments. The typical bandwidth required for a complete system is in the range
of 8-40 GHz. The laboratory is seeking a new antenna system that has a low “SWaP”,
size, weight, and power requirement. The proposed antenna system must also satisfy the
bandwidth, gain, radiation pattern, VSWR and budget of the lab. Since microstrip antennas
(MSAs) could possibly meet many of the above requirements, it is logical to seek a solution

using an MSA or Microstrip Antenna Array, (MSSA).



1.2 Challenges

The MSA was invented by G. A. Deschamps in 1953. However, serious development did
not begin for another 20 years by R.E Munson and J. Q. Howell [2]. For many reasons,
MSAs have become increasingly popular in recent years. A few reasons are: they have
a small-form factor, low profile, light weight, conformable, and can be wrapped around
objects such as missiles or within smart phones. MSAs can be either linear or circularly
polarized. They can be made compact for use in small electronic devices, and can be
etched onto a circuit board. MSAs also allow for dual, triple and more frequency oper-
ations. MSAs are economical to fabricate, are relatively simple to design and simulate.
With advances in simulation, feed networks, substrate technology, and a strong desire of
consumers for consistently smaller, faster and lightweight electronics; it is no surprise that
MSAs are becoming increasingly more popular [2-5].

Prior to a discussion of the MSA and its application to the SSEL, we need to also con-
sider the challenges associated with MSAs. The MSAs biggest drawback is the extremely
narrow bandwidth (BW). Albeit, with it’s small footprint, so comes a narrow BIW. Other
disadvantages are low gain and power [2]. A typical single MSA patch could have a menial
BW of 7-10%, whereas an array of 17 elements could have a BW of 98% [6]. A Mi-
crostrip Antenna Array (MSAA) can be designed also for other purposes, i.e. to be more
directive or to produce a high-gain pattern, etc. For our purposes, wide bandwidth is highly
desirable.

With the above points in mind, it seems logical to consider the development of a MSAA
to replace the horn antennas in the SSEL. There are various types of MSAAs that have been
developed previously. But none have been found in research to have the ability to span such
alarge BW, and that meet our low SWaP, broadside pattern requirement. Many papers and
articles focus on antennas in the sub-10 GHz bands or specific high-frequency bands, but
with limited BW. A microstrip dipole antenna typically has a relatively large BW, but with

an end-fire pattern which would be somewhat cumbersome in the SSEL [7, 8]. Other array



Table 1: Standard Radar Frequency Letter Band Nomenclature, (IEEE Standard 521-2002),
(source: https://www.microwaves101.com/encyclopedias/frequency-letter-bands).

Band Designator | Frequency (GHz)
X band 8to 12
Ku band 12t0 18
K band 18 to 27
Ka band 24 t0 40

types considered which are popular and well-cited are UWB antennas. UWB antennas
are typically used for the 3.1-10.6 GHz band. The Log Periodic Microstrip Antenna design
could possibly be frequency independent, that is, can be shifted upwardly to meet our needs
at the lab [4, p. 619]. Also, the Log Periodic Technique has been found to reach very wide
bandwidths [9]. Many research articles still focus on 10 GHz and below for this topology
but there is the potential to use the LPMSAA for higher frequencies and BIWW. Fractal
antennas offer even more miniaturization and/or equivalent BW capabilities but with a
smaller form factor. Fractals are antennas with repeating patterns embedded in the patch
to create more capacitance and inductance. Although a fractal design may be an excellent
alternative the modeling, simulation, and fabrication is believed to be more complicated

than the MSAA. Hence, this work investigates design of the MSA and MSAA.

1.3 Hypothesis

This thesis investigates the design of an inset-fed MSAA. The design uses a quasi log-
periodic microstrip antenna method (LPMSAA). The LPMSAA will be for wide-band op-
eration in continuous-wave applications. The underlying hypothesis is that the LPMSAA
can be designed to operate from X through Ka bands while still meeting low SWaP re-
quirements. The approach is to analyze recently reported designs using A\/2, square patch
elements, co-linearly arranged with a linear inset feed. The transmission line model is
used to determine coarse design dimensions and antenna simulation is performed to refine

the design. Following the simulation and analysis, a LPMSAA will be constructed on a



suitable substrate and tested.

Thus, the motivation for our antenna is to provide the necessary, fractional bandwidth
to cover 80% of X, Ku, K and Ka bands, that is 8-40 GHz with one multiple element, inset
feed, LPMSAA. The desired BW will be approximately 80% to 133%. The above BW is
based on a center frequency of 24 GHz. The said antenna will also have a 3-dB beamwidth

<20 degrees, gain > 3-dB, VSWR < 1.8, over the entire BIV.

1.4 Outline of Thesis

This paper is organized into 5 chapters. Chapter 1 consists of the introduction to the an-
tenna problem, motivation, challenges, and hypothesis. Chapter 2 provides a survey of
the literature on the LPMSAA. Chapter 3 consists of the methods used to simulate, fab-
ricate, and design the antenna. Chapter 4 presents the results of research. An finally, the

conclusions, summary, and recommendations for future work are presented in Chapter 5.

2 Background

2.1 Log Periodic Antenna Design

The Log Periodic Antenna (LPA) was first introduced by DuHamel and Isbell in 1957. The
most important principle consists of designing the antenna structure so that its parameters
are scaled periodically with the logarithm of the frequency [10]. However, this principle
is somewhat misleading. The antenna parameters are typically scaled by a factor called
7. The main idea behind a log periodic antenna is that its dimensions will scale by this
constant factor and the antenna becomes increasingly wide-band, and almost limitless in
bandwidth, as long as elements are continually added. The authors discuss three basic
design principals, of which scaling the antenna structure is the most interesting and widely

used concept. The other two concepts are not relevant to this paper and can be found at [10].



Since only one of these design principles is employed in this paper, the LPMSAA is called
’quasi-log periodic”.

The Log Periodic Method has been presented in many papers, as noted below. Log
periodic arrays are also very popular in dipoles and many other types of antennas. This
research focuses on wide BW, but many novel antenna designs exist for other purposes:
dual band, directive, pattern and polarization specific, efficiency, and so on. The design
method used by authors cited here is the transmission line method. The transmission line
method is a simplified approach to design the patch length, width, inset depth, frequency
and feed line as in (2). Basically, the transmission line method is used to design the first
element (m element). Each subsequent element is called the m + 1, m + 2,.. element.
Each element is a square patch with length (L) and width (I¥) equal, that is L = W.
The subsequent elements are scaled by a scaling factor 7, or sometimes called k. Some
designers have been known to use a scaling factor of 7 = 1.05 or even greater. It is up to
the individual and the required frequency spacing requirements. Since individual patches

are so narrow in bandwidth, 7 = 1.05 is reasonable.

= fm—i—l o Lm+1 o Wm—H o Im+1

oo L  W. I, M
log(7) = log {f?ﬂ} ) )

The Log Periodic Method has been used to achieve very wide BIVs in patch antenna
arrays but for lower frequency ranges. In [11] the author described the design and simu-
lation results for five, seven and nine element quasi-log periodically scaled MSAs. These
designs are within the frequency range of 2.03-3.01 GHz. The five, seven, and nine-element
antenna BW’s are 22%, 33%, and 44%, respectively. As the number of elements increase,
so does the opportunity to increase BWW. In the same band, a BW of 51% was achieved
with nine-elements [12]. The antenna design was simulated and fabricated. The simulation

results are compared to the measured results. Finally, in [6] a BW of 98% was attained for



the UWB short-range wireless communication band of 3.1-10.6 GHz.

Log periodic antenna arrays are very popular and sometimes necessary due to the wide
BW and frequency independence requirement. Other popular designs are in conjunction
with Koch Fractals, which can potentially decrease the array size [13]. The author here
used a proximity feed where square patches were laid out over a substrate with a feed line
beneath. In regards to continuing work on the subject, the log periodic method is still
popular. Log periodic dipoles are very popular today and are used in the industry in many
ways. The MSAA with square patches is not a new concept as the design principle has been
around for over 60 years. The most recent research found has been related to the more pop-
ular rectangular patch antenna and various array structures. A simple internet search results
with many novel and interesting designs related to this subject. Conformable designs, trian-
gular patches, and various other feed styles are also very popular for patch antennas. IEEE
literature includes much more information. Perhaps the log periodic method with square
patches is not pursued exactly as presented here, but in different forms, triangular patches,
con-formal designs, etc. One of the latest papers is from 2011 [14]. Miniaturization is
very popular, therefore fractals may be of more interest. Patch antenna arrays are not going
away, however they lack efficiency and may not have the high directivity of the ubiqutous

dipole element style array.

2.2 Patch Antenna Design
2.2.1 Design

There are many variations to the geometry of a MSA, of which the design and desired radi-
ation pattern, BW, gain, directivity, input impedance, etc, all play a role in it’s structure. A
popular starting choice for a single patch antenna is the \/2 rectangular microstrip antenna
(RMSA). A RMSA can be modeled as a rectangular copper patch on top of a substrate of
thickness ¢ << A with permittitvity ¢,, and backed by a large ground plane, as shown in

Figure 1. The feed is a microstrip transmission line. The patch has a length L and width

6



Figure 1: Sketch of RMSA on large ground plane.

W . When the patch length is approximately )\;/2 with respect to the wavelength in the di-
electric, the patch becomes resonant with an input reactance X ~ 0. A RMSA is generally

accepted to have a maximum 8% — 12% % BW [5, p. 466] where fractional bandwidth or

% BW is defined as
YBW — 100BW 7 3)
J.
and raw BW is
BW = f, — fi. (H) ©
fo= )y 5)

where f, is the center frequency, f,, and f; are the upper and lower frequency limits re-
spectively, of the antenna BW requirements [5, p. 218]. RMSAs or square MSAs can
be connected to the feed network in many different ways. Some of the more popular ap-
proaches are “coaxial, stripline, aperture-coupling, or proximity coupling-methods” [15].
The selected method depends upon the application and desired design parameters.

