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LOW PROFILE, PRINTED CIRCUIT, DUAL-BAND, DUAL-
POLARIZED ANTENNA ELEMENTS AND ARRAYS 

 

William Mark Dorsey 

 

ABSTRACT 
Dual-band antenna elements that support dual-polarization provide ideal performance for 
applications including space-based platforms, multifunction radar, wireless 
communications, and personal electronic devices.  In many communications and radar 
applications, a dual-band, dual-polarization antenna array becomes a requirement in order 
to produce an electronically steerable, directional beam capable of supporting multiple 
functions.  The multiple polarizations and frequency bands allow the array to generate 
multiple simultaneous beams to support true multifunction radar.  Many of the 
applications in spaced-based systems and personal electronic devices have strict restraints 
on the size and weight of the antenna element, favoring a low-profile, lightweight device. 

The research performed in this dissertation focuses on the design of a dual-band, dual-
polarized antenna element capable of operating as an isolated element or in an array 
environment.  The element contains two concentric, dual-polarized radiators.  The low 
band radiator is a shorted square ring antenna, and the high band radiator is a square ring 
slot.  Each constituent element achieves circular polarization through the introduction of 
triangular perturbations into opposing corners of the radiating element.  This technique 
has been shown to introduce two, near-degenerate modes in the structure that – when 
excited in phase quadrature – combine to form circular polarization.  The perturbations 
allow circular polarized operation with only a single feed point.  The sense of the circular 
polarization is determined by the location of the feed point with respect to the 
perturbations.  Both senses of circular polarization are excited by the introduction of 
orthogonal feeds for each of the two radiating elements.  Thus, dual-ban, dual-circular 
polarization is obtained. 

The element achieves a low-profile from its printed circuit board realization.  The high 
band square ring slot is realized in stripline.  The orthogonal feeding transmission lines 
are printed on opposing sides of an electrically thin dielectric layer to allow them to cross 
without physically intersecting.  This thin feeding substrate is sandwiched between two 
dielectric layers of matched dielectric constant.  A ground plane is located on the top and 
bottom of the sandwiched dielectric structure, and the top ground plane contains the 
square ring slot with perturbed corners.  Slotted stripline structures have been shown in 
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the literature to excite a parallel-plate mode that can degrade overall performance of the 
antenna.  Plated through holes are introduced at the outer perimeter of the square ring slot 
to short out this parallel-plate mode.  The plated through holes (also called vias) serve as 
the shorting mechanism for the low band microstrip shorted square ring radiator.  This 
element also contains triangular perturbations at opposing corners to excite circular 
polarization with a single feed point.  In this element, orthogonal probe feeds are present 
to excite both senses of circular polarization. 

A dual-band, dual-polarized antenna element was built, tested, and compared to 
simulations.  The constructed element operated at two distinct industrial, scientific, and 
medical (ISM) frequency bands due to their popularity in low power communications.  
The antenna element was realized in a multilayer printed circuit layout.  A complex 
design procedure was developed and submitted to a printed circuit board company who 
manufactured the antenna element.  The s-parameters of the antenna were measured 
using a Network Analyzer, and the results show good agreement with simulations.  The 
radiation and polarization characteristics were measured in a compact range facility.  
These results also agreed well with simulations.  The measured results verify the 
simulation models that were used in the simulations and establish a confidence level in 
the feasibility of constructing this element.  The dual-band, dual-polarization nature of 
this element was established through the construction and measurement of this element. 

A novel size reduction technique was developed that allows for significant reduction of 
the element’s footprint.  This size reduction facilitates the placement of this element 
within an array environment.  The loading technique utilizes a structure analogous to a 
parallel-plate capacitor to drastically reduce the overall size of the low frequency shorted 
square ring.  The loading structure uses a substrate that is separate from that of the 
radiating elements.  This allows the load to use a high dielectric material to achieve a 
high capacitance without requiring the radiating elements to be printed on high dielectric 
material that is potentially expensive and lossy at microwave frequencies. 

The two frequency bands were selected to be in separate industrial, scientific, and 
medical (ISM) bands.  These frequency bands are increasingly popular in low power 
communication devices because unlicensed operation is permitted.  The 2.45 GHz and 
5.8 GHz ISM bands are commonly used for applications including Bluetooth technology, 
multiple 801.11 protocol, cellular phone technology, and cordless phones.  The ISM 
bands were chosen for this antenna element due to their popularity, but this antenna is not 
restricted to these bands.  The frequency ratio can be altered by controlling the dielectric 
constant used in the printed circuit board design, the parameters of the capacitive loading 
structure, and the size of the constituent elements that are used. 

After the size reduction technique is applied, the dual-band, dual-polarized elements can 
be placed in an array environment resulting in an array capable of generating both senses 
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of circular polarization in the two, distinct ISM bands.  This provides an aperture capable 
of supporting multiple functions.  Depending on the applications required, the frequency 
bands of the antenna element can be altered to suit the particular system needs. 

The array analysis performed in this dissertation used a unique hybrid calculation 
technique that utilizes nine active element patterns to represent the patterns of the 
individual elements within a large antenna array.  A common first look at array 
performance is achieved by multiplying the element pattern of an isolated element by an 
array factor containing the contributions of the geometrical arrangement of the antenna 
elements.  This technique neglects mutual coupling between elements in the array that 
can alter the impedance match and radiation characteristics of the elements in the array.  
The active element pattern defines the radiation pattern of a given element in an array 
when all other elements are terminated in a matched impedance load.  The active element 
pattern is unique for each element in an array.  When these patterns are summed, the 
exact array pattern is obtained.  While this technique has the advantage of accuracy, it is 
not ideal because it requires the simulation, calculation, or measurement of the pattern for 
each element in the array environment.  The technique developed in this dissertation uses 
only nine active element patterns.  These elements are then assigned to represent the 
active element patterns for all elements in the array depending on the geometrical region 
where the given element resides.  This technique provides a compromise between the 
speed of using a single element pattern and the accuracy of using the unique active 
element pattern for each element in the array. 

The application of these two concentric, coplanar radiators along with the capacitive 
loading technique provides a unique contribution to the field of antenna engineering.  The 
majority of dual-band antenna elements in the literature operate with a single polarization 
in each band.  The ones that operate with dual-polarization in each band are typically 
limited to dual-linear polarization.  Circular polarization is preferable to linear in many 
applications because it allows flexible orientation between the transmitting antenna and 
receiving antenna in a communications system, while also mitigating multipath effects 
that lead to signal fading.  The ability to operate with two, orthogonal senses of circular 
polarization allows a system to reuse frequencies and double system capacity without 
requiring additional bandwidth.  The uniqueness of this element lies in its ability to 
provide dual-circular polarization in two separate frequency bands for an individual 
element or an antenna array environment.  The arrangement of the two element 
geometries with the addition of the novel capacitive loading technique is also unique.  
The performance of this element is achieved while maintaining the light weight, low 
profile design that is critical for many wireless communications applications. 

This dissertation provides a detailed description of the operation of this dual-band, dual-
polarized antenna element.  The design of the constituent elements is discussed for 
several polarization configurations to establish an understanding of the building blocks 
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for this element.  The dual-band, dual-polarized element is presented in detail to show the 
impedance match, isolation, and axial ratio performance.  The capacitive loading 
technique is applied to the dual-band, dual-polarized element, and the performance with 
the loading in place is compared to the performance of the unloaded element.  Next, there 
is an in-depth description of the array calculation technique that was developed to 
incorporate mutual coupling effects into the array calculations.  This technique is then 
applied to the dual-band, dual-polarized array to show the performance of several array 
sizes. 
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CHAPTER 1. INTRODUCTION 
 

 

As the field of wireless communications grows, electronic devices are required to support 
multiple functions that require communications within multiple, distinct frequency bands.  As the 
requirements for personal wireless devices increases, the desired footprint for the device 
seemingly decreases.  These size restraints make dual-band antenna elements virtually a 
necessity in order to minimize the number of antenna elements required within the device to 
conserve valuable real estate.  Moreover, personal communications devices operate within 
restricted frequency bands of the electromagnetic spectrum.  An antenna element capable of 
simultaneously operating with two orthogonal senses of polarization can efficiently use the 
allotted frequency spectrum by reusing frequencies.  This increases the capacity of the system 
without requiring additional frequency coverage.  A dual-band antenna element capable of 
operating with dual-orthogonal polarization in each frequency band provides invaluable 
flexibility to a system.  Additionally, if this element is realized in printed circuit board 
technology, it can be made low profile and lightweight while allowing for easy integration with 
the accompanying electronics in the system and providing affordable manufacturing costs. 

Antenna arrays are used to provide highly directional beams that can be scanned electronically.  
Applications requiring large arrays range from communications, to radar, to target tracking, to 
electronic warfare (EW).  As the number of required functions increases, the number of required 
potentially large array apertures increases as well.  Significant research has been completed to 
minimize the number of arrays on various platforms.  For example, the U.S. Naval Research 
Laboratory (NRL) carried out the Advanced Multifunction RF System (AMRFS) program to 
develop a broadband array capable of performing multiple communications, radar, and EW 
functions in an effort to reduce the number of topside antenna arrays on a U.S. Navy ship [1, 2].  
The AMRFS effort was chosen to have broadband, dual-linearly polarized coverage in order to 
provide adequate frequency coverage for multiple functions.  A dual-band, dual-polarized 
antenna array would also permit one array to carry out a number of functions, thus reducing the 
number of large arrays required in a system.  If the frequency bands were chosen to satisfy 
multiple needs aboard the ship, a large array of dual-band, dual-polarized antenna elements 
would reduce the number of expensive – both in money and real estate – on the ship. 

The research performed in this dissertation is aimed at designing a dual-band, dual-polarized 
antenna element that can operate as an isolated element as well as in an array environment.  The 
element achieves a low profile from its printed circuit board realization and contains two 
concentric, coplanar, dual-polarized radiators.  The low band radiator is a shorted square ring 
antenna, and the high band radiator is a square ring slot.  A novel size reduction technique was 
developed that allows for significant reduction of the element’s footprint by introducing a large 
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capacitive effect into the low band element.  This size reduction facilitates the placement of the 
element within an array environment.  The design discussed in this dissertation uses frequencies 
contained in separate industrial, scientific, and medical (ISM) bands.  These frequency bands are 
increasingly popular in low power communication devices because unlicensed operation is 
permitted.  These bands were chosen due to their popularity, but this antenna is not restricted to 
these bands.  The element is shown to have extreme flexibility in the selection of the ratio 
between the high and low band frequencies. 

The research for the design of this element dates back to the late 1980s when Sorbello and 
Zaghloul completed research on introducing perturbations to the corners of square ring slot 
antennas to produce single-feed circular polarization [3].  Their work discussed the addition of 
orthogonal feed lines to generate dual-linear or dual-circular polarization from a square ring slot 
in an array environment, and it received a patent in 1996 [4].  Ravipati, Kawser, and Zaghloul 
discussed a dual-band antenna element in 1994 that was suitable for wide-angle scanning in a 
phase array environment [5].  This element was a hybrid of micorstrip and waveguide radiators 
that involved the placement of an open-ended waveguide inside of the shorted region of a 
shorted annular ring antenna.  Their element was capable of operating with dual-linear 
polarization in each of the two frequency bands, but was unable to use dual-circular polarization.  
The presence of the waveguide radiator increased the profile, and weight of the design while 
providing a difficult to design to include in an array. 

In 2007, Dorsey and Zaghloul combined the two previously mentioned elements by placing a 
square ring slot in the center of a shorted square ring antenna element [6].  This element used a 
size reduction technique designed by Dorsey and Zaghloul [7, 8] to reduce the size of the 
element and allow for wider frequency ratios than the design presented in [5].  In order to 
accurately analyze the performance of this complex element in an array environment, Dorsey 
derived an array analysis approach that uses multiple active element patterns to approximate the 
exact active element pattern for elements in given geometrical regions within the array [9]. 

This dissertation discusses the development of a dual-band antenna element capable of operating 
with dual-polarization in each frequency band.  A thorough description of the constituent 
element design is presented.  In many cases, antenna elements were built and tested to validate 
the computational tools and techniques that were used in the design process.  After establishing a 
firm understanding in the operation of the shorted square ring and square ring slot elements, the 
constituent elements were then combined in a unique way to form a complex element capable of 
providing flexible, dual-band, dual-polarized operation.  A dual-band, dual-CP antenna element 
operating at two ISM frequency bands was built, tested, and compared to simulated results.  The 
s-parameters of the four port antenna were measured with a Network Analyzer, and the 
polarization characteristics were confirmed in a compact range facility.  The measured results 
agree well with the simulations, thus verifying the operation and functionality of the dual-band, 
dual-CP antenna element design.  The ability to show agreement between the simulations and 
measurements establishes the validity of the simulation models used in this dissertation.  
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Additionally, the ability to generate dual-CP in the two frequency bands of the dual-band 
antenna element was proven and realized in a low-profile, printed circuit design. 

The element can be used in a multifunction phased array requiring wide scanning performance 
once a size reduction technique is added to reduce the footprint of the element.  The array 
analysis approach is detailed, and the element is shown to provide excellent array performance. 

The remainder of this section introduces the electromagnetic concepts that are critical in the 
design and analysis of the dual-band, dual-polarized antenna element.  The concept of 
polarization for electromagnetic waves is discussed to establish some key parameters and terms 
that will be used throughout the remainder of the dissertation.  This discussion is followed by a 
definition of parameters that are used to characterize dual-polarized electromagnetic systems.  
These parameters will be used in later sections to analyze the performance of the dual-band, 
dual-polarized antenna element and array.  Printed circuit antennas are introduced to show the 
advantages of using the ever-advancing technology to facilitate antenna design.  A survey of 
existing dual-band, dual-polarized antenna elements from the literature is provided.  These 
elements serve as a point of comparison for the element detailed in this dissertation.  An 
introduction to antenna arrays and their analysis is provided to introduce key concepts that will 
be used in Chapter 4.  Finally, there is a discussion of the computational electromagnetic (CEM) 
tools that exist for use in antenna design. 

 

1.1 Discussion on Polarization 
Electromagnetic fields are functions of both time and space that are composed of electric and 
magnetic fields.  The electric and magnetic fields are related through Maxwell’s equations shown 
in (1-1)-(1-4).  The six field quantities used in Maxwell’s equations are the electric intensity (E), 
magnetic intensity (H), electric flux density (D), magnetic flux density (B), electric current 
density (J), and the electric charge density (Qv).  The bolded font indicates vector quantities.  In 
addition to satisfying Maxwell’s equations, electromagnetic fields also satisfy the wave equation 
(1-5)-(1-6), where k is the wave number of the medium as defined in (1-7). 

 
           (1-1) 

          (1-2) 
           (1-3) 

           (1-4) 
          (1-5) 
         (1-6) 

            (1-7) 
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The wave equation can be written in another form by applying the identity shown in (1-8).  In a 
source free medium, the divergence of the electric and magnetic fields is zero according to (1-3) 
and (1-4).  As a result, the wave equations in (1-5) and (1-6) can be written in the form shown in 
(1-9) and (1-10).  These equations are called the vector wave equation [10, 11].   Equations (1-9) 
and (1-10) coupled with (1-3) and (1-4) are equivalent to (1-5) and (1-6).  The rectangular 
components of E and H satisfy the scalar wave equation (1-11), commonly referred to as the 
Helmholtz equation [10].  
 

         (1-8) 
           (1-9) 
           (1-10) 
           (1-11) 

 
A plane wave is a solution to the wave equation where the phase of the electric and magnetic 
fields is constant over a set of planes.  For this discussion, we will focus on plane waves that 
travel in the z-direction.  If there are no materials in the vicinity of the propagation path to act as 
a guide, the wave will be a transverse wave [12].  This means that the electric and magnetic 
fields are perpendicular to each other and the direction of propagation.  The direction of the 
electric and magnetic fields can change with respect to time, but they remain perpendicular to 
each other and to the direction of propagation.  The behavior of the instantaneous electric field 
vector with respect to time at a given point in space is referred to as the polarization of the wave. 

An instantaneous transverse electric field traveling in the z-direction can be decomposed into a 
summation of orthogonally polarized components.  E1 and E2 are the amplitudes of the 
instantaneous electric field in the x,y directions (real numbers),  ω is the radian frequency, β is 
the phase constant, and  δ is the phase by which the y component leads the x (phase angle). 

         (1-12) 

          (1-13) 

          (1-14) 

If there is no y-component (i.e. E2=0), the wave is linearly polarized in the x-direction.  This 
polarization is often referred to as “horizontal” polarization implying that the electric field is 
parallel to the horizon.  Similarly, if there is no x-component (i.e. E1=0), the wave is y-polarized 
(commonly referred to as vertically polarized).  If the phase angle is equal to zero, the electric 
field can be linearly polarized in an arbitrary direction determined by the tilt angle, τ.  The 
electric field for an arbitrary polarization is defined in (1-15), and the tilt angle for linear 
polarizations is defined in (1-16). 

         (1-15) 
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           (1-16) 

If the phase angle is ±90°, the orthogonal field components are in phase quadrature resulting in 
elliptical polarization.  If the phase angle is +90 degrees, the polarization is left-hand elliptical 
polarization (LHEP).  The electric field rotates in the direction of the curl of the fingers on the 
left hand when the thumb points in the direction of propagation.  Conversely, right-hand 
elliptical polarization (RHEP) results when the phase angle is -90 degrees.  This is illustrated in 
Figure 1-1.  The electric field vector is plotted at multiple instants in time.  From this figure it is 
evident that the tip of the instantaneous electric field vector traces an elliptical shape.  Moreover, 
the field vector rotates counter-clockwise, resulting in LHEP.  Circular polarization (CP) results 
when the x- and y-field components are in phase quadrature and have equal magnitude.   The 
wave is right-hand circularly polarized (RHCP) when δ=+90° and left-hand circularly polarized 
(LHCP) when δ=-90° for the same arguments made for elliptical polarization. 

 

 

Figure 1-1: Illustration of the electric field vector rotation for left-hand elliptical polarization (LHEP) 

 

The axial ratio defines the ratio between the major and minor axis lengths of the polarization 
ellipse, and thus it quantifies the shape of the ellipse.  Elliptically polarized waves are viewed as 
having two degrees of freedom: ellipticity is defined by the axial ratio, and the polarization of the 
ellipse is defined by the tilt angle [13].  The polarization ellipse for an elliptical polarization is 
shown in Figure 1-2 with the pertinent polarization parameters defined.  When the axial ratio is 
at its minimum value of 1, the polarization ellipse becomes a circle.  As the axial ratio tends 
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towards infinity, the polarization approaches perfect linear polarization in the direction of the tilt 
angle. 

        (1-17) 

 

Figure 1-2: Polarization ellipse showing tilt angle, axial ratio, major axis, and minor axis 

 

Polarization states are orthogonal if one state contains no component of the other.  For example, 
horizontal and vertical polarization states are orthogonal.  Linear polarization states with tilt 
angles (ξ) and (ξ±π/2) are also orthogonal.  Additionally, RHCP and LHCP are orthogonal 
polarizations.  Two arbitrary polarization states are orthogonal if (1-18) is satisfied. In antenna 
measurements, copolarized and cross-polarized states are defined.  Typically, the copolarized 
state is defined as the “intended” polarization state, and the cross-polarized state is the state 
orthogonal to the copolarized state.  The co- and cross-polarized antenna patterns are defined as 
(1-19) and (1-20) respectively, where  and  are the co- and cross-polarized unit vectors. As 
an example, the copolarized and cross-polarized unit vectors for LHCP are defined in (1-21) and 
(1-22).  These two unit vectors satisfy (1-18). 

 

           (1-18) 
          (1-19) 
          (1-20) 
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      (1-21) 

      (1-22) 

1.2 Definition of Terms Used in Analyzing Dual-Polarized System Performance 
A thorough discussion of common quantities used to evaluate the performance of dual-polarized 
systems is provided in [12], and the discussion in this section follows from the work detailed by 
Stutzman. 

Any electromagnetic wave can be decomposed into the sum of two orthogonal polarization states 
satisfying (1-18).  In dual-polarized systems, these two states are commonly referred to as the 
copolarized and cross-polarized state.  The copolarized component typically refers to the state 
that is closest to the “desired” polarization in the system. 

An electromagnetic wave propagating in polarization state w can be decomposed into a sum of 
the copolarized and cross-polarized components as shown in (1-23).  In (1-23), the subscript co 
refers to the copolarized state, the subscript cr refers to the cross-polarized state, and the 
subscript w denotes the w-polarized vector. 

crcrcocow eEeEE ˆˆ +=           (1-23) 

The cross-polarization ratio (CPR) defines the ratio of the power density in the cross-polarized 
component to that in the copolarized component. 

2

2
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co

cr

E

E
S
S

CPR ==           (1-24) 

In elliptically polarized (EP) electromagnetic waves, the CPR is defined as the ratio of the linear 
components along the principle axes.  Therefore, the CPS is related to the axial ratio for 
polarization state w as shown in (1-25). 
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=          (1-25) 

The EP wave can be decomposed into two CP components.  In this case, the CPRc (where the 
subscript c denoted circular polarization), is defined as (1-26) where R is the wave axial ratio. 
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In system applications, it is sometimes more convenient to define a Cross-Polarization Isolation 
(XPI).  XPI is the ratio of the “wanted” power level to the “unwanted” power level in the same 
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channel when the transmitting antenna is radiating nominally orthogonally polarized signals of 
the same frequency and power level. A related quantity is the Cross-Polarization Discrimination 
(XPD), which defines the ratio of the signal level at the output of a receiving antenna that is 
nominally copolarized to the transmitting antenna to the output of a receiving antenna that is the 
same gain but nominally orthogonally polarized to the transmitter.  A general expression for 
XPD is provided in (1-27).  In antenna states that are near CP, XPD can be approximated by (1-
28).  In these expressions, τ refers to the tilt angle for the polarization. 
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    (1-28) 

If the incoming wave has perfect circular polarization, XPD becomes independent of the tilt 
angle.  In this case, the XPD is related to the axial ratio as defined in (1-29).  In this case, the 
XPD is also related to the cross-polarized ratio for the circular polarized wave (CPRc) as shown 
in (1-30).  XPD is plotted as a function of axial ratio in Figure 1-3.  This figure shows that as the 
axial ratio approaches unity (0dB), the XPD tends towards infinity. 
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Figure 1-3: Cross-polarization discrimination (XPD) as a function of axial ratio 

The parameters defined in this section will be used to characterize the performance of the dual-
band, dual-CP antenna array discussed later in this dissertation. 