The BW of an antenna is the inverse of it’s quality factor Q) [2, p. 11]

_ VSWR-1
QVVSWR

7

BW (6)



Voltage standing wave ratio, V.SW R, is a measure of the amount of wave reflection caused
by impedance mismatches. A VSW R of 1 is ideal, that is, the antenna would have no

mismatches or reflections. V. SW R is defined as [2, p. 11]

el
VSIWR= 1 @)
where I, the reflection coefficient can be defined as [16, p. 57]
V- Zr — 7,
-\ %) ®)

TVE T (Zi+ Zo)

The reflection coefficient I', is also used to determine the return loss of impedance mis-
matches. When the load impedance does not match the input impedance and/or character-
istic impedance of the transmission line, the circuit will have a reflected voltage wave V' ~.

The magnitude of this loss is called return loss 7, and is defined by [16, p. 58]

The reflection coefficient can be determined using a vector network analyzer. Network
analyzers can be used to measure scattering parameters or commonly called s-parameters
making the return loss measurement simple to estimate the antenna’s return loss as in (10)
[16,p. 179]

Rp = —20logy, |S11|. dB (10)

”The BW is usually specified as frequency range over which V.SW R < 2 (which corre-
sponds to a return loss of 9.5 dB or 11% reflected power)” [2, p12,37].
2.2.2 BW Enhancement Techniques

There are many techniques that can be employed to increase the BW of the patch antenna.

The most obvious one would be to increase the width and length of the patch for the phys-



ical size is directly proportional to BTV, but that would defeat the purpose of a low size
and weight antenna. A single patch MSA can have an extended BW of up to 20% by sim-
ply increasing the height of the substrate to 0.15\. An experimental equation for BW at

resonant frequencies, and ¢ < 0.15\ can be found in (11) [5, p. 471]

., & —1Wh
BW =3.77 = I\ t< A (11)

r

An increase in substrate height, /i or the patch width, W would increase the overall BW
with the provided constraints. Essentially, an increase in the height leads to broader fringing
fields along the width edge of the patch (fringing fields will be discussed in more detail in
chapter 2.2.9). However, one could increase the height, but this can lead to an increase
in the power of surface waves and decrease in the power of radiation. Also, this can lead
to sub-par radiation efficiency [17]. The BWW could also be manipulated by altering the
patch geometry (see Figure 2) such as introducing one or more slots inside the patch at
appropriate locations. The author here was able to increase the BW of a rectangular patch
by increasing the substrate height and truncate the corner. The BW was further increased
by 21.2% by adding a routed H slot. The third iteration was to add a U slot which further
increased the BW up to 50.7%. The slots inside the patch increase the BW by adding
modes near the fundamental mode [18].

Consideration should be given to the use of the substrate dielectric constant. The di-
electric constant, also known as the relative permittivity, €, plays a significant role in the
patch antenna’s BW. There are numerous substrates that can be used for the design of mi-
crostrip antennas. The range of dielectric constants are typically from 2.2< e, < 12. The
substrates with good antenna performance are thick and whose dielectric constant’s are on
the lower end of the above range. Substrates with this design provide better efficiency,
wider bandwidth, and loosely bound fields for radiation into space, but at the expense of

a larger element [17]. Alternatively, in ideal circumstances, it would be best to use a high



Figure 2: Tuncated patch antenna with H and U slots.

dielectric constant substrate for the feed lines. However, if one is to use microstrip lines to
feed the patch, it makes sense to use the same substrate for the feed as well as the patch
antenna.

The dielectric constant can be thought of from a conceptional point of view as being
directly proportional to the “tendency to retain electric fields”. Low dielectric constant
leads to wider BW and less retention of fields whereas high dielectric constant leads to

stronger retention of fields [17].

2.2.3 Feeding Methods

There are numerous ways to feed a MSA [4, p. 813]. The inset microstrip feed method is
used here because it is economical to fabricate and simple to design and simulate. Many of
the papers researched here use this same feed method. For optimal R, the microstrip feed
line characteristic impedance (Z,) must match, as close as possible, the input impedance
of the patch. The microstrip feed line should not produce a field pattern because it is small
compared to the wavelength of the patch center frequency (fy) [5, p. 469].

The estimated characteristic impedance of the feed microstrip can be calculated as fol-

10



lows in (12) and (13) [4, p. 825]

Zo= -0 1 %+%, Wo (12)
VeEeff Wo  4h h
or
12
T = Om % >1 (13)

Wi W '
N [70 +1.393 + 0.6671In <70 + 1.444)}

The height of the substrate (h) is typically already known due to the selection of sub-
strate materials available for fabrication. The ratio W /h can be determined by using (14),

(15), (16), and (17) [19] [16, p. 148-149]

W() 86A W()
- = — <
h e2A—27 h <2 (1
or
Wo _2 B_1_111(23_1)+6"_1(1n(3—1)+0.39—0‘61)], Moy as)
h ™ €r €r h
Zo e+l e—1 0.11
Q=0 2 16
dES er+1(0 n ET), (16)
377
B = . 17
e (17)

2.2.4 Voltage and Current Distribution

An antenna radiates electromagnetic fields into space via accelerated charges. Accelerated
charges radiate when there is a change in direction or speed. As charges move back and
forth along the copper trace of the patch acceleration occurs and an electromagnetic field
is generated normal to the charge direction. Since antennas are typically open circuits,
charges can accelerate when they reach the end of the antenna trace or wire. Antennas are

typically fed with a sinusoidal signal which creates time varying charges in the patch. The

11



Plot of Veltage,(Blue),and Cument,{Red), Magnitude Vs Length

Side View

S Side View

Figure 3: Simulated voltage and current distribution on patch antenna.

electromagnetic waves continue to travel into space, at the speed of light, away from the
accelerated source [5, p. 14].

An intuitive explanation to the patch antenna radiation can be explained as below. The
fringing fields are a result of the uneven, sinusoidal voltage distribution throughout the
patch antenna, see Figure 3 and equations (18), (19), and (20). Clearly, the voltage and

current are out of phase [17]

V(z) = Vpcos %, (18)
Vo . zm
I(x) = 70 sin T (19)
_ V(2
Lin = (o) (20)

Since the patch is an open circuit, all the incident voltage, V' is reflected back as V',
therefore |V~ |= V' thus the reflection coefficient, looking into the antenna, I" = 1 as per
(8). Theoretically, the current at the feeding and opposite edge will be a minimum whereas

the current at the middle of the patch will be at a maximum. The current on the top con-
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Top View

Figure 4: Microstrip patch antenna with inset depth, .

ductor of the patch cancels with an equal magnitude and opposite phase current in the
ground plane conductor. Therefore, the fields directly below the patch that are a result of
the equal but opposite current distribution cancel out, similar to an ideal transmission line.
Conversely, the voltage is a maximum V'+ at the feeding edge and minimum V — at the
opposite edge. The patch is essentially an open circuit and the negative lower voltage V'~
at the end of the patch produces an attractive negative charge. Whereas the V' voltage
at the feed end of the patch produces a repelling, positive, charge. The charges directly
beneath the patch, are equal and opposite, and cancel out. Any residual fields between the
patch top conductor and the ground plane cancel as they travel in the opposite direction.
Therefore, no electromagnetic fields will be produced directly below the patch and conse-
quently the fringing fields at the ends of the patch envelope on top of the patch and create
a broadside radiation pattern. In summary, the voltage distribution leads to a distinctive
charge distribution which leads to fringing fields and thus causes the radiation pattern as

described above [20].
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2.2.5 Input Impedance

The input impedance of the patch antenna has two parts, R is the real resistance part and
X 1is the reactance [4, p. 80]

Zin =R+ jX. (21)

At resonance, the frequency=fj, antennas have a unique property where the reactance X
will be very close to zero and is considered negligible [5, 468]. Therefore, we can calculate
the resonant input resistance as R;,,, the real part, at the point y = 0 from the feeding edge
of the patch. Normally, the input resistance at the edge of the patch will be very high.
The high input resistance is due to voltage, current distribution according to Ohms Law.
The expected R;,, at y = 0, should be approximately 200-400 Ohms. As per (22), one
can reduce the antenna input impedance by moving the feed line slightly toward the center
of the patch. Each element will be fed with a 100 Ohm transmission line. Transmission
lines have maximum power transfer with a matching load, that is, with the load impedance
(Z1) equal to the characteristic impedance Z,. Of course, it is preferred that no reflections
are generated on a transmission line. Therefore, in the ideal case, the reflection coefficient
[' = 0, but in the real world, it is impossible since transmission lines are typically reactive
and lossy.

It is necessary to calculate the required patch inset depth to attain a 100-Ohm input
resistance at y = o, see Figure 4. R;, is based on the conductance of the microstrip
radiator, G1, the mutual conductance between the two radiating slots, (G1,, and the distance

between the radiators, L, as shown in Figure 5, and calculated using (22-26)

cos?( T ). (22)

1
Rin =
2 L

(G £ G12)

One can set y, = 0 to find R;, at the edge, or more directly set R;, = 100 and solve for

Yo. If the patch length is chosen to be A/2, that is, with the fringing length added, then the
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Figure 5: Radiating slot apertures and equivalent circuit of slot conductance.

input admittance will be real

G1 =Gy, B =DB,=0, (23)

Yin =Y1 + Y, = 2G1. (24)

(3, is the microstrip conductance and can be found from

] . | sin cos
= in® 0d6 2
Gh 12072 /0 cos 6 i ’ 25)

(14 is the mutual conductance between the two outer slots [4, p. 820-825] [11],

2
cos 9)
Jo (koL sin 0) sin® 0d0), (26)

12 —
cosf

12072

/()

where " .J; is the Bessell function of the first kind order zero” [12].
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Figure 6: Direction of wave propagation, normal to patch.