1.3 Introduction to Printed Circuit Antenna Elements 
Many RF applications place a size and weight restriction on the antenna.  For instance, a payload 
that is to be deployed on a satellite has a restricted overall mass and volume [14].  Thus, a lighter 
antenna leaves more weight available for pertinent electronics on the payload.  Another example 
stems from the ever-advancing technology in the field of cellular communications.  With the 
increased popularity of compact cellular handsets and portable satellite communication devices, 
the antenna needs to be able to easily integrate with the accompanying circuitry in the device.  
Additional restraints on the antenna size have resulted from the need for antenna diversity, which 
requires the placement of multiple antennas within a single handset.  A printed circuit realization 
is ideal for wireless applications due to low profile, simple fabrication, low cost, and 
compatibility with integrated circuits [15]. Printed circuit antennas are also gaining increase 
popularity because they provide a low cost method of producing high volume of devices with 
tight tolerances [16]. 

The use of printed circuit technology is not without drawbacks.  The power handling capability is 
limited by the loss tangent of the dielectric, limitation of current in narrow conductors, and high 
field strengths associated with sharp edges of etched conducting tracks.  The performance can 
vary due to tolerances in material properties, etching tolerances, and errors in registration 
between faces of a multi-layer structure.  Most personal wireless devices operate at low to 
medium power levels reducing the significance of the power handling limitations.  [16] 
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Printed circuit boards consist of conducting layers separated by dielectric substrates.  The 
thickness of the conducting layers is determined by the weight of copper per square foot that is 
deposited onto the substrate layer.  The electrical properties (εr, tanδ) and height of the substrate 
(h) depend on the material that is used. 

Printed circuit antennas are typically fed by a planar microwave transmission line.  Three 
commonly used transmission lines are shown are illustrated in Figure 1-4.  Stripline circuits  
consist of a conductor of width w sandwiched between two ground plane layers, while a 
microstrip circuit consists of a conductor of width w and a single ground plane layer.  Stripline 
circuits have minimal leakage, thus minimizing losses that can occur via radiation.  The center 
conductor in a stripline circuit is immersed in a uniform dielectric medium which allows it to 
support a transverse electromagnetic (TEM) propagation mode.  This is ideal because this mode 
has a lower attenuation than the transverse modes supported in microstrip circuits.  Despite these 
advantages, microstrip is more widely used than stripline due largely to convenience.  The feed 
line is easily accessible because it is not buried inside of a dielectric layer.  This makes 
installation of a connector simpler.  It is also more convenient to construct microstrip circuits 
because they require a single dielectric layer.  Stripline circuits require two microwave substrates 
(one above the feed line and one below) to be etched and bonded together, whereas a microstrip 
circuit requires only a single layer. [17] 

In microstrip and stripline circuits, the ground plane and the feeding conductor are separated by a 
microwave substrate.  This causes significant energy to be coupled into the substrate resulting in 
loss due to the dissipative nature of the material.  Coplanar waveguide consists of three 
conductors printed on the top side of a microwave substrate.  The center conductor (width s) is 
printed in between two ground traces.  The ground traces are separated from the center conductor 
by a distance w. [17] 

 

Figure 1-4: Illustration of common planar microwave transmission lines 

The impedance of the microwave transmission lines is controlled by the height of the substrate 
and width of the conductors.  In printed circuit antenna design, the impedance of the feeding 
transmission line is chosen to match the input impedance of the antenna to minimize the 
reflection coefficient.  The most common printed antenna is a microstrip patch antenna due to its 
broadside radiation pattern and simplicity of construction.  However, the ever-advancing field of 
wireless antennas has placed size, shape, and weight restrictions on the antenna while increasing 
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the technological requirements.  The increased restrictions resulted in the need for new antenna 
designs that can meet the specifications required for the system while conforming to the 
available space.  

1.4 Discussion on Dual-Polarized, Dual-Band Antenna Elements and Arrays 
Antennas capable of operating at multiple frequency bands are advantageous to many 
applications ranging from space-based radar to personal wireless communications.  Synthetic 
aperture radar (SAR) typically operates in L- and C-bands [18].  For space-based SAR 
applications where minimizing the mass and weight of the radar system is essential to reducing 
the overall weight of the payload and cost of the mission, antennas capable of operating in 
multiple frequency bands with multiple polarizations are beneficial [14].  Dual-band antenna 
elements are also desirable in radar applications because of their ability to improve data 
collection rates [19, 20] while also allowing for true multifunction radar (MFR) operation [21]. 

Wireless communications networks have shown an increased number of subscribers as well as an 
increased demand for multi-band equipment [22].  Wireless access points and laptops are both 
turning towards antennas capable of operating in multiple frequency bands in order to support 
multiple protocol [23, 24].  The 2.45 GHz ISM band is quickly growing in popularity for 
wireless communications devices due to its use in Bluetooth technology and 802.11b/g protocol.  
For higher data rates, the frequency band from 5.15-5.85 GHz is often used, and the 802.11a 
protocol operates within the 5.2GHz ISM band [24].  Moreover, the cell phone industry is 
incorporating multi-band antennas into handsets to reduce the number of antennas required to 
provide operation for different services [25]. 

Dual-band and dual-polarized antennas have gained increasing popularity in the literature.  These 
element architectures can typically be placed into two categories: 1) a single element with a wide 
operational bandwidth capable of covering multiple bands or 2) an element comprised of two 
separate radiators, each of which is optimized for a specific frequency band [21].  The majority 
of the work done on dual-band elements focuses on elements that operate with a single 
polarization state in each frequency band.  There is some work that focuses on dual-band 
elements capable of supporting dual-linear operation at each band, and a minimal amount of 
work detailing dual-CP operation at each band.  Granholm performed extensive work on dual-
band, dual-polarized antenna elements, but his work in [20] dealt with a dual-band element 
capable of operating with dual-linear polarization in each band. 

Circular polarized (CP) antennas are popular choices in wireless communications applications 
owing to their ability to allow flexible orientation in the plane of the transmitter and receiver 
antennas and to reduce multipath effects that can lead to signal fading [26-28].  The ability to 
operate with both senses of CP (RHCP and LHCP) allows frequency reuse to double system 
capacity [27].  In two-way data link systems, information is often transmitted by means of 
polarization shift keying, a technique that utilizes orthogonal senses of CP [27].  There has been 
limited work presented in the literature dealing with elements capable of simultaneously 
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operating with orthogonal senses of CP.  For example, Jefferson and Smith [29] discuss a nearly 
square microstrip patch element utilizing orthogonal feed locations to simultaneously generate 
right hand CP (RHCP) and left hand CP (LHCP).  This element operates over a single frequency 
band.  Another dual-CP antenna is presented by Sharma and Mital [30, 31].  This element 
provides dual-CP operation with a diamond shaped patch with a diagonal slot.  The element has 
a coupled feed using dumbbell shaped apertures, and it provides an axial ratio bandwidth of 
20.4%.  However, the operation is limited to a single frequency band.  Aloni presents a dual-CP 
microstrip patch fed with crossing slots [32] that provides an even wider bandwidth than that 
presented by Sharma and Mital.  However, it has the same limitation of operating over a single 
frequency band.  The work presented in this dissertation will show the development and analysis 
of a dual-band element capable of simultaneously generating dual-CP in each frequency band. 

Microstrip patch antennas using the reactive stub loading has been shown to provide dual-band 
operation [33].  However, each frequency band for this element operates with the same sense of 
linear polarization.  If multiple feed locations and stubs are used, dual-linear polarization is 
possible.  This type of elements has been shown to provide limited control of the frequency ratio 
between the two operational bands [14]. 

An annular ring patch radiator is capable of providing CP behavior at two separate frequency 
bands [34].  When this type of element is operated in CP, the magnetic currents flow clockwise 
around the ring slot in a given frequency band, but they will flow counterclockwise at another 
frequency band.  This behavior provides dual-band behavior, but each band only operates with a 
single sense of CP.  There is also limited control over the ratio of frequencies for the two bands. 

The cell phone industry has led to the design of several dual-band antennas.  Liu and Gaucher 
present a design capable of covering multiple frequency bands for cellular and WLAN 
applications [24].  This element uses a combination of inverted-F and L-shaped radiators to 
cover the multiple bands.  Lindmark published a dual-band antenna capable of covering GSM 
and DCS frequency bands consisting of an aperture coupled stacked patch design [22].  Jeon and 
Park discuss a triangular shaped patch employing a U-shaped slot and L-shaped feed in order to 
provide a wide bandwidth capable of covering the PCS and IMT-2000 frequency bands [35].  In 
each of these elements, the given frequency bands operate with only a single sense of linear 
polarization. 

Many of the dual-band elements with CP polarization require complex feed networks consisting 
of diplexers and hybrids.  Helms, et al patented a design for a dual-band stacked patch design 
where each band operates with a single sense of CP [36].  In this design, the outputs of a 90°-
hybrid feed orthogonal locations on the element to generate CP.  Lee et al earned a patent for a 
wideband element capable of operating with linear, CP, dual-linear, or dual-CP polarization [37].  
The possible polarization states in this element depend on the configuration of a complex feed 
network consisting of 90° and 180° hybrids.  The dual-band element patented by Cha et al 
provides linear or CP operation with a hybrid feeding network [38]. 



13 
 

Antenna arrays are used in applications requiring a highly directional beam with electronic 
steering capability.  Phased arrays can also be used to produce several beams simultaneously, 
thus allowing one aperture to perform multiple functions.  For example, the U.S. Naval Research 
Laboratory developed the Advanced Multifunction RF System (AMRFS), a system capable of 
performing multiple radar, communications, and electronic warfare (EW) functions 
simultaneously [1, 2].  In AMRFS, a broadband antenna element was used to cover the necessary 
bands for the multiple functions.  However, a dual-band dual-polarized antenna could also be 
beneficial in such a system.  The two bands could be selected to cover the operational 
frequencies of several necessary functions, and the element could operate with orthogonal 
polarizations simultaneously in each band to further enhance the capabilities of the array. 

Dual-band radiating apertures are often achieved by interleaving elements of different sizes, 
where each type of element has its own array lattice structure.  These types of element 
arrangements are discussed in [4, 19, 21].  In some instances, this is achieved by using perforated 
patches that enable a series of smaller elements to be placed within holes in the larger, low band 
elements [18].  Although these publications deal with dual-band apertures, the elements used in 
the design are inherently single band.  The dual-band nature of these apertures stems from the 
arrangement of single band elements on different lattice structures. 

 

1.5 Introduction to Antenna Arrays 
Many individual antenna elements can be arranged into an array to produce a directional antenna 
pattern.  A single, large antenna element (i.e. parabolic reflector) can be used in applications 
requiring a directional beam.  However, using large antennas provides mechanical challenges, 
and the antenna must be mechanically rotated if the main beam needs to be scanned.  An antenna 
array eliminates the need to physically rotate the array.  The excitation of each of the constituent 
elements can be controlled to electronically scan the main beam.  Advancements in the field of 
solid-state technology have made it possible to realize the complex feed network required to 
control the excitation of the elements in the array at a reasonable cost [39]. 

A linear array of elements provides the ability to scan the main beam the plane containing the 
elements.  Multidimensional arrays are typically used for high gain applications requiring 
scanning of the main beam in an arbitrary direction.  The elements in the array are typically 
spaced in a regular lattice structure.  In a rectangular lattice the elements are arranged with 
spacing Δx and Δy in the principle planes of the array.  Another common array lattice used a 
triangular spacing between elements. 

The radiation pattern of the antenna array is calculated from the superposition of the contribution 
of the elements in the array.  The general expression for calculating this expression is shown in 
(1-31).  In this expression  is the array pattern, Imn is a complex number representing the 
amplitude and phase excitation of element mn,  is the element pattern of element mn, 
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and   represents the phase weighting given to element mn due to its geometrical location 
in the array.  In the exponential term in (1-31),  is the unit vector in the direction of the 
observation angle,  is the vector from the center of the array to the element location,  is 
the phase shift at element mn used for scanning the mean beam, and  is the real valued 
phase constant. 

       (1-31) 

In many array applications, the elements within the array have identical element patterns.  If that 
is the case, (1-31) can be simplified to (1-32).  This expression shows that, when the elements 
within the array are identical, the array pattern can be factored into the product of the element 
pattern and the array factor , where the array factor takes the form of (1-33).  The array 
factor can be viewed as the radiation pattern of the array when all elements are replaced with an 
isotropic radiator (i.e. .  The resulting array pattern will consist of a main lobe 
pointed in the direction of maximum radiation and many sidelobes.   The ability of the array to 
concentrate power is often characterized by the sidelobe level (SLL) of the array.  The SLL is 
calculated by taking the ratio of the maximum value of the pattern magnitude to the maximum 
value of the highest sidelobe peak.  The half-power beamwidth of the array refers to the angular 
separation between the points where the main lobe is at half of its maximum value. [39] 

       (1-32) 

         (1-33) 

The main beam of the array pattern in (1-32) can be scanned to an arbitrary (θ0, φ0) location by 
using the phase shift defined in (1-34).  Additional main lobes appear in the visible region of the 
array factor if the spacing becomes larger than a half-wavelength.  The grating lobe-free region 
of the array is limited to scan angles less than θ0, where is determined from the element spacing 
(d) using (1-35). 

       (1-34) 

           (1-35) 

The array factor for a 10 element array of elements is plotted in Figure 1-5 for three beam 
locations: θ0=0°, θ0=30°, and θ0=60°.  The element spacing in this array is 0.58λ, so grating lobes 
are expected for scan angles greater than 46°.  This is reflected in the pattern plot in Figure 1-5 
for θ0=60°.  The main beam is located at θ=-60°, and a grating lobe is present near θ0=60°.  The 
θ0=0° and θ0=30° cases show no grating lobes. 
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Figure 1-5: Array pattern for 10-element array with 0.58λ spacing 

In high performance arrays requiring precise determination of the current distribution across the 
element in the array, it is important to include the effects of the coupling between elements in the 
array.  The mutual coupling between elements in the array can change the impedance of the array 
element.   In an n-element array, the terminal voltages and currents are related as shown in (1-
36).  In this expression, Vm is the impressed voltage on element m, Im is the current flowing on 
element m, Zmm is the self-impedance of element m, and Znm is the mutual impedance between 
element n and element m.  The feed network in an array should be designed to match the input 
impedance of each element rather than the self-impedance.  The input impedance is defined in 
(1-37).  [40] 

 

            (1-36) 

        (1-37) 

Mutual coupling between elements in an array impacts the radiation pattern as well as the 
impedance.  An accurate representation of the array pattern will include the variations in the 
excitation currents that result from mutual coupling.  The exact element pattern can be calculated 

-80 -60 -40 -20 0 20 40 60 80
-40

-35

-30

-25

-20

-15

-10

-5

0

 θ (Deg.)

 f(
θ)

 (d
B)

 Array Factor Calculation (N=10, d = 0.58λ)

 

 

θ0 = 0

θ0 = 30

θ0 = 60

Grating Lobe



16 
 

by using the active element pattern for each individual element in (1-31).  The active element 
pattern for element m is obtained by exciting element m with all other elements terminated in the 
generator impedance.  In an array with N elements, all N active element patterns are unique.  
Thus, each active element needs to be simulated or calculated.  Evaluating the active element 
pattern for every element in a large array is a difficult task.  As a result, approximations are 
typically used.  The array analysis in this dissertation makes use of a hybrid technique using 
multiple active element patterns to represent elements in several regions within the array.  A 
comprehensive description of this technique is provided in later sections of this dissertation. 

 

1.6 Introduction to Antenna Analysis Tools 
The advancement of computational electromagnetics (CEM) has provided the antenna engineer 
with a wide array of tools to aid in the design of complex radiating structures.  CEM methods fall 
into one of two categories.  Full-wave analysis tools provide an exact solution to Maxwell’s 
equations.  The second category of simulation tools applies physically justifiable assumptions to 
arrive at approximate solutions.[41] 

The CEM tools available to antenna engineers can be divided into time domain (TD) and 
frequency domain (FD) solvers.  The TD techniques consist of the Finite Integration Technique 
(FIT), Finite Difference-Time Domain (FD-TD), Time Domain-Integral Equation (TD-IE), 
Time-Domain-Finite Element (TD-FE), among other – less frequently used – techniques.  The 
majority of the TD solvers use the point form of Maxwell’s equations.  These equations are a set 
of first order, coupled partial differential equations (PDEs) as shown in (1-37)-(1-40). 

The FD solvers consist of the Finite Element Method (FEM) and the Method of Moments 
(MoM).  FEM solves Maxwell’s equations by solving the vector wave equation.  FEM can be 
used to solve antenna problems consisting of only conducting bodies, but MoM is more efficient 
for these problems.  One of the most popular commercially available CEM package employing a 
FD solver is Ansoft HFSS. 

The simulation work in this report was performed using CST Microwave Studio [42], a 
commercially available electromagnetic simulation tool.  CST Microwave Studio employs the 
Finite Integration Technique (FIT) which was introduced by Weiland in 1977 [43].  The 
traditional finite difference time domain (FDTD) technique solves electromagnetic problems by 
discretizing the differential form of Maxwell’s Equations.  Ampere’s Law (1-38), Faraday’s Law 
(1-39), and the two divergence equations (1-40), (1-41) are shown below.  In linear, isotropic, 
time-invariant, non-dispersive media, (1-38) and (1-39) can be re-written as (1-42) and (1-43) 
respectively.  These equations can be combined to form a hyperbolic system of coupled partial 
differential equations (PDEs) that are first order in space and time [44].  The FDTD method 
utilizes an algorithm that approximates the continuous derivatives in both time and space using 
centered two-point finite differences illustrated in (1-44). 
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           (1-38) 

            (1-39) 

            (1-40) 

            (1-41) 

           (1-42) 

           (1-43) 

        (1-44) 

An alternative derivation of the FDTD method can be obtained by using an approximation of the 
integral forms of Maxwell’s curl equations (1-45), (1-46).  The approximation of these equations 
forms the basis of FIT. 

          (1-45) 

          (1-46) 

Classical FDTD simulation tools have the disadvantage of utilizing a staircase mesh 
approximation for complex boundaries.  FIT can be considered a generalization of the FDTD 
method, while also maintaining links to the Finite Element Method (FEM).  This link deals with 
the multiple mesh configurations that can be utilized with FIT.  The staircase mesh provides 
good performance when applied to structures without curved or slanted boundaries.  However, 
when the boundaries become complex, this mesh type has convergence problems and requires 
more computational resources.  The Perfect Boundary Approximation (PBA) mesh posses 
excellent convergence properties and reduces the simulation time on designs with complex 
boundaries compared to the time required when using a staircase mesh.  The PBA mesh allows 
efficient simulation of electrically large structures.  Finally, FIT can also use a tetrahedral mesh 
similar to that used in FEM simulation tools.  This mesh has excellent convergence properties, 
but it requires extensive computational resources.  When used in large structures, the tetrahedral 
mesh requires an iterative mesh solution further increasing the computational cost [45]. 

FIT was first proposed as an application to frequency domain solutions and was the first 
eigenmode solution algorithm that showed the ability to reduce all spurious modes [45].  Later, 
FIT was extended to the time domain.  FIT gained international recognition in the early 1980s 
when it became the first code capable of calculating transient fields of charged particles at ultra-
realistic energies.  This breakthrough led to the MAFIA collaboration (“solving MAxwell’s 
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equations with the Finite Integration Algorithm”).  The result of this collaboration was a full 
electromagnetic, thermal, and partical tracking software package [45]. 

The simulation work performed in this research project was completed utilizing CST Microwave 
Studio.  This software package allows the simulation of complex electromagnetic problems using 
the FIT algorithm.  It contains three solvers: time domain, frequency domain, and eigenmode.  
The time domain solver allows the use of the PBA mesh, which enables the solution of large 
and/or complex electromagnetic problems such as finite arrays.  The solution of Maxwell’s 
Equations via FIT using the time domain solver requires less numerical effort than FEM solvers 
[46]. The time domain solver provides fast solutions to typical antenna problems.  Infinite array 
simulations can be performed using periodic boundary conditions, but scanned performance is 
not available utilizing this technique. The frequency domain solver allows the simulation of a 
unit cell of an antenna array.  These boundary conditions allow the investigation of a scanned 
array by placing a phase shift across adjacent boundaries to simulate a scanned plane wave.  In 
the course of this report, a dual-band, dual-polarized element will be studied as an isolated 
element, as an element in an infinite array, and as an element in a finite antenna array. 

1.7 Outline for Remainder of the Dissertation 
The remaining sections of this dissertation detail the design and analysis of dual-band, dual-
polarized antenna elements and arrays.  The analysis begins with a detailed look at the 
constituent elements that serve as the building blocks for the dual-band, dual-polarized antenna 
element. This analysis includes an investigation into several polarization configurations, 
including dual-polarization and reconfigurable polarization.  A detailed description is provided 
of a novel size reduction technique using capacitive loading.  The analysis includes modal 
analysis and simulations.  Several antenna elements were built and tested to provide 
experimental verification. 

After a thorough understanding of the constituent elements is established, the elements are 
combined to form a dual-band element capable of simultaneous operating with orthogonal 
polarizations.  Several polarization combinations are explored through simulations.  The 
performance of this element is compared to existing elements in the literature. 

The element is also analyzed in an array environment.  A hybrid technique is developed that uses 
multiple active element patterns in the analysis.  This technique is applied to the dual-band, dual-
polarized antenna array to show that the array maintains excellent polarization characteristics at 
wide scan angles in both frequency bands. 
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CHAPTER 2. CONSTITUENT ELEMENT ANALYSIS 
 

 

The proposed coplanar, dual-band, low-profile element is capable of operating in multiple 
polarization configurations, and it can be placed in an array environment while still maintaining 
the ability to scan to wide angles without the introduction of grating lobes in the high frequency 
band.  The basic building blocks for this design are the shorted annular ring antenna and the 
square ring slot antenna.  The former will be used as the low band radiator, while the latter has 
been selected as the high band radiator.  Before beginning with the design of the dual-band, dual-
polarized antenna element, a comprehensive understanding of the fundamental operation of the 
constituent elements must be established.  In order to achieve the desired goals with these 
elements, modified elements and novel techniques have been designed that will enhance the 
flexibility of the design.  This chapter provides a thorough description of the elements and 
techniques that will be utilized in the design of the dual-band low profile elements. 