2.2.6 Radiation Pattern

Patch antennas generate a radiation pattern that is broadside, normal to the patch, in the fi
direction. Figure 6 shows the direction and Figure 7 shows an example pattern. This unique
property is the result of the fringing fields, the ground plane below, and half wavelength
separation of primary radiating slot apertures. Patch antennas are inefficient radiators be-
cause only the two slot apertures form the primary radiating structure. The radiation pattern
can be best described through simulation. However, a general theory of the formation of
patterns can be formulated through the use of equivalence principles and treating the two
radiating edges, along the width, as slot apertures. There are four sides that can radiate the
pattern, two along the length and two along the width. The two sides on the length of the
patch may radiate as well, but the radiated fields are normally considered negligible. Image

theory can be used to explain the radiated fields (27)

—

M, = -2/ x E4. (27)

M, and E 4 are the equivalent magnetic current density and electric field, respectively. The
factor of 2 is from the image of the magnetic current in the ground plane and 7 is the unit
normal vector (Z-axis). Assume that with equivalence principles, [4, ch. 12.2], the two slot

apertures are to produce equal magnitude and in phase radiation and radiate as magnetic
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&
Figure 7: 3D, Square patch antenna simulation pattern from ADS MoM.

antennas with each having one unit of M,. The radiating slots become a two-element array,
separated by a transmission line of approximately 1/2 A, which causes a phase reversal,
which leads to radiation in the n direction [4, pp. 832-834].

The spherical coordinate system is specified in terms of # and ¢ for a point in space
that is distance, r, from the center of the antenna. Essentially, the far-field approximation
in spherical coordinates is the expected end result because the fields radiated by antennas
are typically radiating away spherically, Figure 8. The patch antenna ground plane acts like
a mirror to reflect any radiated image therefore, very little radiation comes from below the
ground plane, thus radiation is limited from 90 < # < —90 and 0 < ¢ < 360 degrees.
The patch antenna is said to have a theoretical front-to-back ratio of 100%. The general
far-field approximation for a rectangular patch can be found at [5, p. 470]. An alternative
detailed description for a cavity model with TM modes for rectangular patches can be found
at [4, ch. 14.2.2 ]. Unfortunately, the far-field approximation equations for square patches
was not found. In addition, the simulation of an RMSA pattern for a single square patch at

8.1 GHz can be seen in Figure 7.
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Figure 8: Spherical coordinate system, (source: Datei:Spherical polar coordinates.png,
de.m wikipedia.org).

2.2.7 Transmission Line Design Method

The transmission line method is used in many papers and texts to design patch antennas.
The process is explained and used in [4,6,9, 11, 12]. First, the authors estimated the width,

W of the patch. This is a relatively accurate method to begin the design process

(28)

where c is the speed of light in free space, fj is the frequency of operation and A is the
free space wavelength

c=3x10% m/s 29)

Ao = ¢/ fo. (30)

2.2.8 Effective Permittivity

For patch antennas, the electromagnetic field lines on the fringe of the width, are not in a
completely homogeneous environment. The field lines are above the patch at first, in the

air, then bend downward towards the ground plane and into the substrate. The substrate will
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ultimately refract the field lines. Consider that the substrate will have a relative permittivity,
(e,) as defined by the supplier, ie Rogers. However, for simulation purposes, we can assume
the permittivity will vary, due to the inhomogeneous environment and the height, £, and
width, I, of the patch substrate material. The thickness of the microstrip line is considered
miniscule and not normally factored into this equation. One must calculate the effective
permittivity, €. ¢, as a function of these factors [4, p. 816-817], [16, p. 148], [11,21]

e +1 € —1 1
Ceff — 9 + 5 . (31)

1+12—

2.2.9 Fringing Effect

The fringing fields along the width of the patch make the patch electrically longer. This
is called the “Fringing Effect” (see Figure 9). The patch will radiate at a lower frequency
unless compensation to the patch length L is accounted for. The fringing effect will vary
the electrical length of the patch and is called the effective length, L.;;. The antenna
will appear to be longer than the physical length L. The additional fringing length can be
estimated as AL [4, p. 818-819] [11,21]

W
2 0.264
AL ~ 0.419h— et 3 b , (32)
Ceff — 0.258 2408
7

The overall electrical length of the patch antenna can be estimated as 2AL + L.

2.2.10 Resonant Frequency

The approximate resonant frequency for a rectangular or square patch antenna can be re-
calculated as fy, as in (33). For the research here, a square patch with L = W will be

created [11,21], [4, p. 819]
c

Jo= 2(L + 2AL) fesr

(33)
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Top View

Side View
Figure 9: Microstrip patch antenna showing fringing effect and charge build up.

2.2.11 Feed Line Length

Since the electromagnetic field flux lines are partially in air and the majority are in the
substrate, the propagation velocity and wavelength of a plane wave will be less than as if it
were in free space. One must estimate the variation of the wavelength, Ay, in this case of
in-homogeneous environment

Ay = Do (34)

VECeff

Aq 18 to be estimated for each patch, based on the value of ) as in (30) [19]. Following the

calculation of \;, one must calculate the feed transmission line length for each patch. The
length of the branch transmission line feeding the patch array is a critical length called,
d,,. The aggregate sum of d,,, I,,, and the main transmission line, is to be a multiple of
Ag/2 for the patch in question [22]. The motivation for this requirement is that for \,/2
or any multiple thereof, the input and output impedance will be equal. This will create the
opportunity for maximum power transfer [16, p. 58]. In most literature d,,, is shown as the

offset distance from the I,, branch line between the m and m + 1 elements. The overall
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Figure 10: Partial drawing of collinear array.
transmission line length can be calculated from

A
% = d,, + I,,, + main trunk line length. n = 2,4,6,8... (35)

I, is the offset distance from the main trunk transmission line. I, is not a critical length,
but the patch needs to be offset from the main transmission line such to reduce coupling,
see Figure 10. In order to limit or filter resonant waves to each patch, the transmission line
plays a role in limiting pass band signals. The length of the m + 1 element d,, section,
must be such that higher frequency waves that are meant for the m element are impeded
by an open or high impedance circuit to the m + 1 patch [11]. The adjustment to the
transmission line length is primarily a function of d,,. The logical choice for d,, is the
shortest length possible, such to reduce insertion loss of the feed transmission line and to

achieve the smallest footprint possible [22].
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2.2.12 Modes, Polarization, Efficiency, Gain, Pattern, Directivity

Square patches are used to limit the higher order modes that can be detrimental to our ideal
radiation pattern. In addition, polarization and efficiency will be further affected by higher
order modes [11,21]. The ever-popular rectangular patch antenna element is believed to
be emit TM (transverse magnetic) fields, thus TM fields are often called electric waves
because the electric field is in the direction of the wave propagation. With TM fields, the
magnetic component is tangential to the direction of the radiated wave [4, pp. 828-831].
Since antennas are used for communication over long distances, typical parameters
such as gain, directivity, efficiency, radiation pattern, beamwidth, polarization, etc, should
also be determined and reported in the far-field. The far-field line of sight distance, for

most applications can be estimated as [4, p. 35], [5, p. 43]

2D?
Rz=— (36)

A simple rule of thumb for the far-field distance has also been known as R > \ or approx-
imately 10\ [23]. In the far-field, electric and magnetic field vectors will be orthogonal
to each other. As the radiated wave approaches infinity, the wave front will theoretically
be plane-like and have a more consistent even front, thus, traveling away from the antenna
in the radial direction. The magnitude of the wave front, normally expressed in dB, will
be equal over the lobes of the pattern [4, p. 72]. Conversely, waves in the near field will
not be plane, and furthermore, the electric and magnetic field vectors are not expected to
be orthogonal to each other. For the discussion here, all parameters are observed in the
far-field.

The gain of an antenna is typically specified in reference to an ideal antenna source such
as an isotropic, or spherical equally-radiated antenna (see Figure 11). The isotropic antenna
does not exist in nature, but it provides a reference gain that is used by nearly all antenna

manufacturers. Therefore, gain can be specified in dBi (dB over isotropic). One can also
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Figure 11: Drawing depicting gain and directivity, (source: Digikey,
https://www.digikey.com/en/articles/techzone/2017/apr/understanding-antenna-
specifications-and-operation).

use the ubiqutous dipole antenna gain as a reference, this could be especially helpful for
dipole designs. Nonetheless, it is up the individual’s preference. Gain is specified to have

a magnitude and direction (angle). The absolute gain of an antenna, G is the product of the

efficiency and directivity, and calculated as [24], [4, p. 67]

G =eD. (37)

Should the antenna be 100% efficient then the gain would be equal to the directivity [25, p.
17]. For spherical coordinates the gain and directivity vectors can be specified in terms of
0 and ¢. The efficiency is an expression usually given as a ratio of the amount of power
delivered through the antenna. Efficiency can also be expressed in percentage of power
delivered. Typically, efficiency takes into account the losses associated with mismatches at

the connector and power losses in the antenna itself. The total efficiency, e is defined by

€0 = €r€cq, (38)
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and

e, =1—1T7, (39)

where e, is the reflection mismatch loss, e., and e, are the conduction and dielectric power
losses respectively [4, p. 65]. Albeit, the individual efficiency terms above would be diffi-
cult to determine however, e, is more likely to be obtained analytically.

The directivity is simply the maximum radiation intensity, U,,.., in a specified direc-
tion, divided by the average radiation intensity, U,,4, of the entire radiation pattern. Direc-

tivity is unitless, usually noted on a polar plot, or can also be specified in terms of # and

¢ [5,p 52]
Umax

D= .
Uavg

(40)

It is also intuitive to think of a highly directive, or high gain antenna as most of the power
is radiated or received from one direction. The antenna is a very directed source or receiver
that is, most of the radiation is concentrated into a single direction or beam. A log peri-
odic, horn, or parabolic antenna are examples of highly directive antennas. Conversely,
an antenna that is not highly directive typically has it’s radiation more evenly distributed
spherically. Such an antenna would be better suited for cell phone communication. Exam-
ples of such would be dipole, monopole, or meander pcb trace antennas. The polarization
of the antenna is simply the polarization of the radiated wave emitted by the antenna in a
given direction. Alignment of antennas is very important; this is called polarization match.
Polarization match is when the transmit and receive antennas are oriented such that the
polarization of the plane wave emitted from the transmitter matches the polarization of the
receiving antenna [25]. RF sources such as TV and radio stations, have output power up
to 50,000 Watts, for long distance transmission. For best reception, it makes sense to align
the receiving antenna in the same polarization, to have the most power transfer possible.
RF devices may still work, if the antenna polarities are not matched or aligned, however,

there will be a lower field strength and therefore the distance between devices might have
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to be reduced in order to communicate properly. In the above case, one could be near the
maximum of the link budget of the entire RF path. The polarization of the antenna is de-
fined by how the radiated electromagnetic wave will travel in space and time. The wave
will have a electric and magnetic field components, but for discussion here, consider only
the electric field component. The electric field can be described as a vector with magnitude
and direction. How the electric field travels is denoted also as the polarization of the wave
front (plane waves). Essentially, there are three types of wave polarization’s: linear, circu-
lar and elliptical. If the electric field vector is directed in a straight line as it travels through
space, throughout the propagation of the wave front, the field is described as being linearly
polarized. Similarly, if the electric field vector creates a circular or elliptical path, then the

field is described as being circular or elliptically polarized respectively [4, p. 72].