2.1 Square Ring Slot 
The square annular ring slot serves as the primary building block for the high band element of 
the dual-band, dual-polarized element described in this dissertation.  The element is designed 
using a resonant ring of slotline transmission line, but it can also be realized with other 
transmission lines such as microstrip, stripline, or coplanar waveguide. 

Circular polarized (CP) antennas are popular choices in mobile wireless communications 
applications owing to their ability to reduce multipath effects and allow flexible orientation of 
the transmitter and receiver antennas [47].  Microstrip antennas are often used for such 
applications due to their low profile and inexpensive manufacturing.  However, these antennas 
provide limited CP bandwidth.  Printed slot antennas can be provide a wider impedance 
bandwidth than traditional microstrip antennas.  If perturbations are added to the structure, they 
can result in single-feed CP operation.  An illustration of a microstrip line fed square ring slot 
antenna is shown in Figure 2-1. 
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Figure 2-1: Illustration of Microstrip Fed Ring Slot Antenna 

In this section, the operation of square ring slots will be investigated, and several designs dealing 
with modified polarization will be discussed. 

2.1.1 Modal Analysis of Square Ring Slot Antennas 
The resonant frequency of the square annular ring antenna can be derived by utilizing a 
transmission line analysis following from [48].  The square annular ring antenna can be divided 
into two transmission line sections of lengths l1 and l2, where the total length of the ring is l=l1+l2 
as shown in Figure 2-2.  Each of these sections is viewed as a length of transmission line, and z1,2 
measures the distance along the corresponding line as measured from the z1,2=0 point.  If the 
transmission line is taken to be lossless, the voltage and current on the line can be defined by (2-
1) and (2-2).  In these equations, Z0 is the characteristic impedance of the line, and β1,2 is the 
propagation constant of the specified line. 

        (2-1) 

        (2-2) 
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Figure 2-2: Transmission Line Model of Square Annular Ring 

The resonant frequency of this structure corresponds to the frequency where a standing wave 
exists on the transmission lines.  The length of the ring that supports a standing wave can be 
found by taking the derivative of the voltage from (2-1) with respect to the distance along the 
line (z).  To find the locations of the critical points of the voltage along the transmission line, the 
derivative of (2-3) is set equal to zero.  In order for this condition to hold, the reflection 
coefficients, Γ1,2(0), must equal unity.  The expression for the reflection coefficients at resonance 
can be substituted into (2-1) and (2-2) to arrive at an expression for the voltages and currents on 
the transmission line at resonance shown in (2-4) and (2-5). 

       (2-3) 

          (2-4) 

          (2-5) 

The standing wave on each section of the transmission line repeats for multiples of the half-
wavelength in the guide.  As a result, the shortest length of the ring that can support the standing 
wave is one guided wavelength as shown in (2-6). 

            (2-6) 

There are several expressions used in the literature for the guided-wavelength in the microstrip-
fed slotline annular ring.  A common technique is to use the expression in (2-7), where the 
resonant frequency is defined in terms of the slot length, width, and a correction factor.  Wong, 
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et al [49] use the correction factor of (2-8), while Row [47] uses the correction factor of (2-9). 
Another explanation of the guided wavelength is presented in [50].  Janaswamy and Schaubert 
perform extensive computations to arrive at empirical formulas for the slot wavelength and 
characteristic impedance as a function of dielectric constant, substrate height, and slot width.  

            (2-7) 

           (2-8) 

          (2-9) 

A microstrip square ring slot example was designed and simulated using CST Microwave Studio 
[42].  The element used L1=0.5”, and it was printed on a Rogers RO4350 (εr=3.48, h=0.06”) 
substrate.  The resonant frequency as a function of L2 was calculated from (2-7) using the 
correction factors shown in (2-8) and (2-9).  The results are plotted in Figure 2-3.  The results 
show that the resonant frequency decreases as the length of the inner side decreases.  Intuitively, 
this trend makes sense.  As the inner side gets longer, the mean circumference of the square ring 
slot increases, thus increasing the wavelength at resonance. 

 

Figure 2-3: Resonant Frequency as a Function of inner slot length (L2) 
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This element was simulated using an inner side length of 0.4” (L2=0.4”).  The model used in this 
simulation is shown in Figure 2-4.  A comparison of the calculated and simulated resonant 
frequencies is provided in Table 2-1.  This result shows that the simulated resonant frequency 
falls in between the two calculated values, but it is closer to the calculated value obtained using 
Row’s formulation of (2-9).  The Smith Chart result is shown in Figure 2-5.  A marker is placed 
at 5.0 GHz, and the marker is seen to be very close to the center of the Smith Chart indicating an 
excellent impedance match. 

 

 

Figure 2-4: CST Model of a Square Ring Slot 

 

Table 2-1: Resonant Frequency Comparison for Square Ring Slot 

Evaluation Technique Resonant 
Frequency 

Calculation (Wong, et al using (2-8)) 5.26 GHz 
Calculation (Row, using (2-9)) 4.97 GHz 
CST Microwave Studio Simulation 5.02 GHz 
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Figure 2-5: Simulated Smith Chart for Square Ring Slot 

The fundamental mode of a square ring slot located in the x-y plane radiates with a pattern 
having a maximum value at broadside.  The simulated volumetric pattern is provided in Figure 2-
6 for the square ring slot.  The slot is fed from a microwave feed along the y-axis (φ=90⁰).  The 
E-plane is parallel to the feed direction.  The element is seen to have excellent radiation 
efficiency of 98.39%. 

 

 

Figure 2-6: Microstrip Square Ring Slot Three-Dimensional Pattern 
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2.1.2 Stripline Realization of a Square Ring Slot Antenna 
The previous section derived the resonant frequency and performance of a square ring slot when 
implemented in a slotline or microstrip line realization.  A slotted stripline restricts the radiated 
energy to the upper half space, while the microstrip or slotline designs will radiate into the whole 
space.  For this reason, the stripline design can be advantageous for applications requiring a more 
directive antenna element.  However, the stripline – sometimes referred to as triplate – 
realization of this element presents some interesting obstacles that must be overcome in order to 
achieve high performance.   The triplate configuration is illustrated in Figure 2-7. 

 

Figure 2-7: Stripline Square Ring Slot Configuration 

The most notable difference between the slotline ring slot and the stripline ring slot is the 
behavior of the resonant frequency.  For thin slots (L1/L2 near unity), the resonance of the ring 
slot will occur approximately when the mean circumference is equal to an integer multiple of 
guided wavelengths.  Thus, narrow slotted triplate antennas behave in a similar fashion to the 
slotline ring antenna discussed in the previous section.  However, as the slot width increases, the 
resonance of the antenna changes significantly [51].   

The narrow slot behaves as two slots that are bent and connected at their end point as shown in 
Figure 2-2.  The electric field in these slots is perpendicular to the direction of propagation in the 
slot and is symmetrical and uniform around the ring.  As the slot width increases, some of the 
electric field begins to bend towards the lower ground plane in a manner analogous to the 
fringing fields of a traditional microstrip patch.  This causes the current density on the inner edge 
of the slot to have a higher concentration than that on the outer perimeter.  Subsequently, the 
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antenna behavior becomes similar to that of a microstrip patch and resonance occurs when the 
length of the inner-side of the square ring slot approaches a half-wavelength in the dielectric 
material that forms the substrate for the stripline circuit.  As a result, the overall size of the 
structure becomes larger making it less than ideal for the dual-band element studied in this 
research. 

The stripline element shown in Figure 2-7 can also have problems with efficiency and a distorted 
pattern shape due to the excitation of a parallel plate mode between the top and bottom 
conductors of the triplate design.  For example, a simulation of a square ring slot with a stripline 
feed exhibited a radiation efficiency of less than 24% as seen in Figure 2-8. The source of the 
inefficiency can be seen by viewing the magnetic field in a plane containing the feeding stripline 
center conductor.  Figure 2-9 shows the magnetic field at four different phase values ranging 
from 0⁰ to 180⁰.  This figure shows that the fields are not tightly confined to the stripline and the 
slot.  There are high concentrations of field strength away from these desirable locations due to 
the parallel plate mode that exists between the top and bottom ground planes.  In order to 
improve the efficiency, this mode must be suppressed. 

 

Figure 2-8: 3D Radiation Pattern for Square Ring Slot 
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Figure 2-9: H-Field in Stripline of a Tri-Plate Square Ring Slot Antenna 

Power loss, inefficiency, and radiation pattern perturbations can be generated in arrays fed by 
stripline networks by the existence of the parallel plate mode in a stripline configuration [52].  
Work by Bhattacharyya, Fordham, and Liu [53] has shown that vias (also referred to as plated-
through ground holes) can be used to suppress the parallel plate mode in slot-coupled patch 
antennas fed by stripline feed networks.  Their design contains vias surrounding the slot that 
coupled energy from the feeding transmission line to the microstrip antenna above.  They show 
that the presence of the vias improves the gain by increasing the available power for radiation.  
Further work has been done on incorporating vias in stripline circuits [54], and it was again 
shown to be a technique for suppressing the parallel-plate mode than can exist. 

Figure 2-10 illustrates a technique for incorporating shorting vias into the square ring slot 
antenna.  In this design, shorting vias are placed around the outer periphery of the ring slot.  This 
figure contains one view of the model with the upper ground plane removed to reveal the 
location of the vias around the outer perimeter of the square ring slot.  The smith chart and return 
loss plot in Figure 2-11 and 2-12 respectively show that an excellent match can be obtained using 
this design.  The resulting radiation pattern is provided in Figure 2-13 and shows a drastic 
improvement in the performance.  The pattern is no longer distorted, and the efficiency has 
increased to 91.76%.  Additionally, the directivity has increased from 5.95dBi in the slot with no 
mode suppressing vias to over 7dBi with the inclusion of the vias.  This is a result of the mode 
suppression.  More power is delivered to the fundamental mode in the design with the absence of 
the parallel plate mode. 
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Figure 2-10: Square Ring Slot with Vias for Parallel Plate Mode Suppression 

 

Figure 2-11: Smith Chart for Square Ring Slot with Mode Suppressing Vias 
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Figure 2-12: Return Loss for Square Ring Slot with Mode Suppressing Vias 

 

 

Figure 2-13: Radiation Pattern for Square Ring Slot with Mode Suppressing Vias 

We can compare the magnetic field in this design to that shown in Figure 2-9.  The same two-
dimensional magnetic field cuts are plotted for the design with the mode suppressors in Figure 2-
14.  It is seen that the fields are tightly bound to the feeding stripline and the slot with a much 
higher concentration of the fields occurring inside of the slot that was seen in the design with no 
mode suppression. 
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Figure 2-14: H-Field in Stripline of a Tri-Plate Square Ring Slot Antenna with Mode Suppressing Vias 

The stripline realization of the square ring slot antenna restricts the radiation to the upper half 
plane making it advantageous for most array designs.  In order to provide a high radiation 
efficiency, carefully placed vias are introduced into the design to suppress the parallel plate 
mode that can exist in the design. 

2.1.3 Single-Feed CP Operation of the Square Ring Slot Antenna 
There has been much work presented in the literature on single feed CP operation of microstrip 
antennas as well as slots.  Row presents a technique for obtaining CP in a square ring slot 
antenna by using a microstrip line that is electromagnetically coupled to orthogonal sides of the 
square-ring slot [47].  Wong, et al present a technique utilizing a meandered slot section to 
perturb the slot and create CP operation [49].  Moreover, Sharma and Gupta have performed 
extensive research in single feed circular polarization for microstrip antennas [55, 56].  One 
technique they propose involves introducing triangular truncations at opposing corners of a 
square microstrip radiator.  This technique has also been applied to square ring antennas [3, 57, 
58].  The perturbed corners technique is used in this research and applied to a square ring slot 
antenna.  An illustration of the square ring slot is provided in Figure 2-15.  The truncations are 
isosceles triangles with the two equal sides having length of Δ. 
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Figure 2-15: Illustration of Square Ring Slot with Truncated Corners for CP Operation 

 

A microstrip perturbed slot was designed to operate within X-Band frequencies.  The dimensions 
for the design are shown in Table 2-2.  This element was printed on a Rogers 4350 substrate 
(εr=3.48, h=0.03”).  The parameters show a L1/L2 ratio of 1.5. 

 

Table 2-2: Dimensions for X-Band Square Ring Slot with Truncated Corners for CP Operation 

Parameter Value 
L1 0.3” 
L2 0.2” 
Δ 0.15” 
Stub length 0.2” 
wf 0.015” 

 

This element was modeled in CST Microwave Studio using the model shown in Figure 2-16.  
This model shows that the truncations used in this element are pronounced due to the low quality 
factor of the design.  The low quality factor is reflected in the broad return loss bandwidth shown 
in Figure 2-17.  Designs using a large L1/L2 ratio with pronounced truncations have been shown 
to result in broadband CP operation in [3].  The truncation and feed line were optimized to 
provide the best Axial Ratio (AR) and impedance match over a wide bandwidth, and excellent 
results were seen.  The return loss of this antenna was below -10dB from 10.2 – 15.4 GHz as 
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seen in the plot of Figure 2-17.  However, not all of this wide bandwidth is usable for CP 
operation due to the AR.  

 

 

Figure 2-16: Simulation model for microstrip square ring slot with truncated corners 

 

 

Figure 2-17: Simulated return loss for square ring slot with truncated corners 

The truncations in this element support RHCP operation.  For LHCP operation, the truncations 
could be moved to the orthogonal corners.  The AR plot shown in Figure 2-18 indicates excellent 
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CP operation at broadside for this element.  The fractional CP bandwidth depends on the 
acceptable axial ratio limit.  The CP bandwidths for several commonly used AR thresholds are 
shown in Table 2-3.  If a 3dB threshold is acceptable for the axial ratio, then a fractional 
bandwidth of almost 9% can be obtained.  The entirety of the axial ratio bandwidth falls within 
the usable impedance bandwidth. 

 

Figure 2-18: Axial Ratio vs. Frequency for X-Band Square Ring Slot with Truncated Corners for CP Operation 

 

Table 2-3: Fractional Axial Ratio Bandwidth for X-Band Square Ring Slot with Truncated Corners for CP Operation 

Axial Ratio 
Threshold 

Fractional 
Bandwidth 

-1dB 2.9% 
-1.5dB 4.5% 
-2dB 6.3% 
-3dB 8.9% 

 

The optimal AR location is at 11.2GHZ, where the axial ratio is -0.2dB.  The RHCP and LHCP 
plots for cuts in the φ=0⁰ and φ=90⁰ planes are compared in Figures 2-19 and 2-20 respectively.  
These patterns indicate excellent cross-polarization discrimination (XPD) of almost 40dB at 
broadside, which was expected by the axial ratio near 0dB.  Figure 1-3 shows that an XPD of 
40dB corresponds to an AR close to unity, so the simulated polarization performance is 
reinforced by the theoretical results.  The axial ratio also extends over wide angles as shown in 
Figure 2-21.  The broad angular coverage will be extremely important when the design is 
ultimately included in an array environment.  When the array is scanned to wide angles, its axial 
ratio will depend largely on the axial ratio of the constituent elements at the given θ value. 
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Figure 2-19: CP Radiation Patterns for Square Ring Slot with Truncated Corners at 11.2 GHz (Phi=0) 

 

Figure 2-20: CP Radiation Patterns for Square Ring Slot with Truncated Corners at 11.2 GHz (Phi=90) 
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Figure 2-21: Axial Ratio vs. Theta for Square Ring Slot with Truncated Corners at 11.2GHz 

 

2.1.4 Square Ring Slot Antenna with Reconfigurable Polarization 
Circularly polarized (CP) antennas are popular choices in mobile wireless communications 
applications owing to their ability to allow flexible orientation between the transmitter and 
receiver antennas and in reducing multipath effects that can lead to signal fading in multipath 
environments [26-28, 59].  The ability to operate with both senses (left and right hand) of CP 
allows the system to reuse frequencies and double the system capacity [60].  Moreover, if the 
antenna can be switched between two senses of CP as well as linear polarization, it will allow the 
user to roam to virtually any existing network operating in the operational band of the antenna 
[28].  A printed circuit realization is ideal for wireless applications due to low profile, simple 
fabrication, low cost, and compatibility with integrated circuits.  An element that combines the 
printed circuit realization and the reconfigurable polarization would be attractive for wireless and 
personal communication applications. 

A common technique for achieving circular polarization is to feed the antenna in two locations 
with a 90 degree phase shift between the antenna ports.  This technique has the drawbacks of 
requiring two feed lines as well as a hybrid network of some kind to provide the necessary phase 
shift.  Single feed CP has been realized in microstrip antennas through the introduction of a 
perturbation in opposing corners of the antenna [55-57].  These perturbations introduce a second 
near-degenerate mode.  If the antenna is fed correctly, these modes can be generated with the 
same amplitude and a 90 degree phase difference resulting in CP.  In these designs, the 
polarization is either RHCP or LHCP depending on the relationship between the feeding 
microstrip line and the truncated corners. 
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While traditional microstrip antennas provide a limited CP bandwidth, printed slot antennas can 
prove to be more attractive elements in some cases because they provide an improved operating 
bandwidth without increasing the overall size of the element [47].  These elements can then be 
perturbed to provide a wideband CP operation by applying the principle of complementary 
structures to the previously mentioned perturbed class of microstrip structures [3].  A perturbed 
square-ring slot antenna is proposed that can be switched between RHCP, LHCP, or linear 
polarization (LP) by biasing a series of PIN diode switches.  The perturbations used in this 
element are triangular truncations at opposing inner corners of the square ring slot.  A prototype 
antenna using manual switches was designed, built, and measured to reveal the electromagnetic 
feasibility of the switching technique.  The actual PIN diode switching circuitry is not 
implemented, but a possible layout using a biasing scheme similar to that used in [61, 62] is 
provided. The details of the control circuit designs are beyond the scope of this paper.  On the 
other hand, the performance and effects of the PIN chip diode switches are included in the 
simulation. 

The proposed reconfigurable square ring slot antenna is illustrated in Figure 2-22.  Figure 2-
22(a) shows the ground plane and the feeding microstrip line, which are printed on opposite sides 
of a microwave substrate.  The microstrip line contains a shunt stub for impedance matching.  
The stub was added because the optimal axial ratio (AR) occurred outside of the optimal return 
loss bandwidth.  The perturbed slot is separated into five conducting patches as seen in Figure 2-
23(b).  Small conducting pads and PIN diode switches are located in the gap between the center 
conducting patch (C1) and the other four conducting patches (C2, C3, C4, and C5).   These 
switches consist of a PIN diode in series with a large capacitor which is used to maintain 
continuity between the RF grounded conductors while maintaining DC isolation. A patch is 
located in between the PIN diode and the large capacitor, and is connected to the positive voltage 
through an inductor used as a RF choke.  The five conducting patches are also DC grounded 
through inductors.  This biasing scheme is similar to that used in [61, 62].   

The design presented in this section operates at X-band frequencies resulting in small slot 
dimensions.  These small dimensions do not leave sufficient room in the slot for the switching 
components, so these components are integrated on the feed line layer of the dielectric substrate.  
A conceptual view of the feed line layer for a design, including the lumped elements, is provided 
in Figure 2-23.  This figure shows that the control lines and lumped elements can be integrated 
without interfering with the microstrip feed.  Electrical continuity with the ground plane layer is 
maintained through the use of plated through holes.  Figure 2-23(a) shows the bottom view of the 
printed circuit element, and Figure 2-23(b) shows a detailed view of one quadrant of the design.  
The microstrip feed line is outlined in red in Figure 2-23(a).  A lumped element illustration of a 
quadrant of the biasing network is provided in Figure 2-24.  This figure illustrates the placement 
of the diode and capacitor between the pads C1 and C3, and it also shows the location of the 
inductors for applying the DC bias voltage and ground.  The dimensions of the components used 
in this schematic are based on commercially available chips.  Avago PIN chip diodes are used 



37 
 

due to their small footprint and low series resistance.  The dimensions for surface mount 
inductors and capacitors from Vishay are used in the layout of Figure 2-23 and their circuit 
parameters are used in the simulations shown below. 

 

Figure 2-22: Topology of Perturbed Square Ring Slot with Reconfigurable Polarization (L1=0.762cm, L2=0.508cm, 
Lgap=0.046cm, Δ=0.127cm) 



38 
 

 

Figure 2-23:  Conceptual View of Feed Line Layer Including Lumped Elements 

 

 

Figure 2-24: Lumped Element Illustration for a Quadrant of the Biasing Network 
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The switching can also be realized with MEMS switches placed between the conducting pads.  
The effective shape of the perturbed center region – and thus the polarization – can be controlled 
by biasing the proper switches.  The possible polarization states (RHCP, LHCP and LP) and the 
corresponding diode switch states are tabulated in Table 2-4. 

 

Table 2-4: Switching States for Perturbed Square Ring Slot with Reconfigurable Polarization 

Polarization 
State 

Switch from 
C1 to C2 

Switch from 
C1 to C3 

Switch from 
C1 to C4 

Switch from 
C1 to C5 

RHCP OFF ON OFF ON 
LHCP ON OFF ON OFF 
LP ON ON ON ON 

 

An X-Band element was designed and simulated using CST Microwave Studio [42], a 
computational electromagnetic software package employing the Finite Integration Technique 
(FIT).  The element is printed on a Rogers RO4350 microwave substrate (h=0.076cm, εr=3.48).  
In the simulations, the diode switches were modeled as lumped elements with the capacitance 
and resistance values close to those of PIN diode switches in either the ON or OFF state 
depending on the given polarization.  The resistances were 1.5Ω for the ON state and 100MΩ for 
the OFF state; the capacitances were 0.025pF for the OFF state and 0 pF for the ON state.  This 
element was designed with CP operation in mind, thus the matching stub was optimized to 
provide a low VSWR in this mode.  If LP was more important for a given application, the 
matching network would be redesigned to lower the VSWR in the LP mode.  A single matching 
stub was used in this design, but it is feasible to have multiple matching stubs optimized for each 
polarization state.  These stubs would then be selected by additional switches. 

After simulating the element using PIN diode switch characteristics, an element was built and 
tested using thin conducting wires to mimic electronically controlled switches to test each of the 
polarization states.  The VSWR of the measured design is compared to the simulated results in 
Figure 2-25.  These results show a favorable comparison between the simulated and measured 
impedance match for all three polarization states.   
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Figure 2-25: VSWR for Perturbed Square Ring Slot with Reconfigurable Polarization 

Each of the CP modes showed 3dB axial ratio bandwidths of greater than 5% (5.1% for RHCP, 
5.8% for LHCP) as seen in the simulated results of Figure 2-26.  The plots of Figure 2-26 also 
show the measured AR for the RHCP configuration; the measurement is in agreement with the 
simulations over most of the operational frequency band.  This usable axial ratio bandwidth lies 
entirely within the region where the simulations showed a VSWR<1.5:1.  In the measured 
results, the VSWR in the usable CP regions were better than 2.0:1.  
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Figure 2-26: Axial Ratio for Perturbed Slot with Reconfigurable Polarization 

Figure 2-27 shows the simulated co- and cross-pol gain pattern and the electric field in the slot 
for all three polarization configurations of this antenna.  The two CP states radiate the desired CP 
state in the upper half plane (|θ|<90º), and the opposite sense in the lower half plane (|θ|>90º).  
This is reflected by the increased cross-polarization levels in the lower half plane, and it results 
from the observation points in the lower half plane seeing the mirror image of the surface 
currents on the antenna’s conducting surface seen in the upper half plane [61].  The reversed 
polarization in the lower half plane causes the patterns in the CP states to appear different than 
the LP state.  The LP gain pattern of Figure 2-28(c) shows a cross-pol level of -35dB on 
broadside.  For applications requiring radiation in only a half-plane, the perturbed slot with 
switchable polarization could be realized using a stripline design to minimize the radiation in the 
lower half-plane. 

The electric field distributions provided in Figure 2-28(d)-(f) illustrate the effect the switching on 
the electromagnetic operation of the slow antenna.  When operating in RHCP mode, the switches 
from C1 to C3 and C5 are ON causing the electric field in the slot to rotate in a counter clockwise 
manner as illustrated in Figure 2-28(d).  Conversely, Figure 2-28(e) shows the electric field in 
the slot rotating clockwise when the switches from C1 to C2 and C4 are ON for LHCP operation.  
When all switches are ON, the antenna operates with linear polarization in the y-direction.  This 
is reflected in the electric field distribution shown in Figure 2-28(f). 
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Figure 2-27: Radiation Pattern and Slot Electric Field for Perturbed Slot with Reconfigurable Polarization 

 

The polarization pattern was measured for this antenna in each of the three polarization states.  
This pattern provides the amplitude response of the antenna as it is rotated about its axis (-
180°<θfeed<180°) when illuminated by a linearly polarized plane wave [12].  The measured 
polarization patterns for the LHCP and LP modes are plotted in Figure 2-28.  These measured 
patterns can be used to determine the polarization ellipse for each sense of polarization as shown 
in Figure 2-29.  The shape and orientation of this ellipse highlights key polarization parameters.  
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The ratio of the major axis length to the minor axis length defines the axial ratio, and the 
orientation of the major axis is referred to as the tilt angle [12].  For this antenna, the polarization 
ellipse for the LP mode shows that this element is vertically polarized with a 0-degree tilt angle.  
The small minor axis value for the polarization ellipse results from a cross-polarization level that 
is more than 20dB down from the co-polarized component.  The LHCP mode has a polarization 
ellipse that is nearly circular, indicating excellent axial ratio performance.  A unit circle is also 
plotted in Figure 2-29 to show the polarization ellipse for perfect CP operation.  The deviation 
between the LHCP polarization ellipse and the ideal polarization ellipse reflects an axial ratio 
less than 1.5dB. 

 

 

Figure 2-28: Measured Polarization Pattern for Perturbed Square Ring Slot with Reconfigurable Polarization 
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Figure 2-29: Measured Polarization Pattern for Perturbed Square Ring Slot with Reconfigurable Polarization 

A perturbed square ring slot with reconfigurable polarization that is capable of switching 
between LHCP, RHCP, and LP has been proposed.  In the simulations, the switching was 
obtained by changing the DC bias on a series of PIN diode switches.  The simulations accounted 
for the capacitance and resistance of the PIN diodes in the given state.  The two CP states 
exhibited 3dB AR bandwidths greater than 5%.  A matching stub was added to improve the 
VSWR of the radiator in the frequency region containing the usable CP bandwidth. 

An element was built and tested showing excellent polarization results for each state.  Although 
this element utilized a simplified switching technique, it illustrated that the element has excellent 
polarization performance in all three polarization states.  Although the actual switching and 
control was not constructed and the details of the biasing and control circuits were not addressed, 
an illustrative layout for the integration with the antenna element was provided. 

2.1.5 Dual-Circularly Polarized Square Ring Slot Antenna 
The element discussed in the previous section has the ability to switch between linear 
polarization and both senses of circular polarization, using a single polarization at a time.  In 
some cases, it could be more desirable to operate with both sense of CP simultaneously.  This 
has the advantage of allowing frequency reuse, which effectively doubles the capacity in a 
wireless communications system. 
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A stripline element providing dual-CP operation was designed and simulated to illustrate the 
concept.  The model used in these simulations is shown in Figure 2-30.  From above, the element 
looks like the traditional perturbed ring slot element that has been discussed previously.  The 
alteration providing the dual-CP performance is revealed from inspection of the feed network. 

 

 

Figure 2-30: Simulation Model for Dual-CP Square Ring Slot with Stipline Realization 

The stripline design uses shorting ground vias around the outer periphery of the slot to increase 
the efficiency as discussed previously.  The stripline feed passes in between the vias and 
underneath of the slot.  Two orthogonal feeds are used to generate the orthogonal senses of 
circular polarization.  The optimal feed location is beyond the center of the element.  Thus, if the 
two feeds are contained in the same vertical plane, they will physically intersect.  In order to 
avoid this, a very thin dielectric layer is placed at the center of the stripline design.  This layer is 
referred to as the feed substrate.  One of the feed lines can be printed on the top of the feed 
substrate, and the other feed is printed on the bottom side.  This allows them to be in close 
proximity electrically without physically intersecting. 

In Figure 2-31, the upper ground plane is removed to reveal the shorting vias and the orthogonal 
feed lines.  The dielectric layers are illustrated in Figure 2-32.  All three substrates (upper, feed, 
and lower) are Rogers RT5870 material with a dielectric constant of 2.33.  The upper and lower 
substrates are 0.031” thick, while the feed substrate is only 0.004” thick. 
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Figure 2-31: Location of Orthogonal Feed Lines in Dual-CP Square Ring Slot with Stipline Realization 

 

 

Figure 2-32: Dual-Substrate Dielectric Stack-up for Dual-CP Square Ring Slot with Stipline Realization 

 

The two polarizations operate with a good impedance match as illustrated by the Smith Chart of 
Figure 2-33.  In these simulations, Port 1 excites RHCP and is printed on the bottom of the feed 
substrate.  Conversely, Port 2 excites LHCP and is printed on the top of the feed substrate.  
Inspection of Figure 2-33 reveals that the LHCP match is farther away from the center of the 
Smith Chart than the RHCP match.  The feed line printed on the bottom of the feed substrate 
experiences a slightly degraded performance than the feed printed on the top.  This slight 
degradation in match is shown in the VSWR plot of Figure 2-34.  In this plot, VSWR1 is the 
LHCP curve, and VSWR2 is the RHCP curve. 
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Figure 2-33: Smith Chart for Dual-CP Square Ring Slot with Stipline Realization 

 

 

Figure 2-34: VSWR for Dual-CP Square Ring Slot with Stipline Realization 

 

Although the two transmission lines are physically close to each other at the center of the 
element, there is a high level of inter-polarization isolation.  The S-parameters of this two-port 
network are shown in Figure 2-35.  The isolation is greater than 10dB over a band from 10.5 
GHz to 11.4 GHz, and the peak isolation exceeds 43dB at 10.79 GHz.  This band of high 
isolation corresponds to the 3dB Axial Ratio bandwidth as seen in Figure 2-36.  The two 
polarizations have a 3dB Axial Ratio bandwidth of greater than 7.5%.  RHCP operation exhibits 
slightly improved performance compared to LHCP.  The RHCP feed line is printed on the top 
side of the feed substrate, and it passes above the LHCP feed line.  This interaction has a greater 
impact on the LHCP feed line since it has a conductor between it and the slotted element.  
However, this degradation is not severe as both polarizations exhibit high performance. 
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Figure 2-35: Dual-CP Square Ring Slot with Stipline Realization S-Parameters 

 

 

Figure 2-36: Dual-CP Square Ring Slot with Stipline Realization Axial Ratio 

The three-dimensional radiation patterns for the LHCP (Figure 2-37) and RHCP (Figure 2-38) 
show a clean, broadside pattern and high radiation efficiency.  The high efficiency indicates that 
the shorting vias are effectively minimizing the propagation of any parallel plate mode that could 
exist between the ground plane layers of the stripline design. 
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Figure 2-37: 3D Radiation Pattern for LHCP Port of the Dual-CP Element 

 

 

Figure 2-38: 3D Radiation Pattern for RHCP Port of the Dual-CP Element 

 

2.2 Shorted Ring Antenna 
The shorted annular ring antenna serves as the basic element for the low band operation of the 
proposed dual-band element.  This element consists of an annular aperture printed on a 
microwave substrate shorted at the inside of the annular to the ground plane.  The radiator is 
commonly circular (Figure 2-39), but it can also take on a square shape as shown in Figure 2-40.  
This element provides a broadside pattern and impedance bandwidth similar to that of a 
conventional microstrip patch when operated at the TM11 mode.  By shorting this element at the 
inner radius, the power coupled into surface wave modes in the substrate is minimized.  The 
reduction in energy transferred to surface waves maximizes the power available for radiation, 
and thus the efficiency of the antenna is increased.  Moreover, the reduction of surface wave 
modes increases the performance of the element in an array environment by reducing the energy 
that will be coupled to neighboring elements within the array [63]. 
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Figure 2-39: Shorted Annular Ring Antenna (Circular Radiator) 

 

 

Figure 2-40: Shorted Annular Ring Antenna (Square Radiator) 
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2.2.1 Modal Analysis for Shorted Annular Ring Antenna 
The modes of a circular shorted annular ring antenna can be calculated by viewing the region 
between the annular ring and the ground plane as a cavity.  This cavity has perfect electric 
conductors (PEC) at z=0,h and at the inner radius, ρ=b.  This structure also has a perfect 
magnetic conductor (PMC) at the outer radius, ρ=a.  An illustration of the dimensions and 
boundaries is shown in Figure 2-39. 

We assume that only Transverse Magnetic (TM) modes will exist in this cavity by defining the 
electric field in the cavity to be parallel to the z-axis.  In order to solve for these modes, we solve 
the Helmholtz Equation of (2-10) for Ez.  The geometry of this problem lends itself to cylindrical 
coordinates, so we define the  operator in cylindrical coordinates (2-11). 

           (2-10) 

         (2-11) 

In microstrip antenna designs, the substrate thickness is typically much smaller than a 
wavelength (h<<λ).  As a result, we will neglect the z-variation by making the assumption that 
the fields remain constant in this dimension, and we will focus on the ρ- and φ-components.  If 
we set the z-variation equal to zero, we can simplify (2-11) by removing the z=dependency.  We 
now apply this operator to Ez and solve using the separation of variables shown in (2-13). 

        (2-12) 

          (2-13) 

We can substitute (2-13) into (2-12) and arrive at two ordinary differential equations (ODEs).  
One of these ODEs can be solved for f(ρ), while the other can be solved for g(φ). 

        (2-14) 

     (2-15)  

       (2-16) 

The left hand side of (2-16) depends only on the variable ρ, while the right hand is strictly a 
function of φ.  Therefore, in order to satisfy the expression at all values of ρ and φ, each side 
must be equal to a constant as defined in (2-17) and (2-18). 

           (2-17) 

        (2-18) 
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The general solution to (2-17) is the sinusoidal variation shown in (2-19).  The differential 
equation of (2-18) is known as Bessel’s differential equation [64], and the solution is a 
summation of Bessel functions of the first and second kind as shown in (2-20). 

       (2-19) 
        (2-20) 

In geometries containing the origin (i.e. a circular microstrip patch antenna), the Bessel function 
of the second kind is eliminated from the solution because it tends towards infinity as its 
argument approaches zero.  However, the geometry of this problem does not include ρ=0 in the 
solution area, so both terms of (2-20) must be included in the solution.  We also restrict the φ 
variation to functions that are periodic in multiples of 2π, so we restrict kφ to integer values.  
Since the problem is symmetric in φ allowing an arbitrary reference point to be defined.  Thus, 
we select only the cosine variation for g(φ).  Using these simplifications, we can write a new 
expression for Ez as seen in (2-21). 

      (2-21) 

In order to solve for the modes in this structure, we enforce the boundary conditions of the 
geometry.  The PEC at the inner radius (ρ=b) forces Ez(ρ=b,φ)=0.  Similarly, the PMC at the 

outer radius (ρ=a) forces Hφ(ρ=a,φ)=0.  Since Hφ is proportional to , we set .  By 

applying these equations, we arrive at the expressions in (2-22) and (2-23).  Combining these 
expressions leads to the characteristic equation in (2-24) that can be solved for the wave numbers 
of the TMn1 modes in the cavity.  In these equations, kφ has been replaced with kn1 to indicate 
that it is the wavenumber of mode TMn1. 

      (2-22) 

      (2-23) 

       (2-24) 

The characteristic equation of (2-24) can be simplified to an expression that does not involve 
taking the derivatives of Bessel functions by applying the identity of (2-25).  In this identity, Zp 
can be a Bessel (or Hankel) function of the first or second kind. 

        (2-25) 
 

The simplified form of (2-24) is shown in (2-26).  Once the solutions of this equation have been 
found, they can be substituted into (2-27) to find the resonant frequencies of the TM1n modes in 
the cavity. 
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 (2-26) 

           (2-27) 

This expression can be made more precise by incorporating a correction for the fringing fields at 
the outer radius of the radiating annular ring.  The commonly used expression was a larger value 
for the outer radius to account for these fields as shown in (2-28)[65].  In this expression, a’ is 
the outer radius calculated from (2-26), a is the physical outer radius of the antenna accounting 
for the fringing fields, and h is the substrate height. 

           (2-28) 

A Matlab script was written to solve for the resonant frequencies in a shorted annular ring 
antenna using the above analysis.  As an example, we will solve for the resonant frequencies of a 
shorted annular ring antenna using the parameters shown in Table 2-5.  The resonant frequencies 
of the first four modes that were calculated from the Matlab script are shown in Table 2-6.  This 
antenna was then simulated in CST Microwave Studio, a commercially available software 
package employing the Finite Integration Technique (FIT) [42].  The model used in this 
simulation is shown in Figure 2-41.  The resonant frequencies from the simulations compared 
favorably to the analytical values.  The plot of Figure 2-42 shows the simulated return loss of the 
antenna using the dimensions from Table 2-5.  This plot also has markers indicating the location 
of the analytical values.  For these markers, the amplitude was taken to make the point close to 
the corresponding mode. 

 

Table 2-5: Parameter Values for Example Shorted Annular Ring 

Parameter Value 
a 0.87” 
b 0.25” 
h 0.06” 
εr 2.1 

 

Table 2-6: Parameter Values for Example Shorted Annular Ring 

Mode Frequency 
(GHz) 

TM01 2.29 
TM11 2.95 
TM21 4.32 
TM31 5.84 

 



54 
 

 

Figure 2-41: Simulation Model of Shorted Annular Ring 

 

Figure 2-42: Comparison of Resonant Frequencies for the Shorted Annular Ring Having the Dimensions shown in Table 
2-5: Simulation vs. Analytical 

There are many solution sets for the inner and outer radius of a shorted annular ring that will 
satisfy (2-26) for the same resonant frequency.  Several factors go into the selection of the inner 
and outer radius for a desired operating frequency.  If restraints exist on the outer radius of the 
structure, a smaller value for ‘a’ would be desirable.  In some instances, a smaller frequency 
antenna is placed inside of the shorted inner radius [44-46], and thus a larger ‘b’ would be 
desirable in order to leave sufficient room for this second antenna.  The separation between the 
modes depends on the ratio of the radii.  Figure 2-43 shows a plot with the ratio of the inner to 
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outer radius on the horizontal axis.  The vertical axis shows the resonant frequency, and there are 
curves for the first four modes that will exist in this structure.  For these calculations, the outer 
radius, substrate height, and dielectric constant are those from Table 2-5.  The inner radius of the 
structure was varied, and the resonant frequencies were calculated analytically from (2-26) and 
(2-27).  The plot shows that the resonant frequencies are farther apart for smaller b/a ratios.  As 
the outer radius gets closer to the inner radius, the resonant frequencies of the lower order modes 
grow faster than those of each higher mode, and the modes become much closer together.  The 
results shown in this plot match those described in [42].  These factors must all be considered 
when selecting the radii of this structure. 

 

 

Figure 2-43: Resonant Frequencies in a Shorted Annular Ring as a Function of b/a 

 

The proper mode must be selected in this design to achieve a radiation pattern with the desired 
characteristics and shape.  The fundamental mode, TM01, radiates with a pattern similar to that of 
a monopole[65].  The TM01 surface currents on the annular ring are shown in Figure 2-44.  This 
current distribution shows currents with opposite phase in opposing halves of the annulus 
resulting in a null at broadside as seen in the patterns of Figure 2-45.  The three-dimensional 
pattern of this mode (Figure 2-46) shows azimuthal symmetry in the radiated fields.  The TM11 
mode radiates with a maximum value at broadside, similar to that of a traditional microstrip 
patch antenna.  The current, principle plane patterns, and three-dimensional pattern of this 
antenna are shown in Figures 2-47, 2-48, and 2-49 respectively.  The TM21 currents result in a 
null at broadside for the radiation pattern in a similar manner to that of the TM01 mode.  
However, they have different azimuthal variation as seen in the three-dimensional pattern.  The 
pattern of this mode contains two full variations in the azimuthal direction.  All of the currents 
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and radiation patterns shown in Figures 2-44 through 2-52 were obtained from CST Microwave 
Studio simulations utilizing a 50Ω probe feed located on the x-axis. 

 

Figure 2-44: TM01 Surface Current for Shorted Annular Ring Antenna 

 

 

Figure 2-45: TM01 Principle Plane Patterns for Shorted Annular Ring Antenna 

 



57 
 

 

Figure 2-46: TM01 3D Pattern for Shorted Annular Ring Antenna 

 

 

Figure 2-47: TM11 Surface Current for Shorted Annular Ring Antenna 
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Figure 2-48: TM11 Principle Plane Patterns for Shorted Annular Ring Antenna 

 

 

Figure 2-49: TM11 3D Pattern for Shorted Annular Ring Antenna 
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Figure 2-50: TM21 Surface Current for Shorted Annular Ring Antenna 

 

 

Figure 2-51: TM21 Principle Plane Patterns for Shorted Annular Ring Antenna 
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Figure 2-52: TM21 3D Pattern for Shorted Annular Ring Antenna 

 

A shorted annular ring operating in the TM11 mode was built and tested in the compact range of 
the Naval Research Laboratory.  Prior to building this element, simulations were performed 
using a finite ground plane to serve as a comparison to the built element.  The analytical work 
and simulations with the infinite ground plane showed a resonant frequency of 2.95GHz.  The 
finite ground plane slightly increased the resonant frequency of the antenna to 3GHz.  Finite 
ground planes have been seen to increase resonant frequency in other antennas [65].  The 
constructed element used a CuFlon substrate, a copper-clad Teflon material with a dielectric 
constant of 2.1. 

The dimensions of the antenna are shown in Table 2-7, and a photograph of the antenna is shown 
in Figure 2-53.  The measured performance had excellent agreement with the CST Microwave 
Studio Simulations.  The return loss plot of Figure 2-54 shows a difference in resonant frequency 
for the TM11 mode of less than 1.5%.  Also, the measured E- and H-plane gain patterns have 
excellent agreement in both shape and magnitude with the simulations as seen in Figures 2-55 
and 2-56. 

Table 2-7: for Shorted Annular Ring Antenna 

Parameter Value 
Outer Radius (a) 0.87” 
Inner Radius (b) 0.25” 

Feed Location 0.4” 
Ground Plane Outer 

Radius 
1.25” 

Substrate Height 0.062” 
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Figure 2-53: Photograph of Constructed Shorted Annular Ring Antenna 

 

 

Figure 2-54: Measured and Simulated Return Loss of Shorted Annular Ring 
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Figure 2-55: Measured and Simulated E-Plane Gain Pattern for Shorted Annular Ring 

 

 

Figure 2-56:  Measured and Simulated H-Plane Pattern for Shorted Annular Ring 

 

2.2.2 Modal Analysis for Shorted Square Ring Antenna 
The shorted square ring antenna is similar to the shorted annular ring described in the previous 
section.  This antenna has a square radiator of side length 2a shorted by a square aperture of side 
length 2b.  This structure is illustrated in Figure 2-2.  This structure has a complex set of 
boundary conditions that does not lead to a convenient analytical expression for the resonant 
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frequencies like the shorted annular ring did.  As a result, the resonant frequencies can be 
calculated either numerically or via simulations.  A comparison of the boundary conditions 
between the circular and square shorted ring antennas is provided in Table 2-8. 

 

Table 2-8: Boundary Conditions for Shorted Square Ring 

 Circular Shorted 
Ring 

Square Shorted Ring 

PEC Location   
 

PMC Location   
 

 

As an example, we can begin with the dimensions shown in Table 2-9.  The inner side length in 
this example has been left as a parameter.  As the ratio of ‘b’ to ‘a’ increases, the modes in this 
structure grow closer together, just as they did in the shorted annular ring.  The resonant 
frequencies used for the plot in Figure 2-57 were obtained through simulations in CST 
Microwave Studio. 

 

Table 2-9: Dimensions for Shorted Square Ring Example 

Parameter Value 
a 0.655” 
b 0.25” 
h 0.06” 
εr 3.48 
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Figure 2-57: Resonant Frequencies in a Shorted Square Ring as a Function of b/a 

 
The CST Microwave Studio model used for simulating this element is shown in Figure 2-58.  
This structure was fed with an ideal probe feed, and the resulting return loss plot is shown in 
Figure 2-59.  The return loss shows that the TM01 mode resonates near 2.5GHz, the TM11 mode 
near 3GHz, and the TM21 mode just below 5 GHz.  The TM11 mode has a return loss below -
10dB over a 1.5% frequency bandwidth. 