2.2.13 Test and Analysis of Results

The conventional method of creating the initial design is to use the above equations to
design the antenna. The equations will provide an initial idea of what the antenna will
look like. The next step would be to lay the design out in a schematic capture program, in
this case ADS, and then to simulate using ADS Momentum MoM with a low mesh of 10
cells per wavelength. For the simulation to be as accurate as possible one should create a
stack-up for the pcb (Figure 12). The stack-up would specify the laminate material, loss
tangent, dielectric constant, copper thickness, and more. When the simulation is complete,
the parametric sweep is normally displayed with S11 in log magnitude and phase format.
The data showss the R, and phase shifts verse frequency, for the pass band of the antenna.
Phase shifts occur at resonance points. The simulation data is helpful to make decisions
regarding moving forward with fabrication, or redesigning. To determine impedance mis-
matches, the input impedance versus frequency can be plotted and analyzed as needed.
The far-field analysis should be completed to verify the radiation pattern for co and cross

polarization characteristics. One can also collect 2-dimensional slices for the three planes,
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Figure 12: ADS stack-up of FR-4 for patch antenna array.

XY, XZ, and YZ. With the 2-dimensional slices, the gain, efficiency, directivity, and half
power beamwidth can be determined. A 3-dimensional plot is also helpful to determine
what the overall radiation pattern looks like. The above is only a short description of what
can be simulated. Finally, fabrication of the antenna and a side-by-side comparison of the

simulated versus empirical results would suggest the accuracy of the simulation.

2.3 Technical Challenges

2.3.1 Antenna Design Challenges

The greatest challenge is the large bandwidth requirement of 133%. The designs presented
in Chapter 2.1 utilize FR-4, which is a low cost medium grade, fiberglass substrate with
an approximate relative permittivity, €, = 4.7. FR-4 is an economical, general-purpose
substrate that is ubiquitous in the pcb fabrication industry. It is typically used for patch
antenna designs in the sub 10 GHz band.

A more aggressive approach to the antenna design is necessary to achieve the goals
required. For a wide as possible bandwidth a much lower dielectric constant is preferred.
Rogers Duroid 5880 substrate material has a dielectric constant of approximately 2.2 and
1.57 mm substrate height. Duroid also has 35 micron top cladding (1 oz/sq ft) and loss
tangent of 0.0009. Rogers 5880 will allow a wider bandwidth to be attained.

The author in [4, pp. 820-825] explains the conductance and input impedance equations
in detail, (21) through (26) above. However, the equations are for rectangular patches. The

papers, [6, 11, 21] use similar equations to design a square patch array to match the 50-
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Ohm transmission line, so some interpolation was required. Another issue discovered is
that with low relative permittivity substrates like Rogers Duroid 5880, the characteristic
impedance of the feed microstrip lines will be a bit higher at approximately 70 Ohms for 3
mm width, as per (12) and (13). This will be a problem for a few reasons. First, the patch
input impedance is normally inset for Z;, = 50 Ohms. Second, as the resonant design
frequency goes up, conversely the elements physical size, width and length, must decrease.
As the frequency goes up to the 40 GHz upper limit the feed line will actually be wider
than some patches (above 30 GHz). Frequency is directly proportional to W, [26]. As
the frequency increases the feed transmission line width, W, will need to be increased to
maintain a consistent Z,. Therefore, it was concluded that in order to maintain as narrow
as possible Wy, the Z; and input impedance were to be designed for 100 Ohms. In order to
retain a 50 Ohms overall input impedance, and use a single chassis mount connector, two
feed lines were combined to form a parallel input impedance of 50 Ohms.

Another interesting challenge for consideration is dispersion. It is preferred for the feed
line to simply allow a pathway for the signal to propagate, but not radiate. As the frequency
increases, Z; and W, will change thus making the transmission line potentially dispersive.
The dispersion comes from Hybrid modes, Non TEM [26].

MATLAB was used to automate all primary calculations associated with this design:
all the main parameters discussed in chapter 2, such as wavelength, effective permittivity,
patch demensions, inset depth, and so on.

It was somewhat difficult to accurately estimate the exact inset depth of the patch’s feed
line, to achieve 100-Ohm input impedance. MATLAB was used to estimate the inset depth,
Yo and R;,, based on (22). The results were reasonably comparable to the results from ADS
Momentum simulation. The parametric sweep feature of ADS function worked for the first
few patches, but soon proved to be unreliable and kept hanging.

As a comparison, MATLAB was used to recreate results from the papers [11,21], using

the authors data for center frequency, feed width and patch length. The inset depth results
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were not the same as the authors had produced. It is possible that some interpolation may
have been used, or the authors used the equations for the initial guess, and then simulation

software to gain a more accurate inset depth.

2.3.2 Modeling and Simulation

Modeling and simulation software is essential to the design process. Computer programs
such as MATLAB, Keysight ADS, Comsol Multi-Physics, Ansys HFSS, CTS, and 4NEC
are popular computational electromagnetics (CEM) programs that help to simplify and
streamline the design process for computer-aided modeling of antennas and microwave
circuits. CEM programs can use varying schemes for simulations, such as Method of Mo-
ments (MoM), Finite Element Method (FEM), and finite-difference time domain (FDTD)
[27, p 93,63]. Essentially, the applications estimate the solutions for Maxwell’s equations
for the radiating antenna structure. FEM and FDTD focus on the solution to Maxwell’s
equations in differential form, whereas MoM uses superposition integration and Green’s
function [27, p 185]. Professionally supported CEM programs are very expensive. Most
CEM programs recommend a very fast processor and at least 32 Gbits of RAM. The pro-
grams require training and support, therefore, can be challenging to master without the sup-
port of the manufacture. Programs considered for this thesis were Comsol Multi-Physics
(Comsol) and Keysight ADS (ADS). Comsol is a server based software at WSU, and usu-
ally requires local access to the server from a lab computer. Remote access is possible, but
can be slower than running the simulation on a local machine. Comsol is very compre-
hensive and detailed in its setup and was actually preferred over ADS. However, ADS was
readily available for remote computer use and does not require the university’s central file

server; therefore it was used out of convenience.
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2.4 Summary

Information regarding the background, design criteria and unique characteristics of patch
antennas, in addition to the Log Periodic Design Method were presented. The unique
properties that lead to ultra wide-band width and a broadside radiation pattern, make the
log periodic method the sensible design choice to meet the goals of this research.

The research presented, provides a very straight- forward and reasonable approach to
implement the design method. The cited antenna designers all used the same scaling factor
of 7 = 1.05 and the same transmission line method for estimating the array parameters.
The equations presented provide a basic estimate and approach to the design, and therefore
lay the foundation for the estimated final design. Of course, simulations in ADS Momen-
tum produce a more precise design. Antenna design cannot be all mathematical and will
require some interpretation of the results to get a feel for what works and what does not.
Some trial and error comes into play to develop the proper design. Therefore, one could
potentially improve on a design by simply studying the problem further and being diligent
to optimize the design. However, antenna design can be arduous and often requires ex-
pensive test equipment, simulation software, anechoic chambers, network analyzers, post
processing software, and so on. For the research presented here, much time has been in-
vested already and there comes a point where trade offs had to be made. For example,
during the parametric sweep stage of design simulation, length d,,, I,,, had to be adjusted
to optimize the V.SW R or R;. However, this can be very time consuming and therefore

best efforts were made to bring an appropriate and acceptable conclusion to the work.
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Figure 13: EM layout of 9-element, 2-3GHz LPMSAA, created in ADS.

3 Methodology

3.1 How to study the problem

The hypothesis states that the designed and fabricated antenna is to provide the necessary,
fractional bandwidth to cover 80% to 133 % of 8-40 GHz with one multiple element, inset
feed, LPMSAA. In addition, the antenna will also have a 3-dB beamwidth <20 degrees,
gain > 3 dBi and VSW R <1.8 over the entire BIV.

For the research presented here, modeling, simulation, and finally, actual fabrication of
the LPMSAA is preferred. However, due to the lack of resources, only simulation will be
used to evaluate the antenna and test the hypothesis.

In order to better understand and verify the design process, a 2-3 GHz LPMSAA was
constructed using the methods described in Chapter 2. Since the 2-3 GHz LPMSAA was
designed already, it makes sense to design the antenna for practice. The primary design pa-
rameters are shown in Table 2 and are similar to [21]. Following initial design, the antenna
was laid out and simulated in ADS. The Ry, V' SW R and 3-D antenna patterns were simu-
lated. The 9-element array is shown in Figure 13. The results from the paraemetric sweep
are shown in Figures 14 and 15. The results for this sweep are reasonable, a R}, less than
-9.5 dBm and or VSWR less than 2 are the minimum requirements for good resonance.

The mesh setting for this example was at 10 cells per wavelength.
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Table 2: 2-3 GHz LPMSAA primary parameters.

Element fo W=L| I, dy | Rin, (50 Ohms)

Number | (GHz) | (mm) | (mm) | (mm) (mm)
1 2.04 33.89 | 19.38 | 35.36 10.8
2 2.14 32.27 | 18.46 | 32.09 10.4
3 2.25 30.71 | 17.58 | 61.23 9.8
4 2.37 29.22 | 16.74 | 55.45 9.55
5 2.48 27.82 | 1594 | 50.07 9.0
6 2.60 26.47 | 15.18 | 45.08 8.6
7 2.73 25.19 | 14.46 | 40.44 8.2
8 2.87 23.97 | 13.77 | 36.15 7.8
9 3.01 22.80 | 13.12 | 27.46 7.5

Magnitude [dB]

o D~y
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Figure 14: Return loss simulation results for 9-element, 2-3 GHz LPMSAA.
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Figure 15: VSWR simulation results for 9-element, 2-3 GHz LPMSAA.