 

Figure 2-58: CST Model of Square Shorted Ring 
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Figure 2-59: Simulated Return Loss of Square Shorted Ring Using Dimensions from Table 2-9 

 

The TM01 mode has a radiation pattern with a maximum directed in the endfire direction similar 
to that of a monopole.  The surface current, principle plane patterns, and three-dimensional 
radiation pattern are shown in Figures 2-60 through 2-62 respectively.  This mode could be 
attractive for vehicle-mounted antennas only concerned with coverage over a limited elevation 
angle measured from the horizon. 

 

Figure 2-60: Square Shorted Ring TM01 Surface Current 
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Figure 2-61: Square Shorted Ring TM01 Principle Plane Patterns 

 

 

Figure 2-62: Square Shorted Ring TM01 3D Pattern 

 

The TM11 mode of the Square Shorted Ring antenna radiates with a broadside pattern similar to 
that of a traditional microstrip patch antenna.  The surface currents, principle plane pattern, and 
3D patterns of this device are shown in Figures 2-63 through 2-65.  In this simulation, this was 
the mode that was focused on.  As a result, the best match was obtained for this mode. 
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Figure 2-63: Square Shorted Ring TM11 Surface Current 

 

 

Figure 2-64: Square Shorted Ring TM11 Principle Plane Patterns 
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Figure 2-65: Square Shorted Ring TM11 3D Pattern 

 

The third resonant mode, TM21, has a surface current with a higher degree of variation as shown 
in Figure 2-66.  This current distribution results in principle plane patterns with a null at 
broadside as shown in Figure 2-67.  Additionally, the azimuth pattern has nulls in the planes at 
45 degrees and 135 degrees and two full variations as shown in Figure 2-68. 

 

 

Figure 2-66: Square Shorted Ring TM21 Surface Current 
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Figure 2-67: Square Shorted Ring TM21 Principle Plane Patterns 

 

 

Figure 2-68: Square Shorted Ring TM21 3D Pattern 

2.2.3 Single-Feed CP Operation of Shorted Square Ring Antennas 
The shorted square ring radiates with linear polarization when fed with a single probe.  The 
polarization is parallel to a line passing from the probe through the center of the antenna.  
Circular polarization can be obtained through the addition of a second probe fed in phase 
quadrature.  This technique introduces the need for a hybrid and a second probe feed making it 
non-ideal.  Alternatively, circular polarization can be obtained with a single probe feed.  This is 
done by truncating two opposing corners of the ring antenna as shown in Figure 2-69 [55-57]. 
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Figure 2-69: Single Feed Circularly Polarized Shorted Square Ring 

The truncated corners allow two orthogonal, diagonal modes to exist at slightly different 
frequencies.  The mode in the diagonal containing the chopped corners resonates at a slightly 
higher frequency than the orthogonal mode due to the shorter length of the diagonal.  The feed 
point of the antenna is chosen to provide the proper phase shift between the two modes which 
creates the circular polarization.  The feed location can be parallel to either the x- or y- axis to 
provide RHCP or LHCP. 

The area of the truncated corner can be calculated from the quality factor of the unloaded 
antenna [57].  From previous simulations described in 2.2.2, the unloaded antenna was seen to 
have a frequency bandwidth of 1.5%.  This value corresponds to a quality factor of 69.8.  Using 
the equation provided in [57], we can calculate the area of the truncated corner and length (Δ) of 
the side for the equilateral truncations as shown in (2-29), where ΔAREA is the ratio of the 
truncation area to the area of the unloaded ring.  The area of the truncation results in an 
equilateral triangle with the length of 0.119”.  The resonant frequency of the mode in the plane 
containing the truncations can be calculated from (2-30). 

          (2-29) 

        (2-30) 

Figure 2-70 provides a plot showing the simulated results for the return loss and axial ratio of the 
Square Shorted Ring with single feed circular polarization of Figure 2-71.  The return loss shows 
the generation of the second, near degenerate mode, near the calculated value of 3.02 GHz.  The 
curves show an extremely narrow 3dB Axial Ratio bandwidth of 0.75% and a -10dB return loss 
bandwidth of 2.91%.  The dimensions of this antenna are provided in Table 2-10.  The value for 
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Δ obtained through simulations was 0.110”, and it corresponds very well to the calculated value 
of 0.119”.  This configuration resulted in RHCP.  The feed could be rotated to the orthogonal 
plane to obtain LHCP. 

 

 

Figure 2-70: Simulated Return Loss and Axial Ratio for Shorted Square Ring with Single Feed CP 

 

 

Figure 2-71: Simulation Model for Shorted Square Ring with Single Feed CP 
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Table 2-10: Dimensions for Shorted Square Ring with Single Feed CP 

Parameter Value 
A 0.6575” 
B 0.25” 
Δ 0.11” 
Feed Location 0.42” 
h 0.06” 
εr  3.48 

 

2.2.4 Dual-Substrate Capacitive Loading for Size Reduction in Shorted Annular Ring Antennas 
Many RF applications place a size and weight restriction on the antenna.  For instance, a payload 
that is to be deployed on a satellite has a restricted overall mass and volume [14].  Thus, a lighter 
antenna leaves more weight available for pertinent electronics on the payload.  Another example 
stems from the ever-advancing technology in the field of cellular communications.  With the 
increased popularity of compact cellular handsets and portable satellite communication devices, 
the ability to reduce the antennas size has become a necessity.  Additional restraints on the 
antenna size have resulted from the need for antenna diversity, which requires the placement of 
multiple antennas within a single handset.  These are two examples of fields where a compact 
size antenna is ideal. 

The shorted annular ring antenna, shown in Figure 2-1, is often used because its two critical radii 
can be manipulated to satisfy the dominant mode resonance condition of a standard circular 
patch and also keep from exciting a surface wave mode in the substrate [63].  These two 
conditions are met as long as the inner radius and outer radius are chosen to satisfy a 
transcendental equation. 

This section discusses an edge loading technique that introduces capacitive loading into a shorted 
annular ring antenna resulting in a significant reduction of element’s footprint.  If the inner 
radius is selected to obtain a given outer radius, a smaller outer radius can be obtained once the 
edge loading technique is added to the design.  A traditional shorted annular ring antenna was 
designed and modeled using the full-wave analysis method of Finite Integration Technique 
(FIT), implemented in CST Microwave Studio [42].  Shorted annular ring antennas with and 
without the proposed capacitive loading technique were simulated, built, and tested to show the 
size reduction using this technique. 

This element can also be used for applications requiring circular polarization.  Maintaining axial 
symmetry is an important factor in improving polarization characteristics [66].  Subsequently, 
the circular symmetry of this element makes it ideal for applications requiring circular (or dual-
linear) polarization.  A sequential phase quadrature feeding of the element has been seen to 
produce circular polarizations with low axial ratio. 
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The transcendental equation governing the modes in the shorted annular ring antenna can be 
solved by viewing the region beneath the radiating annulus as a cavity that is shorted at the inner 
radius.  The resulting characteristic equation governing the TMn1 modes in the structure is shown 
in (2-31).  A thorough presentation of this derivation accounting for the fringing fields is 
presented in [5, 67, 68] as well as section 2.2.1.  In this equation, Jn and Yn are Bessel functions 
of the first and second kind respectively; a and b are the outer and inner radius of the shorted 
ring antenna respectively.   The derivatives can be removed from (2-31) by applying Bessel 
function identities.  The resulting expression shown in (2-32) is simpler to use since no 
derivatives need to be calculated. 

        (2-31) 

  

(2-32) 

The proper mode must be selected in this design to achieve a radiation pattern with the desired 
characteristics and shape.  The dominant mode, TM01, radiates with a pattern similar to that of a 
monopole.  The TM11 mode radiates with a maximum value at broadside, similar to that of a 
traditional microstrip patch antenna.  Once the desired mode has been determined, the inner and 
outer radius can be found from solving (2-32). 

A limited size reduction can be obtained by reducing the inner radius in (2) and solving for the 
outer radius.  In some instances, a higher frequency antenna is placed within the inner radius of 
the shorted annular ring antenna to provide dual-band operation [5, 68], thus limiting the 
minimum value for the inner radius.  Additional size reduction can also be achieved by 
increasing the dielectric constant of the substrate (εr).  However, high dielectric constant 
materials have several drawbacks including high cost [69]. 

In recent years, different capacitive loading schemes have been used to manipulate the resonant 
frequency of an antenna, and thus reduce its size.  Ciais et al showed that the size of a planar 
inverted-F antenna (PIFA) can be decreased by adding a capacitive loading post at the edge of 
the device [70].  The size of the device decreases as the capacitance of the loading structure 
increases.  A similar technique is used in [71] to reduce the size of a cellular handset antenna.  
However, this size reduction is not obtained without a drawback.  It has been shown that the 
quality factor of the structure increases with load capacitance [72].  The techniques described in 
[70-72] make use of a capacitive conductor in a plane perpendicular to the radiating conductor to 
achieve size reduction.  The gap between the capacitive conductor and the ground plane 
determines the capacitance of the load structure.  One feature of these methods is that a single 
substrate is present beneath the radiator and the capacitive loading structure.  A higher dielectric 
constant material would lead to an increased capacitance, resulting in greater size reduction.  
However, this would also result in a high dielectric constant beneath the entire radiating 
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structure.  The use of high dielectric constant beneath the radiating structure of a patch antenna 
has been shown to produce narrow bandwidth, low efficiency, and a poor radiation pattern [69, 
73]. 

A capacitive loading technique that reduces the size of a shorted annular ring antenna is 
illustrated in Figure 2-72 in section view.  This structure has several key features that control the 
capacitive loading.  In this antenna, there are two separate substrates.  The larger substrate is 
called the radiator substrate, and this material is made of a RF substrate with a low dielectric 
constant and low loss tangent.  The smaller substrate, contained beneath the capacitive patch, 
can be a high dielectric constant material and is referred to as the capacitive substrate.  The 
capacitive patch is connected to the radiating SAR antenna through a capacitive loading ring 
which is a cylindrical structure located at the outer radius and perpendicular to the radiating and 
capacitive patches.  In printed circuit designs, it is often easier to realize the capacitive loading 
ring with a series of plated through holes present at the outer radius of the structure.  The three-
dimensional section provided in Figure 2-73 illustrates the use of these capacitive vias.  The 
structure makes use of a capacitive loading structure in a plane perpendicular to the radiator 
similar to the techniques described in [70, 71].  However, in this design, the capacitive load 
structure is circularly symmetric to maintain the symmetry of the shorted annular ring antenna.  
This allows for an orthogonal feed to be inserted where it sees the exact same boundary 
conditions as neighboring feeds, thus permitting the addition of multiple feeds for circular, or 
dual-linear, polarization. 

 

 

Figure 2-72: 2D Cross-Section of a shorted annular ring antenna with dual-substrate capacitive loading 
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Figure 2-73: Cross-section of an edge-loaded shorted annular ring antenna with a capacitive patch for increased loading 
effect 

The distance between the bottom of the loading ring and the  
ground plane is a key parameter in controlling the capacitance of the load.  The inner radius of 
the capacitive patch and the dielectric constant of the capacitor substrate are the other two 
parameters that also impact the loading.  In a parallel plate capacitor, the capacitance is 
determined by three variables: 1) S is the surface area of the plate, (2) d is the separation between 
the plate, and (3) ε is the dielectric constant of the substrate.  The capacitance of this loading 
technique behaves in a similar manner; it can be increased by increasing the dielectric constant 
beneath the patch, decreasing the inner radius of the capacitive patch (i.e. increasing the surface 
area of the capacitive patch), and/or decreasing the distance between the ground plane and the 
capacitive patch.  This provides the antenna engineer several design variables to use to control 
the size and performance of the antenna. 

Two assembly processes were considered for this element.  In the first approach, a single 
dielectric substrate of full element height would be used as the radiator substrate.  The radiating 
patch would be printed on the top of this material, the ground plane is present on the bottom, and 
the center of the patch is shorted to the ground plane.  A groove would then be machined into 
this substrate with a height and width equal to those of the capacitive substrate.  The capacitive 
patch would be printed on the top side of the high dielectric constant substrate, and it would be 
inserted into the groove in the radiator substrate.  Finally, a conducting ring would be added at 
the outer radius of the device to provide electrical continuity between the radiator and the 
capacitive patch. 
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A second assembly process was then considered that did not involve the machining of the thin 
groove for the capacitive substrate.  In this process, the element was divided vertically in a plane 
containing the capacitive patch.  The upper substrate now has a height equal to the overall 
element height minus the height of the capacitor substrate.  The radiator is printed on the top of 
this low dielectric constant substrate, and the capacitive patch is printed on the bottom.  
Capacitive vias are present at the outer radius of the ring as shown in Figure 2-72.  The bottom 
dielectric layer consists of concentric rings; the inner ring is constructed of the low dielectric 
constant material, and the outer ring is a thin ring of the high dielectric constant material.  The 
dielectric layers are held in place with a very thin layer (≈0.008cm) of a silicon -based adhesive.  
The precise dielectric properties of the adhesive are not known, but typical values (εr≈4.0, 
tanδ≈0.005) are used to approximate the performance [74].  A ground plane is placed beneath the 
dielectric layers, and the inner radius of the radiator is shorted to the ground plane.  Finally, a 
feed probe is inserted through the dielectric layers to feed the antenna element.  The ground of 
the coaxial probe is shorted to the ground plane of the antenna, and the center conductor is 
shorted to the radiating annular ring. 

The two low dielectric constant pieces were constructed on Rogers RT/duroid 5880 high 
frequency laminate (εr=2.2, tanδ=0.0009@10Ghz).  The high dielectric piece was used as the 
capacitive substrate, and this piece was constructed out of Rogers TMM10 (εr=9.2, 
tanδ=0.0022@10Ghz), a ceramic loaded plastic microwave substrate.  The key dimensions of the 
design are shown in Table 2-11.  This table shows that the outer radius for the radiating element 
is 1.064 cm (0.419”).  This radius is just over 48% of the 2.21cm (0.87”) outer radius calculated 
from (2) for the radiator in a shorted annular ring antennas with the same inner radius and 
operational frequency.  Therefore, it can be seen that the capacitive loading technique results in a 
reduction of almost 52% in the outer radius of the radiating element.  This reduction in radius 
corresponds to a radiator that would occupy just over 23% of the surface area compared to the 
area that would be occupied by the unloaded element.  This significant size reduction would 
allow for the inclusion of an antenna that can operate with linear or circular polarization while 
saving valuable real estate in an RF device. 

The capacitively loaded shorted annular ring element was simulated, fabricated, and tested.  On 
performing the simulation, the adhesive used in the assembly process was included in the model.  
The adhesive layer decreases the capacitance of the loading structure by increasing the distance 
between the capacitive patch and the ground plane and decreasing the effective dielectric 
constant of the capacitive substrate.  The decreased capacitance causes an increase in the 
resonant frequency by limiting the overall effect of the loading structure.  The simulation model 
showed that the TM11 mode resonates at 3.4 GHz.  As shown in Figure 2-74, this compares 
favorably to the measured return loss, and excellent agreement between the measurements and 
simulation is illustrated.  The agreement indicates the importance of incorporating the dielectric 
properties and thickness of any adhesive layers into the modeling.  Figure 2-74 shows a narrow 
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impedance bandwidth of 0.8%; this bandwidth is narrower than the 1.5% bandwidth of the 
unloaded shorted annular ring antenna. 

 

Figure 2-74: Measured Return Loss for Capacitively Loaded Shorted Annular Ring Antenna Element 

The radiation patterns of the shorted annular ring antennas, with and without the capacitive 
loading, were measured in a compact range.  The simulated and measured normalized H-plane 
patterns for the antennas are compared in Figure 2-75.  In this figure, the patterns are normalized 
to 0dB to allow a clear comparison of the radiation pattern shape.  The measurements are in 
excellent agreement with the simulations for both the loaded and unloaded antenna element.  The 
capacitively loaded shorted annular ring antenna shows a broader beam width than the antenna 
without loading resulting from the smaller aperture size.  The capacitively loaded element has a 
gain of 5.1dBi, which is less than 8.05dBi gain of the unloaded element due to the smaller 
aperture. 
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Figure 2-75: H-Plane Pattern for Shorted Annular Ring Antennas 
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Table 2-11: Dimensions of capacitively loaded shorted 3.4GHz shorted annular ring antenna 

ANTENNA SUBSTRATE DIMENSIONS  

Parameter  Value  

rin  0.635cm (0.25”)  

rout  1.905cm (0.75”)  

h  0.183cm (0.072”)  

CAPACITOR SUBSTRATE DIMENSIONS  

Parameter  Value  

rout 1.064cm (0.419”)  

wcap  0.051cm (0.020”)  

hcap  0.038cm (0.015”)  

RADIATING ANNULAR RING DIMENSIONS  

Parameter  Value  

rin  0.635cm (0.25”)  

rout  1.064cm (0.419”)  

 

A multi-substrate capacitive loading technique has been proposed and it provides the antenna 
engineer with a wide range of variables that can be used to reduce the size of a shorted annular 
ring antenna. A high dielectric constant material can be used beneath a capacitive loading patch, 
while the remaining substrate can be made from a low dielectric constant material.  The size 
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reduction is obtained at the expense of decreased impedance bandwidth.  An element was built 
and tested, and the results indicate a reduction in outer radius of greater than 50% when 
compared to a traditional shorted annular ring of the same inner radius. 
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CHAPTER 3.  LOW PROFILE, DUAL-BAND, DUAL-
POLARIZED ANTENNA ELEMENT 

 

 

A dual-band element has been designed that provides dual-polarized performance in two distinct 
frequency bands while providing a low profile, printed circuit, lightweight design.  The building 
block for the low band element is the shorted square ring antenna, and the high band radiator is a 
square ring slot antenna.  These elements are inherently linearly polarized, and the sense of the 
polarization is dependent upon the feed location.  If orthogonal feed points are excited, the 
element can then be operated with dual-linear polarization.  Moreover, if opposing corners of 
these elements are perturbed, the elements can be operated with circular polarization.  With 
perturbations on opposing corners and orthogonal feed lines, dual-CP performance can be 
obtained.  The possible polarization combinations for this element are defined in Table 3-1. 

 

Table 3-1: Possible Polarization States for Dual-Band Dual-Polarization Antenna Element 

Low Band Polarization  High Band Polarization  

Dual-Circular Pol.  Dual-Circular Pol.  
Dual-Circular Pol.  Dual-Linear Pol.  
Dual-Linear Pol.  Dual Circular Pol.  
Dual-Linear Pol.  Dual-Linear Pol.  

 

The application of two concentric radiators along with the capacitive loading technique provides 
a unique contribution to the field of antenna engineering.  The majority of dual-band antenna 
elements in the literature operate with a single polarization in each band.  The ones that operate 
with dual-polarization in each band are typically limited to dual-linear polarization.  Circular 
polarization is preferable to linear in many applications because it allows flexible orientation 
between the transmitting antenna and receiving antenna in a communications system, while also 
mitigating multipath effects that lead to signal fading.  The ability to operate with two orthogonal 
senses of circular polarization allows a system to reuse frequencies and double system capacity 
without requiring additional bandwidth.  The uniqueness of this element lies in its ability to 
provide dual-circular polarization in two separate frequency bands for an individual element or 
an antenna array environment.  The arrangement of the two element geometries with the addition 
of the novel capacitive loading technique is also unique.  The performance of this element is 
achieved while maintaining the light weight, low profile design that is critical for many wireless 
communications applications.  The remainder of this section will discuss simulation results for 
two polarization combinations.  The focus will be placed on a dual-band element that provides 
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dual-CP operation in two frequency bands because the dual-band, dual-CP antenna element 
provides the more significant contribution to the antenna engineering community. 

 

3.1 Low Band: Dual-Circular Polarization; High Band: Dual-Circular 
Polarization 

The dual-band, dual-CP element is illustrated in Figure 3-1.  An isometric view of the element is 
shown in Figure 3-1(a).  The shorted square ring and square ring slot elements used for the low 
and high band operation respectively are labeled.  The top view shown in Figure 3-1(b) indicates 
the pertinent parameters for the design.  The shorted square ring has an outer side length of L0 
and an inner side length of L1.  The high band square ring slot has outer and inner side lengths of 
L1 and L2 respectively.  The element consists of a microwave substrate with a ground plane on 
the bottom side and conductor on the top.  The square ring slot acts as a slotted stripline circuit 
that forms the high band radiator.  The portion of the conductor outside of the slot is treated as 
the low band shorted square ring. The low band radiator is shorted to the ground plane with 
plated through holes located at the inner perimeter of the shorted square ring.  The top view of 
Figure 3-1(b) also shows the isosceles triangle shaped perturbations at opposing corners of both 
the high and low band radiator.  The triangular perturbations have side lengths of ΔLB and ΔHB 
for the low and high band respectively.  The use of these perturbations creates two, near-
degenerate modes that provides CP polarization with a single feed point.  The location of the 
feed point with respect to the truncated corners determines the sense of CP.  Therefore, by 
having two orthogonal feed points for each band, this dual-band element is capable of generating 
simultaneous dual-CP operation for each frequency range. 
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Figure 3-1: Illustration of Dual-Band Dual-CP Antenna Element 

The high band square ring slot element is fed with orthogonal feed lines as shown in Figure 3-2.  
These stripline transmission line feeds pass underneath of the square ring slot, and they are 
terminated in open circuited stubs.  In many instances, the ideal stub length for achieving the best 
axial ratio and impedance match requires the feed to extend beyond the center of the element.  If 
the orthogonal feed lines were present in the same vertical plane, they would physically intersect 
as they passed this center point. In order to eliminate this problem, a thin substrate (referred to as 
the feed substrate) is placed at the center of the dielectric profile.  The two feed lines are printed 
on opposing sides of the feed substrate.  The feed substrate is then sandwiched between two 
other substrate layers and conductors are present on the top and bottom of the sandwiched 
dielectric profile. 