3.2 Describe the experiment

For the 8-40 GHz LPMSAA, the design method will follow a similar process, as the afore-
mentioned 2-3 GHz LPMSAA and as shown in chapter 2. However, with a major exception
that the results of the experiment will come from simulation only. Some other changes are
necessary and one in particular will be the substrate material. The design will be laid out
on a low-permittivity substrate, Rogers Duroid 5880, which has a dielectric constant of ap-
proximately 2.2 and 1.57 millimeter substrate height. The low-permittivity substrate will
allow a wider BW to be attained, per-element, as per (11). Should one compare FR-4 sub-
strate to Rogers Duroid 5880, the BW of the individual patches are expected to increase by
a factor of 1.5 times that is, if the other factors are held constant. Another important change
will be in the RF connector. Since Sub-miniature A (SMA) connectors are generally not
used above 18 GHz then the LPMSAA will use a 2.92 millimeter connector (should actual
fabrication occur). 2.92 millimeter connectors are reliable up to about 40 GHz [28]. The
primary parameters for the LPMSAA design are shown in Table 3. The data set was used

as a starting point and is therefore an estimate into the final design based on the equations
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in chapter 2.

3.3 Analysis Method

There are various methods that can be used to research and develop our array, namely the
Transmission Line or Cavity Models. The transmission line method is a simple method
that is not as accurate as the Cavity Model Method, but it is a model that uses transmis-
sion line theory, and thus has straight-forward equations that can be used to calculate the
approximate width, length, frequency, input resistance, etc. The design parameters can be
generated in MATLAB and the schematic can be captured in ADS, or other CEM program.
For the work here the schematic layout was modeled in ADS using MOM simulation. The
ADS simulation performs an S-parameter sweep. The data display window presents the
graphical representation of return loss magnitude and phase versus frequency. The embed-
ded equation editor was used to convert scattering parameters to impedance parameters,

S11 to Z11. The impedance parameters can be calculated as [16, p 192]

1+ Si

1-5,

(41)

Markers were used to determine the input impedance R + jX result at the resonant fre-

quency of each patch.

3.4 Evaluation of the Results

The antenna will be evaluated for pass or fail results, as per the hypothesis requirements,
using the output data from the ADS sweeps. The antenna fractional bandwidth require-
ment, can be verified by the overall evaluation of the test parameters. The VSWR <1.8
requirement shall be evaluated by inspection of the average VSWR plot versus frequency.
In order to test the gain and beamwidth, far-field data is required to be collected. The 3-dB

beamwidth <20 degrees can be verified by inspection of the radiation intensity plots for
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Table 3: 8-40 GHz LPMSAA primary parameters.

Element | f W=L| I, dy | Rin, (103wq0 Ohms)

Number | (GHz) | (mm) | (mm) | (mm) (mm)
1 8.0 11.75 | 1439 | 6.25 3.8
2 8.4 11.13 13.7 | 5.89 3.6
3 8.82 10.56 | 13.05 | 5.55 3.42
4 9.26 10.0 1242 | 5.22 3.25
5 9.72 9.47 11.83 | 491 3.08
6 10.21 8.96 11.27 | 4.6 2.92
7 10.72 8.48 10.73 | 4.33 2.77
8 11.26 8.03 10.22 | 4.06 2.63
9 11.82 7.6 9.74 | 3.81 2.5
10 12.41 7.18 9.27 | 3.56 2.36
11 13.03 6.78 8.83 | 11.28 2.24
12 13.68 6.4 8.41 | 10.33 2.12
13 14.37 6.05 8.01 | 943 2.0
14 15.1 5.71 7.63 8.6 1.9
15 15.84 5.38 7.27 7.8 1.8
16 16.63 5.08 6.92 | 7.39 1.7
17 17.46 4.71 6.6 1.29 1.59
18 18.34 443 6.59 | 4.83 1.5
19 19.25 4.24 6.92 | 1.79 1.44
20 20.22 3.98 7.26 | 1.03 1.36
21 21.22 3.74 7.63 | 5.86 1.28
22 22.29 3.51 8.0 5.0 1.21
23 23.4 3.3 8.41 | 4.21 1.14
24 24.57 3.09 8.82 | 3.48 1.08
25 25.8 2.9 9.27 | 2.79 1.01
26 27.09 2.72 9.73 | 2.15 0.95
27 28.44 2.54 10.22 | 1.56 0.89
28 29.87 2.38 10.73 | 1.01 0.85
29 31.36 2.22 11.27 | 4.07 0.8
30 32.92 2.08 11.83 | 3.27 0.75
31 34.58 1.94 1242 | 2.52 0.7
32 36.3 1.8 13.05 | 1.83 0.66
33 38.12 1.68 13.7 | 1.18 0.62
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10, 20, 30, and 40 GHz 2-D slices of XZ, YZ and XY planes. The half-power beamwidth
is the angle, in degrees, between the two half power points on the radiation pattern cut that
contains the maximum lobe [25]. The main lobe width will be inspected at the half-power
point. The antenna gain can be verified to be > 3 dBi by inspection of the gain plots versus

frequency.

3.5 Summary

It is suggested, to first design the antenna using the equations in chapter 2 and then use
the data to create a layout in ADS or a similar CEM program. Since the LPMSAA will
be simulated and not fabricated ADS is a good choice to perform the sweeps and evaluate
the far-field data. Once the sweeps and far-field data are collected, one can complete the
evaluation of the results and compare to the hypothesis. The evaluation of the results and

pass fail criteria can be easily determined by using the plots that are available in ADS.

4 LPMSAA Design and Simulation Results

This experiment was reviewed, and evaluated by theoretical analysis only. Matlab was used

to create the necessary design parameters and the simulation was done with ADS.

4.1 Engineered Drawing

Using the design parameters as shown in Table 3 the 8-40 GHz LPMSAA was laid out in
ADS. The antenna is 219 mm long x 60 mm wide. An engineered drawing of the antenna

is shown in Figure 16.

4.2 ADS Simulation Sweeps

Since 8-40 GHz is such a wide bandwidth ADS had problems running the simulation in

one sweep. Therefore, the sweeps were broken into three, 50-point adaptive sweeps: 8-20
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Figure 16: Engineered drawing of LPMSAA.
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Table 4: 8-40 GHz LPMSAA radar band performance.

Band fo AVG.VSWR | AVG. R, | AVG. Z;, AVG. Z;,
Designator | (GHz) (dB) Real (Ohms) | Imaginary (Ohms)
X 8-12 1.8 -5 100 -25
Ku 12-18 2.5 -5 125 -10
K 18-27 3 -7 125 -75
Ka 24-40 1.75 -3.5 75 0

GHz, 20-30 GHz and 30-40 GHz. The adaptive sweeps created about 1350 data points of
S11 data. Many of the graphs are screen shots from ADS. The R is the only combined

graph plotted outside of ADS.

4.3 Return Loss, VSWR, Input Impedance

The Ry and V.SW R graphs show the bandwidth of the antenna in Figures 17, 18,19, and
20. A VSWR < 1.8 is the requirement acceptable for resonance and a 80% to 133 %
bandwidth would be approximately 25.6-42.56 GHz. Upon inspection of the V. SW R plots
the fractional combined bandwidth is approximately 22 GHz. The VSW R < 1.8 at 8-17
GHz, 24.5-25.5 GHz, 27-30 GHz, 30-32.5 GHz, and 33.5-40 GHz. The R; plot shows
fractional resonance from 8-34 GHz.

The input impedance, Z;,,, varies over the entire pass band and is shown in Figures 21,
22, and 23. Z;, is referenced to Z; of 50 Ohms. A summary of the Sy; data is shown in

Table 4.

4.4 Far Field Data
4.4.1 Half Power Beamwidth

Upon inspection the 3-dB beamwidth (H PB1V) is greater than 20 degrees for 10 GHz XZ
and YZ 2-dimensional slices only. For all other planes the H PBW < 20 degrees. The

radiation intensity is shown in units of Watts per sterad and has a direction associated. The
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Figure 19: 20-30 GHz LPMSAA VSWR.
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Figure 20: 30-40 GHz LPMSAA VSWR.
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Figure 23: LPMSAA, 30-40 GHz input impedance versus frequency.

radiation intensity is defined as: “In a given direction, the power radiated from an antenna
per unit solid angle” [25, p 30]. See Figures 24, 26, 28, 30, 32, 34, 36, and 38 for the
radiation intensity plots. Nearly all the radiation power is in the elevation planes, therefore

the XY (azimuth) plots are negligible, and are not shown. See Table 5 for detailed H P BW

magnitude and angle data.

Table 5: LPMSAA half-

power beamwidth.

fo 2-Dslice | HPBW | HPBW | offset angle
(GHz) plane (degrees) | (mWatts) | (degrees)

10 XZ 30 2 +35

10 YZ 25 2 +23

20 XZ 15 0.55 +40

20 YZ 15 0.3 +48

30 XZ 20 8 +35

30 YZ 2 14 +1

40 XZ 13 72 -35

40 YZ 10 50 -19
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Table 6: Far-field electric and magnetic field phasor data.

fo 2-D slice Eg/angle E¢/angle H g/angle H olangle
(GHz2) plane (V/degrees) | (V/degrees) | (mA/degrees) | (mA/degrees)

10 XZ 0.5/35 0.1/35 0.1/35 1.5/35

10 YZ 0.25/-55 0.55/23 1.4/23 0.7/35

20 XZ 0.65/40 0.1/45 0.25/45 1.7/40

20 YZ 0.35/-40 0.55/-20 1.5/45 0.8/-40

30 XZ 2.8/-20 3.4/-40 9/-40 7.5/-15

30 YZ 2.8/2 2.4/24 6/-24 8/1

40 XZ 6.7/44 6.2/30 17/30 18/45

40 YZ 8.6/-38 7.3/3 23/-38 19/3

Table 7: LPMSAA gain, directivity, and efficiency data.

fo Max Gain | Min. Gain Max Efficiency
(GHz) (dBi) (dBi1) directivity | (percentage)
8-20 6.96 5.5 10.38 67
20-30 13.7 8.5 13.7 100
30-40 13.1 11 13.1 100

4.4.2 Electric and Magnetic Phasor Data

Clearly, the antenna has a broadside radiation pattern. The far-field electric and magnetic
field phasor vectors are Eg, E¢,, ['_jg, and H »- The magnitude and angle are shown in Table

6. The electric and magnetic field patterns are shown in Figures 25, 27, 29, 31, 33, 35, 37,

and 39.