(b) Top view of dual-band dual-
CP element

L0

L1 L2

(a) Isometric view of dual-band 
dual-CP element

Low Band Shorted Square 
Ring

High Band Square Ring 
Slot
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Figure 3-2: Top view of the location of the orthogonal feed lines for the high band radiator 

The stripline feeds for exciting the high band element must pass through the plated through holes 
that provide the shorting mechanism for the low band element.  An illustration of the orthogonal 
feed lines passing through the plated through holes (vias) is shown in Figure 3-3.  These plated 
through holes serve multiple purposes.  As previously mentioned, they are used as the shorting 
mechanism for the low band element.  Additionally, they act as mode suppressors for the parallel 
plate mode that can be generated from the slotted stripline element used for the high band 
radiator.  Slotted stripline designs can be subject to power loss, low efficiency, and degraded 
pattern shape as a result of the parallel plate mode [52].  Work by Bhattacharyya, Fordham, and 
Liu [53] has shown that vias can be used to suppress the parallel plate mode in slot-coupled 
patch antennas fed by stripline feed networks.  Their design contains vias surrounding the slot.  
They show that the presence of the vias improves the gain by increasing the available power for 
radiation.  In this element design, the shorting vias for the low band element will also assist the 
efficiency of the high band element by working to eliminate the propagation of the parallel plate 
mode. 

 

Orthogonal 
Feed Lines
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Figure 3-3: Location of the orthogonal high band feeds with respect to the shorting plated through holes for the low band 
element 

Simulations indicated that the presence of high band feed lines beneath the low band radiator had 
a negative effect on the polarization purity for the low band element.  In order to avoid this, the 
stripline feeds for the high band are transitioned to a microstrip layer present beneath the antenna 
ground plane.  Figure 3-4 shows this transition in section view.  The transition occurs just outside 
of the square ring slot, and it uses a plated through hole that provides electrical continuity 
between the stripline and a microstrip transmission.  The plated through hole passes through a 
hole in the ground plane, and the two transmission lines have matched impedance.  A detailed 
view of this transition is provided in Figure 3-5.  The presence of the microstrip layer beneath the 
antenna ground plane also provides a convenient location for integrating active components into 
the antenna design if necessary as well as providing a convenient location for the installation of 
connectors. 

 

 

Figure 3-4: Section view of Stripline-to-microstrip transitions 

Orthogonal 
Feed Lines
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Figure 3-5: Detailed view of Stripline-to-microstrip transitions 

The low band element is fed by orthogonal feed probes as shown in Figure 3-6.  These feed 
probes can be realized as coaxial probe feeds or plated through holes from transmission lines 
present on the microstrip layer that contains the feeding microstrip lines for the high band 
element. 

 

Figure 3-6: Location of low band feed points 

 

3.1.1 Simulated Results 
An element using this technique was designed with the goal to cover the 2.45 GHz and 5.8 GHz 
ISM bands with dual-CP operation in each band.  The element used a feed substrate of thickness 
0.004” with a dielectric constant of 2.33 (Rogers RT5880 material).  The feed substrate was 
sandwiched between 0.060” thick dielectric layers with the same properties as the feed substrate.  
The microstrip layer beneath the antenna ground plane was a 0.030” thick layer of the same 
dielectric material used on for the remaining layers. 

Orthogonal 
Feed Lines

Plated Through 
Hole

Hole in Ground 
Plane
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A design process was established to show how the simulated element discussed in this chapter 
could be transitioned to a printed circuit design.  The assembly of the element involves a 
complex process due to the multilayered design of the antenna element.  Each of the layers must 
be etched, and selected layers must be bonded together with precise alignment.  The layers can 
be bonded together with a dielectric-matched epoxy having an overall thickness of 
approximately 0.001”.  In addition, plated through holes are present beneath several layers.  The 
plated through holes require a specific order to be followed when assembling the layers.  The 
layout of the layers are defined in *.GBR files.  The assembly process is outlined in Appendix A 
to define the order of operations required for properly assembling this antenna. 

The simulations for this element were carried out using CST Microwave Studio [42], a 
computational electromagnetic tool using the Finite Integration Technique (FIT).  The simulated 
impedance match was seen to provide excellent results in both polarizations for each band.  The 
simulated VSWR is shown in Figure 3-7.  The four ports all show a VSWR < 2.0:1 in the given 
frequency band. 

The dual-band dual-CP antenna element can be viewed as a four port microwave network.  The 
band and polarization for the four ports are defined in Table 3-2.  A more detailed look into the 
s-parameters of the four-port antenna is provided in Figure 3-8(a)-(d).  This figure plots sij for 
each of the four ports.  The results indicate that each port has a return loss greater than 10dB (i.e. 
|sii|<-10 dB) in its operational band; this corresponds to a VSWR <2.0:1 as shown in Figure 3-7.  
The plots also show that there is isolation greater than 25dB between the high and low band 
ports.  The two high band port-to-port isolation parameters (|s21|,| s12|) have a maximum value 
greater than 40dB at the center of the band.  The port-to-port isolation between the low band 
ports (|s43|,| s34|) is lower than that of the high band ports.  This finding is similar to that in the 
literature for dual-polarized microstrip patch antennas.  When a square patch radiator operates 
with dual-linear polarizations, an isolation exceeding 20dB is typically feasible.  However, when 
the corners of the patch are perturbed to achieve dual-CP operation, the orthogonal modes couple 
strongly to each other [75].  It has also been shown that this port-to-port isolation can be 
increased at the expense of impedance match and axial ratio [29, 75].  In this design, the isolation 
between the two low band ports is between 7 and 10dB across the frequency band.  The coupling 
between the low band ports and high band ports (s42, s32, s41, s31, s24, s14, s13, s23) all have 
magnitudes below -25dB indicating that there is high isolation between the two frequency bands. 

 

Table 3-2: Port Definition Used in Simulations of Dual-Band Dual-CP Antenna Element 

Port Frequency Band Polarization 
1 5.8 GHz ISM Band RHCP 
2 5.8 GHz ISM Band LHCP 
3 2.45 GHz ISM Band LHCP 
4 2.45 GHz ISM Band RHCP 
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Figure 3-7: Simulated VSWR for Dual-Band Dual-CP Element 

 

 

Figure 3-8: Simulated s-parameters for Dual-Band Dual-CP Antenna Element 
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In addition to showing good impedance match and isolation performance, this element also 
shows excellent circular polarization purity (axial ratio) for all polarization states.  The axial 
ratio for the low and high band ports is plotted in Figure 3-9.  The low band has a minimum axial 
ratio of 0.33dB occurring at 2.44 GHz, and the axial ratio is below 3dB over the majority of the 
2.45 GHz ISM band.  The high band element has a much broader CP bandwidth, which is typical 
of slot elements compared to microstrip radiators.  The high band element has a minimum axial 
ratio of 0.32dB for RHCP and 0.89dB for LHCP.  In both cases, the minimum axial ratio occurs 
at 5.9 GHz.  The high band element has an axial ratio better than 3dB from 5.6 – 6.1 GHz, a 
bandwidth of 8.5%.  For both frequency bands, the axial ratio and impedance match are better 
than typical figures of merit (i.e. VSWR < 2.0:1 and AR < 3.0dB) in the given band. 

 

Figure 3-9: Simulated Axial Ratio for Dual-Band Dual-CP Antenna Element 

The radiation patterns for each of the CP states are plotted in Figure 3-10 for the low band and 3-
11 for the high band.  These plots show the co- and cross-polarized plots for two orthogonal 
planes (φ=0°, 90°).  These patterns show broadside co-polarized patterns in all cases with low 
cross-pol levels indicating excellent cross-polarization discrimination (XPD) in both frequency 
bands.  The high XPD levels are reflective of the excellent axial ratio performance in this 
element as shown in Figure 1-3. 
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Figure 3-10: Simulated Low Band Radiation Patterns for Dual-Band Dual-CP Antenna Element 

 

 

Figure 3-11: Simulated High Band Radiation Patterns for Dual-Band Dual-CP Antenna Element 

If the element will be used in an antenna array or in an application requiring a broad beamwidth, 
it is important that the axial ratio remains near unity over a wide range of angles.  The contour 
plots in figures 3-12 and 3-13 provide a look at the axial ratio vs. frequency vs. theta for the high 
and low band respectively.  In these plots, theta represents the angle measured from broadside.  
The high band plot shows that the axial ratio is less than 3dB over a theta region of ±60° within 
the 5.8GHz ISM frequency band.  At 5.85GHz, the axial ratio is below 1dB over for |θ|<30°.  
The axial ratio holds up well for frequencies outside of the 5.8GHz ISM band.  The contour plot 
of Figure 3-12 shows that the axial ratio is less than 3dB over |θ|<30° from 5.65 – 6.05 GHz, a 
fractional bandwidth of 6.8%.  The low band plot shown in Figure 3-13 indicates excellent axial 
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ratio over the 2.45GHz ISM frequency band.  The axial ratio stays below 1dB for |θ|<40° 
between the frequencies of 2.43 and 2.45GHz.  Over the remainder of the 2.45GHz ISM band, 
the axial ratio is less than 3dB for |θ|<60°. 

 

Figure 3-12: Axial Ratio vs. Frequency vs. Theta for High Band RHCP Port 
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Figure 3-13: Axial Ratio vs. Frequency vs. Theta for Low Band LHCP Port 

3.1.2 Measured Results 
The element simulated in section 3.1.1 was built and tested to verify the operation of the concept 
and the proposed manufacturing process.  The assembly of the element involves a complex 
process due to the multilayered layout of the antenna element.  Each of the layers must be 
etched, and selected layers must be bonded together with precise alignment.  The layers are 
bonded together with a dielectric-matched epoxy having an overall thickness of approximately 
0.001”.  In addition, plated through holes are present beneath several layers.  The plated through 
holes require a specific order to be followed when assembling the layers.  The layout of the 
layers are defined in *.GBR files.  These files were delivered to Capital ElectroCircuits, a printed 
circuit board shop in Gaithersburg, MD.  The files were accompanied by the assembly process 
outlined in Appendix A to define the order of operations required for properly assembling this 
antenna. 

A photograph of the assembled element is provided in Figure 3-14 showing the top view (left) 
and bottom view of the multilayer board.  The top view shows the two radiators.  The shorted 
square ring element for the low band operation is the outermost conductor visible in this picture, 
and the square ring slot for the high frequency radiation is also visible.  The plated through holes 
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used as shorting vias are visible at the center of the multilayer board.  The bottom view shown in 
Figure 3-14 reveals the locations of the feed points.  This view shows the substrate layer of the 
feeding microstrip layer that is present beneath the antenna ground plane layer.  Two microstrip 
feedlines are visible for exciting the RHCP and LHCP polarizations in the 5.8 GHz ISM band.  
Close inspection of these layers indicates that the high band microstrip feeds have an impedance 
transformer present to convert the optimized 80Ω impedance of the dual-polarized slot antenna 
to the 50Ω impedance of the top mount coaxial connector that is used.  Four conducting pads are 
present around each of the microstrip feed lines.  There are plated through holes providing 
electrical continuity between the antenna ground plane and these pads.  Top mount connectors 
are used for the high band excitation.  The ground tabs of these connectors are soldered to the 
ground pads, and the center conductor is soldered to the trace.  Two apertures are opened in this 
layer to expose the antenna ground plane.  This is needed for installation of the two coaxial probe 
feeds that are used for exciting the two low band polarization states.  A photograph of the bottom 
view of the antenna element with the connectors installed is provided in Figure 3-15. 

 

Figure 3-14: Photograph of constructed dual-band, dual-CP antenna element 
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Figure 3-15: Bottom view of the constructed dual-band, dual-CP antenna element showing connector installation 

The measured s-parameters are compared to the simulated s-parameters in Figures 3-16 through 
3-19.  Each of these figures shows the magnitude of the sij for a fixed ‘j’ value.  These 
measurements were performed using an Agilent 8722ES Network Analyzer.  A full two-port 
calibration was completed before beginning the measurements to fully characterize the system 
and cables that were used in the measurements.  Additionally, all measurements were performed 
in an anechoic chamber to minimize the effects of room reflections that can alter the accuracy of 
the measurements. 

The measured s-parameters for the high band polarization states are compared to the CST 
Microwave Studio simulations in Figures 3-16 (RHCP) and 3-17 (LHCP).  The results show 
good agreement between the measurements and simulations.  For the RHCP state, all four s-
parameters match very well with the simulated results.  The return loss (s11) shows a value 
exceeding 10dB across the band of operation.  The biggest discrepancy between measurements 
and simulations for the high band RHCP is seen in the s21 parameter.  This parameter defines the 
coupling between the high band LHCP and RHCP ports.  The simulations showed a null with 
minimum value of -42dB located at 5.75 GHz, while the measurements showed a slightly 
narrower null (minimum value of -29dB located at 5.675 GHz.  Comparison of the frequency 
location of the s21 null indicates a 1.3% discrepancy between measurements and simulations.  
The coupling between the high band RHCP port and the two low band ports (s31, s41) show good 
agreement. 

The measured results for the high band LHCP port show good agreement with the simulations, 
but not quite as good as the high band RHCP.  The return loss for the high band LHCP operation 
(Figure 3-16(b)) shows very good agreement over the 5.8 GHz ISM band, but there are 
discrepancies above this frequency band (around 6.15 GHz).  The high band ports were excited 
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with a top mount connector.  It can be difficult to maintain good contact using top mount 
connectors.  Additionally, it is difficult to place the connector in exactly the designed location 
without precision soldering equipment.  It is hypothesized that subtle differences in connector 
location and connection are responsible for the slight differences in performance between the 
two high band polarizations.  However, it should be reiterated that these discrepancies are small 
and occur outside of the operational band of the antenna.  Inside of the 5.8 GHz ISM band, the 
measured s-parameter results show excellent agreement with the simulations. 

 

Figure 3-16: Measured s-parameters for High Band RHCP Port (j=1) 
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Figure 3-17: Measured s-parameters for High Band LHCP Port (j=2) 

The only discrepancies between the measured and simulated s-parameters for the low band ports 
are seen in the two return loss curves (s33 and s44).  These differences are partially attributed to 
the loss present in the coaxial connector.  The simulation models utilized a discrete port to excite 
the low band polarizations.  A discrete port is a simplified, ideal version of a coaxial probe that 
negates the circuit parameters and physical size of the connector.  Closer inspection of the 
antenna element revealed a problem in manufacturing that also could lead to degraded 
performance.  A close-up view of one edge of the low band radiator is provided in Figure 3-20.  
Inspection of this figure reveals two, small conducting pads present at the outer perimeter of the 
element.  These conducting pads are the top side of two of the vias that provide electric 
continuity between the antenna ground plane and the ground pads on the bottom side of the 
board.  These vias were not intended to go through all of the layers of the board.  These holes can 
be seen along one other edge of the low band radiator as well.  In drilling these holes too deep, 
the low band radiator has effectively been shorted at two of the four edges.  Subsequently, the 
low band performance of the element has been compromised. 
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Figure 3-18: Measured s-parameters for Low Band LHCP Port (j=3) 

 

Figure 3-19: Measured s-parameters for Low Band LHCP Port (j=4) 
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Figure 3-20: Close-up view of one edge of the low band radiator showing the presence of two shorting vias that degrade 
the low band performance 

The axial ratio performance for the four ports was measured in a compact range.  All four 
measurements were taken in a compact range.  The feed horn to the range was horizontally 
polarized.  The antenna was mounted in the range, and the antenna was rotated about its axis.  
The antenna was rotated instead of the feed horn to the range due to subtle differences in the 
characteristics of the large reflector that exist as a function of polarization.  The measured axial 
ratio is compared to simulations in Figure 3-21.  The results show a good agreement between 
measurements and simulations considering the error in production indicated in Figure 3-20.  By 
shorting two of the four outer edges of the element, it is not surprising that the polarization 
performance of the element is degraded.  Moreover, since the shorting has a larger impact on the 
low band radiator than the high band radiator, it is expected that the impact would be more 
severe on the low band performance.  The measured polarization patterns are shown in Figures 
3-22 and 3-23 for the high and low band respectively.  The polarization patterns show an 
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elliptical polarization with a larger axial ratio than desired, which is reflected in the previously 
discussed axial ratio performance. 

 

 

Figure 3-21: Measured high band polarization pattern (5.75 GHz) 

5.5 6 6.5
0

1

2

3

4

5
High Band RHCP Axial Ratio

 Frequency (GHz)

 A
xi

al
 R

at
io

 (d
B)

 

 

Measured
Simulated

5.5 6 6.5
0

1

2

3

4

5
High Band LHCP Axial Ratio

 Frequency (GHz)

 A
xi

al
 R

at
io

 (d
B)

 

 

Measured
Simulated

2.3 2.4 2.5 2.6 2.7
0

1

2

3

4

5
Low Band LHCP Axial Ratio

 Frequency (GHz)

 A
xi

al
 R

at
io

 (d
B)

 

 

Measured
Simulated

2.3 2.4 2.5 2.6 2.7
0

1

2

3

4

5
Low Band RHCP Axial Ratio

 Frequency (GHz)

 A
xi

al
 R

at
io

 (d
B)

 

 

Measured
Simulated

  0.2

  0.4

  0.6

  0.8

  1

30

210

60

240

90

270

120

300

150

330

180 0

 Measured High Band Polarization Pattern (5.75 GHz)

 

 

RHCP
LHCP



100 
 

 

Figure 3-22: Measured low band radiation pattern (2.4 GHz) 

The measured results for the dual-band, dual-CP antenna element show good agreement with the 
simulated results.  The s-parameters for all four ports of the antenna are in excellent agreement 
with the simulations.  The most notable differences are in the return loss of the low band 
elements.  These differences are attributed to two misplaced plated through holes that effectively 
shorted the two outer edges of this element, and this degrade the performance.  This performance 
degradation is seen in both the return loss and axial ratio performance of the low band 
polarization states.  It is also hypothesized that these vias had an impact on the polarization 
performance of the high band polarization states, but the impact was not as pronounced as in the 
low band. 

The assembly process of this element involves a complex series of steps involving etching of 
copper layers, alignment and bonding of layers, and drilling and plating a series of holes.  The 
tolerances of the alignment and bonding process is essential to the overall performance of the 
element, and careful attention must be placed on the locations and depths of the plated through 
holes. 

3.2 Low Band: Dual-Linear Polarization; High Band: Dual-Circular Polarization 
The previously described element provides each band with dual-CP polarization.  However, this 
element is not restricted to circularly polarized applications.  As an example, an element was 
designed that operates with dual-linear polarization at the low band and dual-circular polarization 
at the high band.  An isometric top view of this element is shown in Figure 3-23.  The low band 
element does not include the perturbations at the corners, resulting in a perfectly square radiating 
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aperture.  The high frequency radiator still uses the perturbations to create dual-CP performance.  
The s-parameters for this element are plotted in Figure 3-24.  This element uses the 2.45 GHz 
ISM band for the low band and the 5.8 GHz ISM band for the high band.  The dual-linear low 
band and dual-circular high band radiators exhibit excellent port-to-port isolation.  The dual-
linear polarized low band element shows much better port-to-port isolation than the dual-CP 
element.  The isolation now ranges from 15-30 dB across the 2.45 GHz ISM band.  This finding 
is not surprising since it has been shown that dual-CP microstrip radiators inherently have 
degraded isolation compared to dual-LP microstrip radiators [75].  Additional polarization 
combinations can be designed following Table 3-1. 

 

 

Figure 3-23: Low Band: Dual-LP, High Band: Dual-CP 
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Figure 3-24: Simulated s-parameters for Dual-Band, Dual-Polarized Antenna Element (Low Band: Dual-linear, High 
Band: Dual-circular) 

A parametric study was performed on this element to highlight its flexibility.  The initial step in 
the design process for the dual-band element is to select the high band frequency range and 
polarization.  This design sets two of the main parameters for the element: L1, and L2.  Once the 
high band element has been designed, the inner side length for the low band shorted square ring 
is set.  However, this element still can operate over a wide range of frequency bands giving the 
dual-band element flexibility over the ratio between the two frequency bands. 

The dual-band, dual-polarized element in discussed in this section had a high frequency band 
centered at 5.85 GHz.  This element operated with dual-circular polarization.  This high 
frequency element used an outer side length (L1) of 0.735” and an inner side length (L2) of 
0.575”.  The final parameter for this element was the determination of L0, the outer side length 
for the shorted square ring antenna that serves as the low band radiator.  Figure 3-25 shows the 
results of a parametric study in which the outer side length was varied from 1.2” to 3.0”.  

The results show that the resonant frequency for the TM11 mode of the shorted square ring can be 
tuned between 4.66 GHz and 1.40 GHz by tuning L0 from 1.2” to 3.0”.  The resonant frequency 
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could be dropped lower if L0 was increased further.  Modifying L0 left the operation of the high 
frequency element unchanged with a center frequency of 5.85 GHz.  Therefore, the ratio of the 
high band frequency to the low band frequency varied from 4.18:1 to 1.26:1.  This gives the 
element the flexibility to operate in many applications requiring multiple frequency bands. 

The dual-frequency elements described in [18, 20, 76] operate at L- and C-band frequencies to 
provide coverage for synthetic aperture radar (SAR).  They operate with a relatively large 
frequency ratio of just over 4.0:1.  Conversely, the element designed by Shun-Yun Lin and 
Kuang-Chih Huang in [77] operates with a small frequency ratio of 1.2:1 to cover the frequency 
ranges needed for applications in the global position system (GPS) and digital communication 
systems (DCS).  The dual-band, dual-polarized element in discussed in this dissertation shows 
the ability to handle either of those frequency ratios, as well as any frequency ratio in between. 

 

Figure 3-25: Results of parametric study showing the resonant frequency of the low band shorted square ring as a 
function of the outer side length 

The dual-band element designed in this section showed the ability of to operate with dual-
polarization in two separate frequency bands.  The dual-polarization can be orthogonal senses of 
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linear while the high frequency band operated with dual-circular polarization.  The element 
layout has many variables that provide great flexibility for the ratio between the high and low 
frequency bands. 

3.3 Size reduction using dual-substrate capacitive loading 
The size of the low band radiating element is the limiting factor in the array lattice spacing for 
this dual-band, dual-polarized element.  In cases with large separation between the two bands, 
the low band element will force a large element spacing that will lead to poor scanning 
performance and the early introduction of grating lobes at the high frequency.  The dual-
substrate capacitive loading technique described in [7, 8] can be used to reduce the size of the 
low band element, and thus reduce the overall footprint of the dual-band element.  In [7, 8], the 
dual-substrate capacitive loading technique was applied to a linearly polarized antenna element.  
In order to maintain the dual-CP performance of this element, the capacitive loading technique 
will need to be modified. 