4.4.3 Gain, Directivity and Efficiency

Clearly, the antenna minimum gain is greater than 3 dB, for the entire pass-band. The
minimum gain is 5.5 dB, see Table 7 for a summary of the gain, directivity, and efficiency

data. Furthermore, the antenna has an unexpected high efficiency for the 20-30 GHz pass-

band.
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Figure 26: 10 GHz YZ plane far-field radiation intensity.
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Figure 27: 10 GHz YZ plane electric and magnetic far-field patterns.
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Figure 28: 20 GHz XZ plane far-field radiation intensity.
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Figure 29: 20 GHz XZ plane electric and magnetic far-field patterns.
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Figure 30: 20 GHz YZ plane far-field radiation intensity.
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Figure 31: 20 GHz YZ plane electric and magnetic far-field patterns.
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Figure 32: 30 GHz XZ plane far-field radiation intensity.
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Figure 33: 30 GHz XZ plane electric and magnetic far-field patterns.
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Figure 34: 30 GHz YZ plane far-field radiation intensity.
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Figure 36: 40 GHz XZ plane far-field radiation intensity.
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Figure 38: 40 GHz YZ plane far-field radiation intensity.

<
x
=
 magiEtheta) | magiHtheta) |
1 g
| mag(Ephi} mag(Hphi) | ———
Thela (00,000 t 90.000) Theta (-30.000 16 90.000}
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Table 8: Average E co to cross polarization data.

Average | Average
fo 2-Dsslice | E co pol E cross pol | Isolation
(GHz) plane (dB) (dB) (dB)
10 X7 10 -30 20
10 YZ -10 -30 20
20 XZ -10 -30 20
20 YZ -10 -25 15
30 XZ 10 -10 20
30 YZ 5 -10 15
40 XZ 10 0 10
40 YZ 15 0 15

4.44 Co and Cross pol Isolation

The LPMSAA co to cross polarization isolation graphs are shown in Figures 43, 44, 45, 46,
47, 48, 49, and 50. The preferred polarization being the co-polarization and the 90 degree
offset is called cross-polarization. The graphs show good isolation between the polarization
slices up to 20 dB for 10 GHz through 30 GHz. From 30 GHz to 40 GHz isolation is lower

and ranges 10 dB to 15 dB. Table 8 shows a summary of the co to cross polarization data.

4.4.5 Antenna Polarization

Microstrip patch array’s are expected to have either linear or circular polarization, [4, p.
813]. However, no antenna is expected to possess perfect polarization dominance. The
post processing module of ADS has an ”antenna parameters” display window that shows
the primary parameters for overall maximum data. The antenna parameters feature does not
include the 2-D slice data, but only specific frequency data. A screen shot of the window
is shown in Figure 51. The Ey and E¢ magnitude and phase data can be used to help

determine the electric field polarization. The far-field phasor vector is described as

B = Eyf + Eyo. 42)
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Figure 44: LPMSAA, 10 GHz, YZ plane, E co versus cross pol.
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Freguency (GHz)

Input power {Watts) 0.00167593
Radiated power (Watts) 0.000763157
Directivity(dBi) 10,3318
Gain {dBi) £.96533
Radiation efficdency (%) 45,5362
Maximum intensity (Watts/Steradian) 0.000663101

Effective angle (Steradians) 1,15089
Angle of U Max (theta, phi) &7 168
E(theta) max (mag,phase) 0.699174 -157.139
E{phi) max (mag,phase) 0,103809 -152.052
E{x) max (mag,phase) 0.288724 23.2406
E{y) max (mag,phase) 0.0452462 34.339
E(z) max (mag,phase) 0.643593 22.8608

—

Figure 51: 10 GHz, antenna parameters screen shot.

The difference in phase between the E, E¢ and the magnitude of each can be seen in the
figure. The constraints are as follows: if the phase difference is equal to O or n, then the
antenna is said to be linearly polarized. If the phase difference is g and the magnitudes of
the phasor vector’s are equal, then the antenna is said to be circularly polarized. If none
of the above exist, then the antenna is said to be elliptically polarized [29, p. 473]. From
the data the antenna polarization is shown to be both linear and circular. For 10 GHz and
20 GHz the phase difference is very close to 0 or 180 degrees. For 30 GHz the voltage
magnitudes are nearly equal, but the phase is not equal to g See Table 9 for the magnitude

and phase data.
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Table 9: LPMSAA polarization data.

fo |Ey| | Ej phase |E¢| E, phase | V difference | phase difference
(GHz) | (V) | (degrees) | (V) | (degrees) V) (degrees)
10 | 0.699 -157 0.103 -152 0.59 -5.1
20 | 0.964 -64 0.153 101 0.81 -165
30 3.54 -166 3.16 119 0.38 -285
40 3.53 168 13.1 -58 -9.57 226
4.5 Summary

An engineered drawing was provided to memorialize the layout of the LPMSAA. The
drawing can be visualized as a mask of the copper traces and patches on top of a Roger’s
Duroid laminate stack-up. The simulated S11 and far-field data were presented for the

LPMSAA. The data clearly shows the pass and fail results for the hypothesis.

5 Conclusions

5.1 Summary of The Results

The LPMSAA sweep results show that the antenna fails to provide a V.SW R < 1.8 for at
least 80% of the pass band of 8-40 GHz. In addition, it can be noted that the Z;,, had modest
swings throughout the pass-band. The swings are believed to be caused by impedance
mismatches between the patches and port one. However, the bandwidth of 22 GHz does
seem reasonable. The R; does have a downward trend from 8-34 GHz which is somewhat
encouraging. Therefore, the antenna is resonant, but not as strong as desired.

The H PBW results were good and very close to the required 20 degrees. Technically,
the H PBW failed only for the 10 GHz elevation slices. The array gain performance was
better than expected at 5.5 dBi. The directivity was also very high, and for the 30-40
GHz pass-bands the efficiency was 100 %. It is hard to believe the antenna has this high
of an efficiency. The co and cross polarization performance was straight-forward and the

results seem sensible. The antenna polarization is shown to have characteristics of linear
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polarization from 10-20 GHz. The data does not make a strong argument for the antenna to
be circular or elliptically polarized at the higher frequencies. The antenna polarity seems
to be logical and is consistent with the research performed. Overall, the array performed
very much as expected, except for the s-parameter results. The far-field results were better
than expected and are reasonable for such a wide-bandwidth fixture. The antenna has an
exceptionally high gain, so the propagation of, or reception of, radar signals should be

strong in the elevation planes.

5.2 Compare LPMSAA to a Pasternack Standard Gain Horn Antenna

The SSEL has horn antennas to cover the radar bands mentioned previously. Specifically,
for the upper Ka band a Pasternack PE9850/2F-20 standard gain horn is used [30]. Since
the LPMSAA has excellent gain and directivity in the 30-40 GHz pass-band a comparison
can be made between the Pasternack horn antenna and the LPMSAA. For convenience,
the primary parameters are listed in Table 10. The horn antenna has a 3.5 GHz wider
bandwidth and a lower V. SW R. The LPMSAA has a higher input impedance and V.SW R
respectively. The horn antenna is better matched to a typical 50 Ohm transmission line.
In addition, for far-field measurements, a high gain antenna is preferred to offset the free
space path loss between the target and the reference antenna. Clearly, the horn antenna
has a substantially higher gain and very reasonable narrow H PBW . The HPBW of the
LPMSAA is approximately 5 degrees narrower than the horn antenna. One of the potential
advantages of the LPMSAA would be a single antenna that could cover the entire 8-40
GHz bandwidth and have one connector. The LPMSAA does have a larger physical size,
but this is expected because the fixture has 33 elements. The LPMSAA could be used in

place of the horn antenna, but some compromises would have to be made.
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Table 10: Comparison between Pasternack Horn antenna and the LPMSAA primary pa-
rameters.

Parmeters Pasternack LPMSAA
Frequency Range (GHz) 26.5-40 30-40
Zin(Ohms) 50 75
VSWR 1.25 1.75
Nominal Gain (dBi) 20 12
HPBW (degrees) 18.3 13
Dimensions, HXLXxW (mm) | 1.01 x 1.38 x3.72 | 60 x 219 x 2

5.3 Potential Issues

Some of the unrealistic results discussed above could be a result of settings in ADS, the
limitations of the software, or simply the design could have some flaws. One noted issue
is the stack-up. In the ADS settings for the stack-up (the copper material setting) for the
ground plane was set to perfect electric conductor. This could possibly contribute to unre-
alistic performance data. However, it is unclear if changes in this setting would make much
of a difference. One could simply re-run the simulation with a realistic copper setting, or
create the antenna and have it professionally tested to verify it’s performance.

Another potential issue could be the d,,, section length for the right hand side patches
(high frequency side). It is highly possible, the patches were placed in the incorrect order.
The patches should be connected from high frequency to low frequency (similar to the
left hand side). This could be a problem for the high-frequency performance in the K
and Ka bands. Since the transmission line is designed as a feed and also a filter the high
frequency signals could be attenuated on the right hand side. As an example, the largest
patch on the left hand side is 8 GHz and the transmission line is designed in even multiples
of A\/2. The transmission line feeding the 8 GHz patch looks like a high impedance to
the higher frequencies. Therefore the transmission line length plays a critical role in the
overall performance of the array. This could be part of the cause of the huge swings in the
Zin, Rr, and V.SW R. This problem could possibly be solved by using a CEM program

that has reliable parametric sweeps. In addition, the left hand side could also experience
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discrepancies in the d,,, length. The equations in chapter 2 should only be used as a guide
to set up the initial design. Parametric sweeps from the CEM program should be used to
finalize the transmission line length.

A few potential issues were also found during the high frequency sweep of 30-40 GHz.
An error message was reported by ADS stating: “The global maximal mesh cell size is 1.01
mm, corresponding to a mesh density of 5 cells per wavelength. It is generally not possible
to get an accurate result below 10 cells per wavelength”. An increase of the mesh density
is recommended up to at least 20 cells per wavelength. Even though the mesh density was
set to 10, the wavelength was so small in comparison. Therefore, the software generated
this warning message.

Another error message was: “The distance between the layout pins for port 1 is electri-
cally large above 13.67 GHz, S-parameters may become unphysical”. This warning mes-
sage is a result of the 1.57 mm substrate thickness. This thick of a substrate is unexpect-
edly too thick for the software to complete a competent sweep with one port. To solve
this problem ADS recommends that two ports be used to drive the antenna. Port one is to
be connected to the main transmission line (as usual) and port two is to be connected to
ground. Next, port one is to be referenced to ground through port two. The above sugges-
tions should fix these two error messages and result in a better estimate into the antenna’s

parameters. It is further recommended to use these settings for the entire 8-40 GHz sweep.

5.4 Suggested Test Methods

Since the LPMSAA will not be fabricated, a discussion about testing the antenna seems
logical. Should one fabricate such an antenna the following is suggested for complete
analysis of the LPMSAA. The research hypothesis should be tested using laboratory quality
test equipment, and an anechoic chamber. The laboratory equipment and anechoic chamber
will have adequate frequency range, be designed for far-field measurements of antennas in

the frequency range of 8-40 GHz as per the requirements stated in equation (36). The
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anechoic chamber will have known reflections and losses in the same band. The known
sources of error will be shown on the final report, and losses will be deducted from the
measurement results. The LPMSAA will be tested in the anechoic chamber for return loss
magnitude, phase and VSWR over bandwidth. The antenna will be placed under a passive
test and be swept in 1 MHz steps from 8-40 GHz to determine the efficiency and gain over
bandwidth. The electric and magnetic field 2 dimensional and 3 dimensional pattern data
will be provided with a three to five degree resolution, and include the front to back ratio.
Pictures of the test setup are to be provided and provide details for the results to be posted
in chapter 4.

Once the data sets are received from the testing company the data sets will be compared
to the CEM simulation data. Specific comparisons to be evaluated will be the electric and
magnetic field 2 dimensional slices, 3 dimensional plots, return loss magnitude and VSW R
versus bandwidth.

The accuracy of the simulated data compared to the actual test results is unknown and
difficult to quantify. CEM programs estimate Maxwell’s equations with a mesh over the ra-
diating surface, with predefined mesh density levels. Increased mesh density yields higher
accuracy, but will take considerable more time to compute the final results. There is no
way to qualitatively compute the accuracy of the simulated results without comparing the
simulation data to the measured data. Inaccuracies are expected for the above parame-
ters, but simulation data should be comparable to the measured results. The error sources
such as cable insertion loss, path loss, reflections, and other sources of losses, gains, or
multi-path in the anechoic chamber will either be calibrated out, or deducted from the raw
measurements. For passive measurements the measurement plane will be moved from the
measurement device to the antenna connector. An experienced measurement and test house

will be able to estimate the known errors and levels of multi-path that are expected.
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5.5 Recommendations for Future Work

It is encouraged that others try to use the layout created and design files to improve on this
design. A CEM program that has a working parametric sweep function is highly recom-
mended. It is further recommended to run the sweeps as one continuous 8-40 GHz sweep
and to avoid broken up data sets. Many CEM programs offer co-simulation support. Co-
simulation leverages the use of multiple servers to speed up the simulation process. For
this application and such a wide bandwidth co-simulaiton is highly recommended. How-
ever, at a minimum a computer with an I-7 processor and at least 32 gigabits of RAM is

recommended.
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Appendix A

The array primary parameters were calculated using Matlab. The following screen shots
show the equations for elements 1-17 respectively. See Table 3 for the data output. For

elements 18-33 the equations are similar.

T5LE%: all calcs done in mm!!! SEELELRERTLELRELR
clc; cleazx;

c=3.0:ll; hmm A

IR R R R R T R A LR R R T R T R L TR LRSS
F=17.463e9;

er=2 2: &FR4 permictivity could be as high as 4.7
bB=1.575; YRege=rs Duroid 5880

lambda=c/£; & find the wavelength in mm/=s
R R R R A LR R R LR R LR R R R R R R
Li=c/ (Z*f*sqrtiex));

Wiwl]:

%find the e effective,

eeff=((er+l) /2)+((ec-1)/2) = (1/ {aqrt (1+12*h/W1)});

FEFEEFFRFFEIFITREFREESY Equartion #2 from mipa using okt 3im.. FEEFEFFEFFEEE3
REERRERRRRREARESY determine the fringing effect of the patch PRERRERERARGRY
delta L=0.412%*h=(((eaff+0.3)=* (W1/h + 0.264)))./(({eeff—0.258)*(Wl/h + O0.8B))):

fBelow iz the actual length regquired for £0, with fringing effect Temoved
L acrual=c/ (2%f*sgre (eeff) j-2*delca L: tEguation $£14-7 from Balanis
Li=L actual:

Wi=Li;

t find the actual scarting frequency with the new patch length
£0=c/ | (2% {L1+2*delta L)) *agrt(eeff)); SEguation #1 from mlpa..

Figure 52: Initial W, L calculations.
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lambdaO=c/f0; % this is the new resonant wavelength due to fringing effects
FRRLEESSES ST 45%Y find lamkbda g length SEFEFFEEL4SH343555553543355YS
lambda g=lambdal/sqre (eeff);

half wave=lambda g/2;

PR R R R R TR R R R R R R R R R R R R R R R R R R R R R R R R AR AR R R R R R R AR R R RR R R R RERE RS
$F3FEE13153339%%% wavelenght ratio, see Balanis Fig 14.10 R385 %838s
slot width to lambda0=Wl/lambdal; 3% decermine the ratioc of slot width to
FEELTEALETELLELELRELE find Inser depth of feed $FELERELERLRLRLRELLELELLEL
bdertermine the fres space wavelsngth

kO=2%pi,  lambdal; kdetermine the free space wave

e e e R e e e
SEETLLSTLLAL RS ALAL1LLESY Integrate teh Gl2 oot i issassssassssstiss
fun=8 (x, k0, WL, L1) (({((asin{(kd.*Wi./2).*cos(x)))-Scos(x)).*2)
F(besasly (O, kO*LI.*sin(x}))."((sin(x))."3));

Gl2={(1./(120* (pi~2}})*(integzal (8 {x) fur (x,x0,W1,L1},0,pi));
fcompute the incegral of Gl from O-pi

FEETETIRT LRSS 55%% Integrate the Gl function FEFEETIETRTETEETLRES
LR R R R R R AR R AR R R AR R R R R R A R R TR LR TR AT AR TR AL AR AR R
Foned (2,00, W1, L) ((((ain((k0.*W1./2)."cons(x)))./coa(x))."2)).*({(ain{x))."3):
Il=(integral (@ (x) fun (x, k0, W1,L1),0,pi)); Scompute the integral of Gi2 from O-pi
G1=I1/ (120%(pi~2)):

R L A A L L T N A L A A L A A R LA T R s

<=

Figure 53: Conductance equations.

FREEEETLL LT ET L LELEEY computs BN ERER IR R R R R LT ET LR R LR LR TR R LR e
AERENERRARRCEY Co evaluate I1 and then cale Gl using the soln in Balanis boock
Rin=1./(Z*(G124G1)}):
e
RERRERRRAREARERERLERAREAREERY Find inset depth for Rin =100 OhmesiisiikERkiiias
y=acos (2qrt (100/Rin) ) :

yo=y=L1/pi; TEETLELERTL3E%Y: y0O 13 the insec depth

R R R TR R R R R R R AR AR AR R R RN R AR AR R R R R R
FRELFRATF TSI 9992Y Ser WO, width of inzet feed 3mm

Wo=1.5;

LR R R R R e R e et e R R e L R R IE R L IR T
FEETTHILELLETEEERLETTLES%EY Find Zc, this =qn assumes Wi/ h >1,

1313%1Y for our case WO/b=3/1.6 -1.875

Zow (120*pi/agre (eeff) ) =1,/ (NO/h+1.393+0.667*1og (NO/h+1.44) )

PR E RS R R R RS LR LR TR RE I LRSI RS TR ERR RS RS ERR LR R
3 calculate all the frequencies

can=) . 05; % mulriplying factor alternaciv

m=1T % number of elements in antenna

e e R e e e R

Figure 54: R;,, and Z, equations.
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R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R L TR E R R R R AR R R R R R R R R R R R R R ERRRRE
i Im from Conf Paper; "Ihe Design of 9 Elemepnt Quasi u-strip lp Antc”
Im—=6.59; T Im feed length
L2=W1l-y0: finasc depth
511=0.5; T =met 51 and 52 gap at 0.5mm, 51=52=0.5mm
W22=1.5; ithe feed line width is consistent at 1.5mm
Gap=2%*5114+WN22; Sdetermine the residual earzs of MACLIin3 for Wl and W3
Wil=(Wi-Gap)/2; %the overall width of patch leaa the

Fgap/2 are Maciin3 Wl and W3
% Find dm length for =sach patch,
% which should be an integer multiple of 0.5xlambda g

11=3%8; ineeded for patches IT-1

12=39.2; ineeded for patches 1B-34

dm=0;

tee=1.5; itee Junction for dm to Im's
curve=4.7T;

dm margin=>0; ¥ Dmm margin for each dm feed
patch l=tee+Im+y0+11l+dm margin;

®=1;

rowave=half wave;

Figure 55: Main transmission line equations.
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while zSwave<patch 1
b s
xSwave=half wave®x;
dm=x5Swave- (patch l-dm margin};

end

ehwl=patch l+dm—dm margin; ithe entire half wavelength for this patch
elofxmissionline=dm+ll+tee;
R R it i e e e b st e e e e e A e e e e e L b
fprincf({'\n'}):
fprintf('*+*+**Hegin Array Scaling Calca #essdenest) Foyinef{'\n*);
fprincl [ *=**x&%*x% Scarg with patch 17 wesescsscevawt ) Fupincf('\n");
patch_num=18;