The top view of the element is provided in Figure 3-26.  The radiating elements are described in 
3-26(a).  The low band radiating element is a shorted square ring with outer side length L0 and 
inner side length L1.  The high band radiating element is a square ring slot with outer side length 
L1 and inner side length L2.  The radiating apertures use isosceles triangle perturbations at 
opposing corners to achieve single feed CP operation.  The equal sides of the isosceles triangles 
are of length ΔLB and ΔHB for the low and high band elements respectively.  Figure 3-26(b) shows 
the top view of the capacitive patch.  In order to allow the CP operation, the outer perimeter of 
the capacitive patch is modified to follow the outer perimeter of the low band shorted square ring 
radiator.  The capacitive patch width (wCAP) can be changed to control the capacitance of the 
loading structure.  The width and shape of the capacitive substrate are identical to that of the 
capacitive patch. 

The location of the vias is shown in Figure 3-26(c).  The shorting vias provide electrical 
continuity between the low band radiator and the ground plane.  These vias provide the shorting 
mechanism for the low band shorted square ring while also suppressing the parallel plate mode 
that can propagate in the slotted stripline structure of the high band radiator.  The capacitive vias 
are located at the outer perimeter of the low band radiator, and they provide electrical continuity 
between the low band radiating structure and the capacitive patch. 
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Figure 3-26: Top view of dual-band, dual-CP antenna element with dual-substrate capacitive loading for size reduction 

The dielectric profile of the dual-band, dual-CP element with capacitive loading is similar to that 
of the element without the loading structure present.  The dielectric material between the 
radiating apertures and the ground plane consists of three layers.  The thin feed substrate layer is 
sandwiched between two dielectric matched substrate layers.  These layers use a Rogers RT5880 
substrate material with a dielectric constant of 2.33.  The feed substrate has a thickness of h2, 
while the other two substrate layers have thicknesses of h1 and h3.  The presence of the capacitive 
substrate is unique to this element.  The high dielectric constant material is present only beneath 
the capacitive patch, and it is present to increase the capacitive effect of the loading structure.  
For this simulation, the capacitive substrate has a dielectric constant of 10.  This high dielectric 
constant can be realized through by using Rogers TMM10i, a ceramic-based microwave 
dielectric.  The capacitive substrate has a height of hCAP, where the height represents the distance 
between the ground plane and the capacitive patch. 

The high band feed lines are printed on opposing sides of the feed substrate.  Each of the high 
band slots are excited with a stripline feed terminated in an open-circuit stub.  This feed is 
transitioned to a microstrip layer just prior to the location of the slot.  This is done to minimize 
the impact of the high band feed on the low band radiator.  A plated through provides electrical 
continuity between the stripline feed and an impedance matched microstrip feed line on a 
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separate layer.  This plated through hole passes through an aperture in the ground plane.  An 
isometric view of this transition is provided in Figure 3-27.  The dielectric layers are suppressed 
in this figure to provide a clear view of the transition. 

 

 

Figure 3-27: Section view of the microstrip-to-stripline feed transition for the high band square ring slot 

 

A dual-band, dual-CP element incorporating the dual-substrate capacitive loading technique for 
size reduction was designed and simulated.  The element covers two distinct ISM frequency 
bands centered at 2.45 GHz and 5.85 GHz.  Each frequency band supports simultaneous dual-CP 
operation.  Table 3-3 provides a comparison between the dimensions of the capacitively loaded 
element and those for the dual-band, dual-CP element described in Section 3.2.  The addition of 
the loading structure has reduced the outer side length L0 to 56% of its unloaded value.  The 
outer side length for the loaded element is 1.150”, which is 0.56λ at the high frequency band for 
this dual-band element.  That spacing will allow close element spacing in an array environment 
to allow for wide scanning capabilities.  The unloaded element had a value for L0 that was equal 
to 0.99λ at the high frequency.  That element size would not lead to adequate scanning 
performance in a phased array environment. 

The values for L1 and L2 remained unchanged, as did the substrate thickness h1, h2, and h3.  The 
increased element capacitance resulted in a decreased value for ΔLB, while leaving ΔHB 
unchanged.  The capacitive loading structure uses a capacitive patch of width 0.040”.  The 
separation between the capacitive patch and the ground plane is 0.022”, and the capacitive 
substrate has a dielectric constant of 10. 
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Table 3-3: Comparison of parameters for dual-band, dual-polarization antenna elements with and without the inclusion 
of capacitive loading 

Parameter L0 L1 L2 ΔHB ΔLB wCAP εCAP hCAP h1 h2 h3 
Loaded 
Element 

1.150” 0.735” 0.575” 0.105” 0.058” 0.040” 10 0.022” 0.060” 0.060” 0.004” 

Unloaded 
Element 

2.020” 0.735” 0.575” 0.105” 0.285” N/A N/A N/A 0.060” 0.060” 0.004” 

 

The s-parameters for the dual-band, dual-CP element with capacitive loading are plotted in 
Figure 3-28(a)-(d).  The high band ports (1 and 2) show performance identical to that of the 
unloaded element.  Each port has a return loss greater than 10 dB (i.e. |sii|<-10dB for i=1,2), 
indicating a VSWR < 2.0:1.  The port-to-port isolation for the high band ports has a maximum 
value of 30dB at the mid-band frequency of 5.85 GHz.  The VSWR plots of Figure 3-29(a)-(b) 
show that the addition of the capacitive loading structure leaves the impedance match of the high 
band ports unchanged. 

The low band ports have a return loss greater than 10dB over much of the 2.45 GHz ISM band.  
Figures 3-29(c) and (d) show a decreased bandwidth at the low frequency bands as a result of the 
capacitive loading structure.  The increased capacitance resulting from the loading structure has 
increased the quality factor of the antenna; subsequently, the bandwidth of the antenna has been 
reduced.  The unloaded element shows a fractional impedance bandwidth of 7.02% compared to 
the 2.65% fractional bandwidth for the capacitively loaded element. 
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Figure 3-28: Simulated S-parameters for dual-band, dual-CP antenna element with dual-substrate capacitive loading in 
place 
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Figure 3-29: Simulated VSWR for the four ports of the dual-band, dual-CP antenna element using capacitive laoding for 
size reduction 

The axial ratio for the loaded element is compared to that of the unloaded element in Figure 3-
30(a)-(d) for the four ports of the dual-band dual-CP antenna element.  The high band 
performance is left relatively unchanged when the capacitive loading structure is added.  The 
slight differences are attributed to the reduction of the low band shorted square ring, which 
corresponds to a reduction in the ground plane size for the square ring slot.  In the unloaded 
element, L0 is almost three times larger than L1, resulting in a ground plane that appears near 
“infinite” to the slot.  When the loading structure is added, the size of L0 is cut almost in half.  
However, it should be reiterated that any differences in performance at the high frequency band 
are virtually negligible. 

The usable axial ratio region serves as the limiting factor for the overall usable bandwidth of the 
dual-band, dual-CP element with capacitive loading in the low frequency bands.  Figures 3-30(c) 
and (d) show that the loaded element has a 3dB axial ratio bandwidth of 1.01% compared to the 
2.78% bandwidth for the unloaded element.  This shows that – while the impedance match 
bandwidth of the loaded element covers the 2.45 GHz ISM band – the axial ratio performance of 
the element is limited to a narrow portion at the center of the frequency band.  This finding is 
evident in the axial ratio vs. frequency vs. theta contour plot of Figure 3-31.  In this figure, the 
horizontal axis is frequency (GHz), and the vertical axis represents theta (Deg.).  The axial ratio 
contours in this plot are elliptical in nature with a major axis parallel to the theta axis and a minor 
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axis parallel to the frequency axis.  This indicates that the frequency bandwidth is the limiting 
factor in the axial ratio coverage.  The major axis of the elliptical contours shows that the axial 
ratio remains below 3dB for |θ|<45° over the narrow frequency band.   This result suggests that 
the element can be used in an array environment requiring broad scanning, as long as the 
frequency limitations are acceptable. 

 

Figure 3-30: Simulated Axial Ratio for the four ports of the dual-band, dual-CP antenna element using capacitive loading 
for size reduction 
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Figure 3-31: Simulated axial ratio vs. frequency vs. theta for the low band LHCP port of the dual-band, dual-CP antenna 
element using capacitive loading for size reduction 

The LHCP and RHCP patterns at 2.44 GHz are plotted in Figures 3-32 and 3-33.  These figures 
provide a comparison between the loaded and unloaded element in the principle planes of the 
antenna element.  The gain patterns show the anticipated pattern changes resulting from a 
decreased aperture size: reduced gain and increased beamwidth.  The cross-polarized component 
levels are unchanged near broadside, but the XPD decreases at wide values of θ.  This will result 
in a narrower axial ratio pattern.  However, the plot in Figure 3-31 shows that – while narrower – 
the axial ratio still remains below 3dB over a wide range of θ values. 
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Figure 3-32: Low band LHCP radiation pattern comparison for dual-band, dual-polarized antenna elements with and 
without capacitive loading 
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Figure 3-33: Low band RHCP radiation pattern comparison for dual-band, dual-polarized antenna elements with and 
without capacitive loading 

The dual-substrate capacitive loading structure proposed in [7, 8] has effectively been 
incorporated into the dual-band, dual-polarized antenna element, resulting in an element capable 
of operating over two distinct frequency bands with orthogonal senses of CP while occupying a 
small enough footprint for array applications.  The small footprint allows for wide scanning 
coverage in an array environment.  The resulting size reduction is not obtained without drawback 
as outlined in the comparison of Table 3-4.  Despite these drawbacks, the addition of the 
capacitive loading results in a nearly 50% size reduction.  The capacitive loading structure had a 
negligible effect on the performance of the high band performance of the element. 
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Table 3-4: Performance comparison between dual-band, dual-CP antenna elements with and without capacitive loading 

Parameter Loaded Element Unloaded Element 
Impedance Match 
Fractional Bandwidth 

2.65% 7.02% 

Axial Ratio Fractional 
Bandwidth 

1.01% 2.78% 

2.45 GHz Realized Gain 2.673 dBi 5.638 dBi 
Total Efficiency 43% 52% 
2.45 GHz 3dB Bandwidth 
(φ=0°) 

94.9° 71.0° 

2.45 GHz 3dB Bandwidth 
(φ=0°) 

95.1° 71.7° 

L0 1.150” 2.020” 
 

 

3.4 Comparison with existing dual-band, dual-polarized elements from literature 
Dual-band elements providing simultaneous dual-polarization in each of the two, distinct 
frequency bands provide the flexibility needed in applications ranging from space-based 
synthetic aperture radar to multifunction radar to wireless communications.  The advantages of 
the element designed in this dissertation arise from its ability to radiate dual-circular or dual-
linear at each of the two operational frequency bands.  This allows the user to utilize maximum 
polarization diversity in a given system.  The four-port feeding allows the polarizations to be 
used simultaneously.  The majority of dual-band elements in the literature are not capable of 
providing simultaneous dual-CP operation at each polarization bands.  Moreover, the design 
layout provides flexibility over the frequency ratio between the high and low bands. 

Several of the dual-band antenna elements seen in the literature use an annular ring radiator.  Lin 
and Huang place a truncated square ring patch inside of an annular ring patch to achieve dual-
band performance [77].  The high band square ring patch radiates a single sense of CP, and the 
low band annular ring element is linearly polarized.  In order to fit the high frequency element 
inside of the annular ring, the square patch is printed on a high dielectric substrate (εr=15.5).  The 
element presented in this dissertation has many advantages over this element.  The primary 
advantage is the ability to operate with dual-CP in each frequency band, while the element 
presented by Lin and Huang has single-polarized performance in each band.  In addition, the 
dual-band, dual-CP element in this dissertation uses a novel capacitive loading technique to 
reduce the size of the low band radiator.  In this approach, a low dielectric constant material is 
present beneath the majority of the radiating element to minimize the volume of high dielectric 
material required.  Cai, Row, and Wong used an L-shaped feed line to excite circular polarization 
in the TM11 and TM21 modes of an annular ring patch [34].  This antenna operates with a single 
sense of CP in each frequency band, and the frequency ratio is strongly limited by the 
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dimensions of the annular ring.  The element presented in [34] has axial ratio bandwidths of 
2.2% and 1.3% in the low and high bands respectively.  The element in this dissertation has 
larger bandwidths when the capacitive loading is not in place.  When the loading is in place, the 
low frequency performance of the Cai, etl al element has slightly greater axial ratio bandwidth, 
but their high band element still has a much narrower performance.  In addition, the Cai, et al 
element does not provide dual-CP performance in either band and has a limited frequency ratio. 

There are no couplers, hybrids, multiplexers, or active components required in the feed network 
which makes the circuitry simple and cost effective.  This provides an advantage over the 
feeding techniques used in [36-38].  In this design, the circular polarization is obtained by 
introducing perturbations into opposing corners of the square radiating apertures: shorted square 
ring for the low band, and square ring slot for the high band.  The introduction of the 
perturbations leads to circular polarization with only a single feed point.  An orthogonal feed 
point is added to each frequency band resulting in dual-circular polarization.  This technique is 
far simpler than using a hybrid network to generate circular polarization. 

Jaworski, et al designed a dual-band, dual-linearly polarized antenna element by packaging two 
circular patches closely together[66].  However, these elements are not concentric making an 
array environment difficult.  Hong, et al also packaged two separate antennas together for dual-
band performance [78].  In their design, they placed a reactively loaded monopole next to an 
annular ring antenna.  The annular ring antenna operated with circular polarization, while the 
monopole was linearly polarized.  In designs involving two separate antennas packaged together 
– but not concentrically located – an array environment becomes increasingly difficult. 

Owens covers the receiving and transmitting band of a satellite communications system by using 
square patches [75].  The patches use orthogonal feed lines and perturbed corners to achieve 
dual-CP performance.  The dual-band coverage in this design is only achieved as long as both 
bands like within the usable bandwidth of the square microstrip patch.  Thus, the frequency ratio 
is extremely limited. 

Many designs in the literature for dual-band antenna elements used some type of perforated low 
band antenna element to provide locations for multiple high frequency band elements.  Granholm 
designed a dual-band, dual-polarized antenna element for synthetic aperture radar (SAR) 
applications [20].  In this design, the larger low band element is located on a plane above the 
layer containing the high band elements.  The low band element is perforated to allow radiation 
from the high band element.  Both bands in this design operate with dual-linear polarization.  
The perforated design lends itself nicely to large frequency ratios, but it becomes increasingly 
difficult to arrange the elements when the frequencies become close.  In Granholm’s design 
application, the frequency ratio is greater than 4:1.  Shafai, et al use a similar perforated design 
to cover frequencies in L- and C-bands with dual-linear polarization for SAR applications [18].  
The design patented by Strickland in [76] uses a low band square ring resonator with nine high 
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frequency square patches in the center for an SAR array.  Similarly to the SAR designs in [18, 
20], this element also is limited to large frequency ratios with dual-linear polarization. 

The dual-substrate capacitive loading technique used in this dissertation research is itself a novel 
invention.  Subsequently, its inclusion in the design of this dual-band, dual-CP antenna element 
is also novel.  The ability to integrate the dual-substrate capacitive loading technique for size 
reduction in this element makes the element suitable for integration into a dual-band array with 
uniform lattice spacing; this makes the element attractive to synthetic aperture radar and 
multifunction radar applications.  To the authors’ knowledge, an element of this kind has not 
been discussed in the literature, and this element marks a significant development in the field of 
antenna engineering. 

The dual-band, dual-polarized element uses a printed circuit design that provides a low profile, 
light weight, and low cost design that makes is desirable for integration with laptop technology, 
wireless access points, space born radars, cellular phone handsets, base stations, and many other 
areas within the ever growing field of wireless communications.  The element provides axial 
ratio bandwidths 2.78% and 8.05% in the low and high band respectively for both sense of 
circular polarization; when the dual-substrate capacitive loading is incorporated, the low band 
axial ratio bandwidth decreases to 1.01% while the high band remains unchanged.  While it does 
reduce the bandwidth, the dual-substrate capacitive loading technique provides a novel method 
for controlling the footprint of the dual-band, dual-polarized antenna element. 

The element shown in this dissertation operated at two ISM frequency bands due to their 
growing popularity, and it had a frequency ratio of 2.4:1.  However, this element is not limited to 
those frequency bands.  The design process for this element gives strong flexibility to the 
frequency ratio.  The first step in designing this element is to design the high frequency square 
ring slot with the desired polarization characteristics.  After this is completed, the inner side 
length of the low band shorted square ring is set.  The shorted square ring is then designed to 
provide suitable operation at the low frequency range.  If the element then proves too large for 
the selected application, the dual-substrate capacitive loading technique can be applied for 
significant size reduction of the low frequency element.  This design process provides unique 
capability and flexibility to this element that is not seen in the literature.  The elements discussed 
in this section each provide some of the capabilities of this element, but none match the 
flexibility of this antenna element to cover dual-polarizations in two distinct frequency bands 
with control of the element’s footprint. 
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CHAPTER 4.  LOW PROFILE, DUAL-BAND, DUAL-
POLARIZED ANTENNA ARRAY 

 

 

The introduction of the dual-substrate capacitive loading technique allows the dual-band, dual-
polarized antenna element to be placed into an array environment suitable for wide-angle 
scanning applications.  The design focused on in this section used a low band frequency centered 
at 2.45 GHz, and the high band frequency was centered at 5.85 GHz.  In order to properly 
analyze the array performance including mutual coupling effects, an array analysis technique 
was developed that uses nine active element patterns to represent all elements in the array.  One 
of the nine active element patterns is assigned to each element in the array based on the 
element’s geometrical location within the array lattice.  In this chapter, the array layout is 
described and followed by an in-depth analysis of several array sizes to show the overall 
performance of the array. 

 

4.1 Discussion of Hybrid Array Pattern Calculation Technique Using Multiple 
Active Element Patterns 

The dual-band element discussed in the dissertation research has been shown to have advantages 
over many dual-band elements discussed in current literature.  One primary advantage allows 
this element to be placed in an array without the introduction of grating lobes.  When a dual-band 
element operates with a frequency ratio much greater than unity, the element spacing must be 
near a half-wavelength at the highest frequency to allow for a suitable scanning range free of 
grating lobes.  Arranging two radiating elements with dissimilar frequency ranges into a small 
footprint can be challenging.  The element used in this research utilizes a dual-substrate 
capacitive loading scheme [8] on the low frequency element to reduce the size of the element’s 
footprint, this facilitating placement in an array with limited real-estate for low frequency 
elements. 

In order to adequately study the performance of the dual-band element in an array environment, 
several techniques can be utilized.  Typically, the first look at the performance of an element 
placed in an array comes from the use of periodic boundary conditions.  These boundary 
conditions simulate the infinite periodic extension of the element and make the element appear as 
if it is surrounded by an infinite number of uniformly excited elements.  Once the element 
pattern is calculated using this approach, it can be multiplied by an array factor to reveal an 
approximate array pattern.  This approach has the advantage of requiring limited computational 
resources because the computational domain consists of a single unit-cell of the array.  However, 
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this approach assumes that all elements are identical and thus neglects changes in mutual 
coupling and edge effects that occur for elements near the outer perimeter of the array. 

The classical approach for calculation of the radiation pattern for an antenna array involves 
multiplying the antenna pattern of an isolated element by an array factor accounting for the 
spatial distribution, amplitude weighting, and phase weighting of the array elements.  The 
shortcomings of the classical approach lie in its inability to account for mutual coupling effects 
between elements in an array [79].  In order to include mutual coupling effects, active element 
patterns are used in place of an isolated element pattern to provide a more accurate result using 
the classical approach.  The active element pattern provides the radiation pattern of the entire 
array when a single element is fed and all other elements are terminated in a conjugately matched 
termination [79-81].  The active element pattern can be obtained through measurements or 
simulations.  When the active element pattern is multiplied by the proper array factor, the array 
pattern including mutual coupling effects is obtained. 

The work in [82] describes approaches using open-circuited active element patterns and short-
circuited active element patterns.  In these approaches, the element patterns contain the 
magnitude and phase information accounting for the spatial phase variation for the given 
element, and thus the pattern for each individual element is required.  It is mentioned that 
symmetry can be used to reduce the number of patterns that are required, but this is still a large 
number of elements for large arrays.  In this research, a hybrid approach is developed and 
utilized that requires the calculation of only nine active element patterns.  The phase information 
for each element will be included by taking the phase-adjusted unit-excitation active element 
pattern and using it as an active element pattern for all elements present in a similar environment.  
The phase-adjusted unit-excitation active element pattern is discussed in [79], and it is a 
modified version of the unit-excitation active element pattern in which the spatial phase 
dependence has been removed.  The phase-adjusted patterns will change when the geometry 
changes.  However, if the proper phase-adjusted patterns are selected for the appropriate 
locations within a large array, the hybrid technique presented can be used to provide an excellent 
approximation to the overall array pattern.  The theory and application of this technique will be 
described in the remainder of this section, and some example calculations will be performed [9]. 

4.1.1 Hybrid Array Calculation Theory 
The theory describing the use of the active array pattern follows from the work provided by 
Kelley and Stutzman [79, 82].  This theory is being discussed to show the path to the proposed 
hybrid array calculation technique.  This technique is built upon the simulation of a 3x3 array of 
elements.  These elements will provide sufficient active element pattern information to calculate 
a close approximation of the array pattern for an MxN array.  This saves immense simulation 
time, and it shifts much of the array calculation work to an algorithm that has been coded in 
Matlab. 
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The classical array pattern is calculated using (4-1), where  is the element pattern of 
one of the array elements in an isolated environment (typically a free-space environment),  is a 
unit vector directed from the origin to the observation point, and rq is the vector from the origin 
to the location of the current element.  This approach assumes that the current distribution at 
each element is identical, and thus it is not impacted by mutual coupling.  The classical approach 
can be sufficient for many array applications where the mutual coupling between elements is 
insignificant; however, it can be made more accurate if it utilizes the active element pattern. 