-1 for n=1:m

format Shorte;

patch num=pactch num-1;

fpri-ntf:Fq#k*t-‘#n*ﬁw-ﬁi-‘-*tﬁ-"tﬂF*iiiqﬂiﬁ-*ﬂ'bxi-i**iin-hil]: fp,rintf{'\‘_nr};
fprintf {*Fatch § ¥3d',pactch num):fprince(’'\n'}:

fprincf (' frequency= %3e, dm=%f, Ant Widch=%3f, MLOC L=%3f',

£0,dm Wi, L2) :fprintf('\n"}:

EprintE(*\n');

fprintf ("Wl & W3=8%3L, 51 & 32=%I, WiI=%L, yO=%3f, Im=%3L",
Wil,S11,W22,y0,Im):fprincf('\n');

fprintf{*\n'):

fprinctf('"lambda g=%3f, 1/2 lambdse g=%3f, half wave multiplier=3%3d,
entire half wave length=%3f,eeff=%I",lambda g,half wave,Xx,eshwl .Eeffﬂ

Figure 56: Array scaling equations.
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Iprinctf('length of trans line vertical=%3I',elofxmissionline)
gfprintf(*\n'}):
fprincf('\n"};
fpri“tf['!‘F“'ﬂ'!iﬂ"ﬂ'"'ﬂ-"*'\'F*F'H'l'H"'H"-A‘--*'.R.F'I'R"l'ﬁiﬁ'ﬂ'l"."fﬂfl'lii'};
R R AR AR R AR ARRA TR R RAR RS SRR TERLY
previous fesd=shwl-y0-Im:; &% need to add in the previous feed.
f0=£0/tao;
Wi=Wl*tao;
Li=Wl:
In=Im*taoc;
lanbda=c/f0; % find the wavelength in mm/s
EREREERRTERRRE SRR LA LR R R R LR AR RERRERLERE
Ll=c/ (2*E£0*sqgzt {exr)):
F OSEERRERESRLRLR AT ESREYSEquation #3 from mlpa weing ckt =im
eeff=((ec+l) fZ)+((ex-1)/2)*(1/ (agrt (1+12*h/W1)}));
TETTEEEETTTTTETELE3ELE% Equation #2 from mlpa using ckt sim.. TERTETEREES
FESEREFERSY99%Y detemmine the fringing effect of the patch $FETHRRRE5RRRE
delta L=0.412*h*(((eeff+0.3)* (Wi/h + 0.264))})./((|eaff-0.258)"
(Wi/h + 0.8)})):
3Eelow i3 the - actual length required Ior 0, with fringing effect removed
$%%%% calculated in mm
I._m:tun1===f[2*fﬂ*5qrt(=eff}}u?*delta_l’..: fEquation #14-7 from Balanis
Li=L_actual;
Wi=L1i;

Figure 57: Fringing effect equations.
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% find the actual starting freguency with the new patch length
tTactual frequency with delta L ia calculacion,
%¥c in mn/s, L in mpm, delca I in pm,
fﬂ=cf;!2*{Ll+2*dﬂlta_L}l*sq:t(eeff}]; $Equation #1 from mipa..
TETEEEEEEEEEERRYYRE%%Y: find dm length F3EEEEET3ETEERRTTERRLRREEREREYS
lambdag=c/f0;:
lambda_g=lambdal/sqzt (eeff);
half wave=lambda g/2;
EEEESEETLEEESELESEEYE find Inset depth of feed $3EETEELTERRELERLLELLY
¥determine the fres space wavelsngth
k0=2%pi. lambdal; Fdetermine the free space wave
EEEETEETEEL LSS 4222323%%Y Integrate the G112 frotEitssssisasssssit
fun=@ (x, k0, W1,L1) ((((=in((k0.*Wl./2).*coa(x)})./cona(x))."2).
*(bezzel] (0, k0*L1.*3in(x))) .*((2in(x}}."3)):
Gl2=(1./(120* (pi~2}))*(integral (@ (x) fun (x, k0, W1, L1),0,pi)):
fcompute the integral of Gl2 from O0-pi
FEREERTTLEAER LR EEREEEEEREY Integrate the Gl function FEETEHLERLETER
fun—€ (x,k0,W1,L1) ((((9in((k0.*RW1./2).%*cos(x)))./cos(x))."2}).
*((sin(x)).*3);
Il={integral (8 (x) fun(x, k0,W1,L1),0,pi)}: %compute the integral of
3512 from O-pi
Gl=T1/(120% (pi~2)};
Rin=1,/(2*(G12+G1)):

Figure 58: Starting frequency and R;,, equations.
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EELASAALAELRRLL AR LAARELLEE Find inser deprh for Rin =100 Chmaitdietet
y=acos (sqgrt (100/Rin) )
yO=y*L1/pi; FEETEHHRRSRNEEEEY y0 i3 the inset depth
L2=W1l-y0:
Will=Wll*tao;
Wil=(Wli-Gap)/2;
MLIM L=Im-y0;
R R R R AR R R R R R R R R R AR A AR R AR R R R R R R RN AR R R R R R L RS
% Find dm length for each pacch, which should be an integer maltiple
of 0.5xlamkda_g
dm margin=3;

o B itee junction for dm to Im's

if pacch num == 1 fmost have the double = aign??
TCeg=curve;

end

patch_next=previcus_feed+tee+Im+yl+dm margin:

x=1;
xSwave=half wave;
Jwhile xSwave<pactch next
X=x+1;
xSwave=half wave*x;
-end
dm=xSwave- (patch_nert-dm margin)
ehwl=patch next+dmw-dm margin;
kthe entire half wavelength for this patch
elofixmissionline=previous feed+dm+tee;
end

Figure 59: d,,, and main transmission line equations.
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Appendix B

The following screen shots are provided to assist any future researcher in the use of ADS.
In ADS one needs to create a schematic with the TLines-Microstrip parts as in Figure 60.

Next, the dimensions of each part will make up the patches and transmission lines as in

Figure 61.
VW2 =W mm
MR Wi=wtmm
Curvay Y
Subst="MSub1" s
MLIN W= 1 mm v:
TLAGT Angle=90 2
Subst="MSub1” Radius=2 5 mm ]
W=2" 1) mm
L=20 mm
% 'II'I 3I~
Murm=1 ;
MCLIN Subst=
CLin36 LB ‘I-_“':'fél
Subsi="MS5ub1" Caryed . =4} thet
;""_E” i Subst="MSub1"
i e W=w1 mm
el Angle=00 |
Radies=2 5 mm

Figure 60: ADS screen shot of 50 Ohm feed transmission line.

When the schematic is complete it is next converted into a layout as in Figure 62.
Following the layout creation the emSetup is completed to create the stack up, frequency
sweeps, port settings, and mesh settings as in Figures 63, 64, 65, and 66. Finally, the EM

sweeps can be started.
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MEGARVE

Curve
"Sibet="MEub T
W=15mm
. - -Angheed -
Fadivg=1 rrm
MLDE D= g
Subst="MEub1* : ;f:;:uaim‘
W11 13mm ' | CWawl mme
L=T.8amm R S =1370mm
R e A e
Foll AL R "ML
Clinig  TLEE E
Subst"MSub1" . guhe-WSub
WISENT MM oyt mm
W2=wt mm L=5 28 mm
W3=4317 mm ; R
S1=205mm -
S3=0.5mm . i '
L=38Imm  MTEE_ADS
Teels
Sibet="M Sub1”
Wiswl mm
“W2=w1 mm
JW3wl mm

MLEW

i
Wew —1
L=td3gmm T MLOE
] T
' "Subst="WSub1”
e + MAGLINGD < YW=11:7Emm
= Jiinn =T 95 mm -
TLAG Subsli="MEub1”
S Subst="MS T W1=4.62 mim
g LSRN T v 1 1 H e S R T
=625 mm Wa=462mm .
. Si=05mm
.. | szosmm
MTEE ADS L=31.78 mm
Tea2ld
Subsf="MSub1" ' : '
Wr=wt mm
Wa=wimm - - . -
Wa=w1 mm
ML '
Subsl="MSubi* ! ¥
Wowlmm e
L=t30dmm i : MECD
s P gy T R S IR
. i ‘ MACLING i"""“‘" 55 mm
T }+wiine L=T. 153 mm

Figure 61: ADS screen shot 8 and 8.4 GHz patches.
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Figure 62: ADS screen shot 8 and 8.4 GHz patches in layout view.

ATR

/ ond /q RT_DurtkiSE80 (220
B Bgers BT _Durdid [2.203
1.575€ 1.575 millimeter

0 millimeter £ /

Figure 63: ADS screen shot of stack up.
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File Tools View Help

HAeYegrB=>@dLE

a[en] Mom uW
B Layout
& Partitioning
£ substrate
fEI Ports
L Frequency plan
E Cutput plan
i= Options
E Resources
[ Model
B Motes

Frequency Plan
| Add || Remove |

Type  Fstat Fstop Mpts Step
1 Adaptive 30 GHz 40 GHz 50 {max) - @]

Figure 64: ADS screen shot of frequency sweep setup window.

T

SPIHB XYY T @

i eshesnd
HHI'J'III; | Gnd Layer hame Feed Type RefImpedance [Ohm] Ref Offset [mm] |T!ﬂ'l1_T3"p:l
4 :@ 1 <Implicit> P1 TML (zere L. 50+ 0i 0 inputOutput
on
& Gnd
Layout Fins
Name Layer Net Conmectedte  Purpose % [mm] ¥ [mm)
Lecl Y| cond P1 1i+) drawing 34575 228514

Figure 65: ADS screen shot of port settings.
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| Description | PhysicalModel | Preprocessor | Mesh | Solver | Expert |

Gioba | LayerSpeafic | Metspedfic | shape Spedific |
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T Mesh frequency |0

Mesh densty -
) Maximum cellsize
@ Cebsfdiavelength 1

[¥] Edge mesh
@ Auto-determine edge width
i) Use edge width |

|| Transmission line mesh
Mumber of cells in width 1

Figure 66: ADS screen shot of mesh settings.
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