        (4-1) 

The unit-excitation active element pattern, , represents the radiation pattern of the entire 
array when only a single element is excited by a unit voltage with its associated generator 
impedance (Zgq).  All other elements are loaded by their characteristic impedances.  The set of 
unit-excitation element patterns contain all effects of radiative mutual coupling.  As a result, (4-
2) provides an exact representation of the array pattern.  It should be noted that (4-2) does not 
contain the typical spatial-phase term found in array patterns.  This is because the spatial-phase 
term is already included in the unit-excitation active element pattern.  As a result, this pattern is 
unique to the geometrical location of the given element.  In order to use the unit-excitation active 
element pattern in other geometries, it can be modified to the phase-adjusted, unit-excitation 
active element pattern using (4-3).  The phase-adjusted quantity removes the spatial-phase term 
from the element.  The expression in (4-2) is modified to (4-4) when the phase-adjusted quantity 
is used.  It should be noted that the expression in (4-4) is still an exact representation of the array 
pattern. 

          (4-2) 

          (4-3) 

       (4-4) 

The unit-excitation active element pattern is different for every element within the array due to 
the unique geometrical location of each element.  This requires the measurement, calculation, or 
simulation of the pattern for every individual element within the array.  In order to simplify the 
process, the average active element pattern can be used to approximate the result.  As the size of 
the array increases, the majority of the elements within the array have nearly identical phase-
adjusted, unit-excitation active element patterns.  Subsequently, these patterns can be 
approximated by the average active element pattern.  This pattern can be obtained through 
simulations using periodic boundary conditions to make the element appear as if it is in an 
infinite array environment.  Once the average active element pattern is known, (4-5) can be 
applied to provide an approximation of the array pattern.  This approach is accurate for very 
large arrays, but it typically fails for smaller arrays due to the significant variation of the active 
element patterns across the array. 
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         (4-5) 

For arrays of small to moderate size, the average active element pattern approach can have 
shortcomings because of the variation of element performance across the array.  An exact 
solution can be obtained by simulating the entire array using commercial software, but this 
technique can be time consuming and taxing to typical computational resources.  Another 
method to obtain an exact solution is to construct the entire array, measure the unit-excitation 
active element pattern of each element, and add the contributions analytically.  While this 
technique requires a large time commitment to measuring many element patterns, it is not 
without benefit.  After all of the element patterns are measured, they can be combined 
analytically to provide the antenna array pattern for any scanned pattern by introducing the 
proper amplitude and phase weighting.  This eliminates the need to design, build, and test many 
beamformiung networks for characterizing the array.  However, it would be nice to have access 
to a close approximation of the array pattern without the potentially costly – both in time and 
money – process of constructing a large array.  In order to accomplish this, an approach is 
presented that utilizes different average active element patterns depending on the location of the 
element within the array.  In the discussion presented here, the necessary set of average active 
element patterns is obtained by simulating – or measuring – a 3x3 array.  Higher levels of 
accuracy can be obtained by simulating larger arrays at the expense of time and/or cost. 

A small finite array of dual-band linearly polarized elements was simulated to investigate the 
mutual coupling between elements.  For this example, the low band was centered at 6 GHz while 
the high band was centered at 10 GHz.  These simulations revealed that the majority of mutual 
coupling at a given element is generated from the elements immediately surrounding the given 
element.  Figures 4-1 and 4-2 illustrate this finding.  Each of these figures contains a diagram of 
a 4x4 array of dual-band elements.  The locations of the elements are located on a rectangular 
grid, with the lower left-hand element being identified as (1, 1).  Each figure also contains a plot 
of the inter-element coupling when the element located at (3, 3) is excited.  For the low band 
case in Figure 4-1, the elements immediately surrounding the driven element see a mutual 
coupling signal in the range of -10 to -15dB.  Elements located outside of the immediate 
perimeter see a significantly lower mutual coupling, with a maximum value being in the 
neighborhood of -25dB.  The high band results show similar trends.  The elements outside of the 
immediately surrounding perimeter in the high band elements have a maximum coupling on the 
order of -30dB.  The high band coupling drops off faster than the low band coupling as a 
function of distance.  Intuitively, this makes sense as the elements are separated by a larger 
electrical distance at the high band frequencies.  From these simulations, it became evident that 
the majority of the mutual coupling effects in the dual-band array could be accounted for if only 
the immediately surrounding elements were considered.  This finding leads to the primary 
assumption that drives the hybrid calculation approach used in this study. 
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Figure 4-1: Low Band Mutual Coupling Results 

 

 

Figure 4-2: High Band Mutual Coupling Results 
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The hybrid array pattern calculation technique is illustrated in Figure 4-3.  The left of this figure 
shows a 3x3 array, with the elements numbered 1 through 9.  The unit-excitation active element 
pattern for each element in this array is simulated (or measured), and the phase-adjusted unit-
excitation active element pattern is calculated by applying (4-3). The phase-adjusted patterns are 
then used to represent the average active element pattern for the region of the array indicated by 
the large array illustrated on the right hand side of this figure.  This technique utilizes the 
assumption that the majority of mutual coupling effects come from the elements immediately 
surrounding the driven element.  This approach will not result in the exact pattern that would be 
obtained using (4-2) or (4-4), but it will have a higher level of accuracy than the approach that 
assumes an identical active element pattern for all elements within the array.  Additionally, the 
hybrid approach eliminates the need for simulating and/or measuring the active element pattern 
for every element within in potentially large finite array, thus providing a significant savings in 
both time and computational resources. 

 

Figure 4-3: Illustration of the Calculation Domain for the Hybrid Array Pattern Approach 

After the nine average active element patterns are simulated or measured, they can be summed to 
provide the array pattern including mutual coupling effects.  For example, element 4 has 
elements 7, 8, 5, 2, and 1 as neighbors.  This environment is similar to that of all edge elements 
excluding corners on the left-hand side of the larger array.  Using this approach, the pattern for 
the moderately sized 10x10 array shown above can be evaluated by completing the simulation of 
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a small 3x3 array and applying the hybrid calculation technique.  This can be extended to any 
array size larger than 3x3 with no added complexity.  The algorithm used for this calculation is 
shown in (4-6).  In this algorithm,  is the phase-adjusted unit-excitation element pattern for 
the given element (and it will be used as the average active element pattern for the corresponding 
region), Nq is the number of elements in the qth region (1<q<9), ri,q is the vector from the origin 
to the ith element in the qth region, and Ii,q is the complex weight for the ith element in the qth 
region. 

       (4-6) 

The dual-band elements used to illustrate the hybrid array analysis were modeled in an infinite 
array environment to reveal an approximation of the element performance in an array 
environment.  The first element studied was a dual-band element with linear polarization.  The 
model used in this study is shown in Figure 4-4.  The low band element was designed to operate 
at 6 GHz.  This element is a shorted annular ring antenna, and it uses the previously mentioned 
dual-substrate capacitive loading technique to reduce its footprint.  The high band portion of the 
element is a square ring slot element with a stripline realization designed to operate at 10 GHz.  
The use of the capacitive loading technique allows for the elements to be arranged in a lattice 
with 0.7” spacing between element centers; this distance corresponds to 0.58λ at the high 
frequency.  This lattice provides the ability to scan the array to wide angles off of broadside at 
each frequency band.  The scan angle where the grating lobes will begin to appear (θ0) can be 
calculated using (4-7).  At the high band, the 0.58λ spacing suggests that grating lobes will begin 
to appear at scan angles greater than 43° off of broadside.  At the low band, the element spacing 
is 0.35λ, a spacing that allows scanning to all angles in the visible region without the 
introduction of grating lobes. 

           (4-7) 

 

Figure 4-4: Dual-Band Linearly Polarized Infinite Array Model 
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The infinite array simulations provide the impedance match of the array element when all other 
elements are excited with the same magnitude and phased.  This is important because the mutual 
coupling from other elements within the array will change the impedance of the elements.  The 
active impedance match results from the infinite array simulations are shown in Figure 4-5.  Both 
elements have a return loss greater than 10dB at the desired frequencies.  These return loss 
values correspond to a VSWR below 2.0:1 which is a commonly used figure of merit in 
determining an acceptable impedance match in antenna applications.  Figure 4-5 also shows the 
coupling (s12) between the high band element and the low band element of a given unit cell for 
the array.  The two ports have a coupling less below -30dB across the operational frequency 
bands.  However, the coupling between adjacent elements in the array is not available utilizing 
the infinite array technique. 

 

 

Figure 4-5: Dual-Band Linearly Polarized Active Element Impedance Match 

4.1.2 Dual-Band, Linearly Polarized Array Calculations Using the Hybrid Array Technique with 
Multiple Active Element Patterns 

The hybrid technique is based on the simulation of the 3x3 finite antenna array shown in Figure 
4-6.  This model contains nine dual-band, linearly polarized elements.  Each of these elements is 
based on the design used in the previously mentioned infinite array simulations.  The hybrid 
calculation technique was applied to the results from this finite array simulation, and the patterns 
of dual-band arrays of arbitrary size were calculated.  The linearly polarized, dual-band element 
consists of a low band element and a high band element.  The low band element operates at 6 
GHz and is polarized in the x-direction.  The high band element operates at 10 GHz and has an 
electric field parallel to the y-axis. 
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Figure 4-6: 3x3 Finite Array Used in the Hybrid Array Approach for the Dual-Band Linearly Polarized Array 
Calculations 

4.1.2.1 Active Element Patterns 
The nine-element approach was adopted to include the fact that elements in different locations 
within the array exhibit different performance due to contrasting mutual coupling and edge 
effects stemming from the finite nature of the array.  The active element patterns for the low 
band elements in the φ=0° cut are shown for the center, corner, and edge elements in Figures 4-7 
to 4-9 respectively.  Each of these figures contains two sets of patterns.   The top set is the θ-
polarized component, and the bottom set is the φ-polarized component.  For the φ=0° cut, the θ-
polarized component represents the co-polarized field parallel to the x-axis.  These results show 
that the elements in different portions of the array do in fact exhibit markedly different active 
element patterns.  In approaches neglecting these differences, a result similar to the center 
element result of Figure 4-7 would be used to represent the performance of all elements within 
the array. 
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Figure 4-7: Low Band Active Element Pattern: Center Elements, φ=0° cut 

 

Figure 4-8: Low Band Active Element Pattern: Corner Elements, φ=0° cut 
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Figure 4-9: Low Band Active Element Pattern: Edge Elements, φ=0° cut 

The low band active element patterns for φ=90° are shown in Figures 4-10 to 4-12.  For this set 
of patterns, the φ-polarized component represents the co-polarized field parallel to the x-axis.  
The corner and edge elements show a squinted beam and increased cross-polarization levels 
when compared to the center element.  The inclusion of these factors leads to a more accurate 
calculated antenna array pattern then the traditional approach using only a single element to 
represent all elements within the array. 

 

Figure 4-10: Low Band Active Element Pattern: Center Elements, φ=90° cut 
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Figure 4-11: Low Band Active Element Pattern: Corner Elements, φ=90° cut 

 

 

Figure 4-12: Low Band Active Element Pattern: Edge Elements, φ=90° cut 

The high band active element patterns for the center, corner, and edge elements are shown in 
Figures 4-13 to 4-15 for the φ=0° cut and in Figures 4-16 to 4-18 for the φ=90° cut.  These active 
element patterns for the center elements show excellent cross-polarization levels in both cases.  
The corner and edge elements show a degraded pattern shape and increased cross-polarization 
levels due to asymmetrical mutual coupling effects and the effects of a finite ground plane. 
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Figure 4-13: High Band Active Element Pattern: Center Elements, φ=0° cut 

 

 

Figure 4-14: High Band Active Element Pattern: Corner Elements, φ=0° cut 
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Figure 4-15: High Band Active Element Pattern: Edge Elements, φ=0° cut 

 

 

Figure 4-16: High Band Active Element Pattern: Center Elements, φ=90° cut 
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Figure 4-17: High Band Active Element Pattern: Corner Elements, φ=90° cut 

 

 

Figure 4-18: High Band Active Element Pattern: Edge Elements, φ=90° cut 

4.1.2.2 16x16 Element Antenna Array Patterns 
The linearly polarized, dual-band element was designed to be placed in an array with a square 
unit cell with a side length of 0.7”.  The scanning limitation on this element is driven by the high 
frequency, where the spacing is 0.58λ.  Theoretically, this spacing limits the scanning to ±43° 
before the onset of grating lobes.  In many applications, this scanning range is sufficient.  
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However, if the application required wider scanning at the high band frequency, the dual-
substrate capacitive loading structure could be modified to provide a smaller element footprint. 

The high band scanning performance of a 16x16 element array is shown in Figures 4-19 and 4-
20 for the principle planes of the antenna array.  Figure 4-19 shows scans of 0°, 15°, 30°, and 45° 
off of broadside for the φ=0° cut.  This figure contains four subplots.  Figure 4-19(a) and (b) 
show the θ- and φ-polarized electric field components calculated using the hybrid approach.  In 
the case of the high band φ=0° cut, the φ-polarized field component is the co-polarized field 
component.  Figure 4-19(c) and (d) show the same two field components calculated using the 
classical approach to provide a point of comparison.  In the classical approach, the resulting 
pattern from the infinite array simulations was used as the representative active element pattern 
for all elements in the array.  The element pattern is overlaid on each of the four plots as a 
reference point.  Using the classical approach, the amplitude of the scanned patterns at broadside 
is seen to drop off proportionally to the magnitude of the element pattern.  This is the anticipated 
result because the array pattern is the product of the array factor and the element pattern.  
However, Figure 4-19(b) suggests that the scanned components drop off faster than the element 
pattern’s magnitude when scanned off of broadside.  This additional drop is a result of the 
degraded element pattern shape and gain for the elements on the outer perimeter of the array.  A 
similar result is seen in the φ=90° cut plots for the high band elements of Figure 4-20 (a)-(d).  
For the plots in the φ=90° plane, the θ-polarized component represents the co-polarized field. 

 

Figure 4-19: Linearly Polarized Dual-Band 16x16 Array Pattern: High Band Elements, φ=0° Cut 
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Figure 4-20: Linearly Polarized Dual-Band 16x16 Array Pattern: High Band Elements, φ=90° Cut 

Figure 4-19 and 4-20 indicate that the high band elements in the 16x16 dual-band array provide 
good performance at the desired scanning angles.  The magnitude drops off slightly more than 
the classical approach suggests due to the edge effects and asymmetrical mutual coupling present 
at the outer perimeter of the array.  Figure 4-21 (a)-(d) provides a comparison between the hybrid 
result and the classical result for the co-polarized field component at the four scan angles.  
Inspection of the subplot in Figure 4-21(d) reveals the presence of a grating lobe near θ=75°.  
The magnitude of this lobe is approaching the magnitude of the main beam, thus causing the 
drop in magnitude of the main beam at this scan angle.  If the array were scanned to wider 
angles, the magnitude of the grating lobe would increase even further as it moved in closer to the 
scanned main beam.  This limits the scanning of the array to angles less than 43°. 
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Figure 4-21: Linearly Polarized Dual-Band 16x16 Array Pattern: High Band Elements, φ=90° Cut, Co-Pol 

The size reduction used in the low band portion of this dual-band element results in a compact 
lattice at the low frequency of 6 GHz.  Consequently, the low band elements in this array can 
theoretically be scanned to any angle in the visible region (±180°) without the introduction of 
grating lobes.  The φ=0° cut for the 16x16 low band array is shown in Figure 4-22.  The peak 
magnitude of both the co-polarized field (Eθ) and cross-polarized field (Eφ) drops off closely 
with the magnitude of the element pattern in the hybrid calculation of Figure 4-22(a).  This 
indicates that the edge effects have less impact on the low band elements in this array.  As 
expected, there is no indication of grating lobes at any of the scan angles.  The cross-pol level for 
the low band portion of the array is significantly higher than at the high band.  This trait stems 
from the higher cross-pol in the low frequency shorted annular ring antenna than in the square 
ring slot. 
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Figure 4-22: Linearly Polarized Dual-Band 16x16 Array Pattern: Low Band Elements, φ=0° Cut 

4.1.2.3 48x48 Element Antenna Array Patterns 
For higher gain applications, a larger array becomes necessary.  To investigate the performance 
of the proposed dual-band element in a larger array, a 48x48 element array has been chosen.  
These calculations further illustrate the benefit of the hybrid calculation approach.  The classical 
approach neglects the changes in mutual coupling and the impact of the edges in the array, but 
the simulation and/or measurement of the entire array would require a significant investment of 
time, money, and/or computational resources.  The simulation of a 48x48 element array is not 
practically feasible with most commercial software packages.  Conversely, the hybrid approach 
requires only the simulation of a 3x3 array; this calculation domain can be solved on most 
desktop PCs with virtually any commercial available software package. 

The scanned patterns for the high band elements in the 48x48 array are shown in Figures 4-23 
and 4-24.  These plots show a much better agreement between the hybrid approach and the 
classical approach which suggests the significance of the edge effects is decreasing.  Intuitively, 
this result makes sense.  As the number of elements in the array increases, the percentage of 
elements that can be accurately represented by the infinite array element increases, thus negating 
the overall effect of the edge elements.  The magnitude of the main beam in this case drops off 
much more closely to the magnitude of the element pattern than in the smaller 16x16 element 
case.  Grating lobes still appear at the 45° scan in both cases, a fact seen more clearly in the 
patterns shown in Figure 4-25. 
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Figure 4-23: Linearly Polarized Dual-Band 48x48 Array Pattern: High Band Elements, φ=0° Cut 

 

 

Figure 4-24: Linearly Polarized Dual-Band 48x48 Array Pattern: High Band Elements, φ=90° Cut 
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Figure 4-25: Linearly Polarized Dual-Band 48x48 Array Pattern: High Band Elements, φ=90° Cut, Co-Pol 

The low band of the larger array posses the same characteristics as the smaller array: higher 
cross-pol levels than the high band array, good agreement between the hybrid approach and 
classical approach, and the absence of grating lobes.  These characteristics are reflected in the 
φ=0° principle plane pattern shown in Figure 4-26. 
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Figure 4-26: Linearly Polarized Dual-Band 48x48 Array Pattern: Low Band Elements, φ=0° Cut 

 

4.2 Dual-Band, Dual-CP Array Analysis 
A dual-band antenna array was investigated using the multiple active element pattern hybrid 
technique.  The array element spacing is 3.15 cm (1.204”).  This spacing is equivalent to 0.609λ 
in the high frequency band and 0.257λ in the low band.  The maximum scan, θ0, angle before the 
onset of grating lobes can be determined from (4-16).  The array lattice provides grating-lobe 
free scanning at the high frequency to angles less than 40° off of broadside.  At the low 
frequency, the fine element spacing will not produce grating lobes at any angles in the visible 
region. 

           (4-16) 

In the following sections, the array pattern, F(φ, θ), will be characterized for multiple scan 
angles.  As the beam is scanned, the half power beamwidth (BW3dB) will broaden as the effective 
area for the array decreases.    The half power beamwidth will be compared to the theoretical 
value calculated from (4-17); the expression in (4-17) is valid for scan angles near broadside.  
The normalized maximum value for each case will be investigated.  This value, defined in (4-18), 
will show how the gain of the array decreases as the main beam is scanned.  The cross-
polarization discrimination (XPD) will be calculated for each scan angle.  The XPD will be used 
to calculate the axial ratio at θ0 for each scan angle. 

        (4-17) 
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          (4-18) 

The remainder of this section will discuss the array performance for each band, polarization, and 
array size.  Some array patterns will be shown in the discussion, and a complete set of array 
patterns is provided in Appendix B. 

4.2.1 Dual-Band, Dual-CP Infinite Array Analysis 
The initial step of the dual-band, dual-CP array design is to model the dual-band, dual-CP 
element in an infinite array environment.  The use of periodic boundary conditions allows the 
antenna element to be modeled with the inclusion of the near-field influence of neighboring 
elements in an infinite expansion of elements (i.e. an infinite array).  The infinite array 
conditions provide a close approximation of the element performance in most large array 
environments.  The simulations described in this section were performed using CST Microwave 
Studio.  Microwave Studio is a commercially available computational electromagnetic software 
package that employs the Finite Integration Technique (FIT), a variation of the commonly used 
finite difference time domain (FDTD) method.  A top view of the element showing the selected 
boundary conditions is provided in Figure 4-27. 

 

 

Figure 4-27: Top view of the unit cell used in the infinite array simulations including boundary condition definition 

The infinite array simulations provide a look at the active element impedance match.  This 
parameter shows the input match to a given port when all other ports in the array are excited with 
the same amplitude and phase.  The resulting VSWR is plotted in Figure 4-28.  The low band 
ports exhibit a VSWR < 2.0:1 over the majority of the 2.45 GHz ISM frequency band.  The high 
band element operates with a broad impedance bandwidth that more than covers the entire 5.8 
GHz ISM band.  The high frequency ports exhibit a broader bandwidth than the low frequency 
element for two main reasons.  First of all, the high band square ring slot element inherently 
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operates over a broader frequency band than the shorted square ring low band element.  
Secondly, the low band element uses a dual-substrate capacitive loading structure to reduce the 
element size; the capacitive loading results in a decreased impedance bandwidth. 

 

Figure 4-28: Active element VSWR obtained from infinite array simulations in CST Microwave Studio 

The active element axial ratio is plotted in Figure 4-29.  The low band ports (RHCP and LHCP) 
have an axial ratio < 3.0dB from 2.44 – 2.52 GHz (3.2% bandwidth).  The minimum axial ratio 
occurs at 2.45GHz for each polarization (ARmin = 0.4dB).  The high band ports have broad axial 
ratio coverage.  The LHCP polarization has an axial ratio < 3dB from 5.25 – 6.08 GHz with a 
minimum axial ratio of 0.5dB at 5.9 GHz , and the RHCP polarization covers 4.82 – 6.08 GHz 
with a minimum axial ratio of 0.18dB at 5.9GHz.  The two polarizations exhibit slightly different 
axial ratio performance due to the slightly asymmetric feeding.  One of the two feed lines crosses 
over the other near the center of the element because they are printed on opposing sides of the 
thin feed substrate layer; the feed line on the bottom (LHCP) exhibits slightly degraded axial 
ratio bandwidth compared to the other port.  However, both ports have an axial ratio <1.5dB over 
the entire 5.8 GHz ISM band.  The active element axial ratio is plotted as a function of frequency 
and angle for the low and high frequency bands in Figures 4-30 and 4-31 respectively.  The 
contour plots show that the dual-band dual-CP element maintains good axial ratio performance 
well off of broadside in both frequency bands, a result that is critical in allowing the dual-band 
dual-CP array to maintain good axial ratio at scanned conditions. 
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Figure 4-29: Active element Axial Ratio obtained from infinite array simulations in CST Microwave Studio 

 

Figure 4-30: Active element Axial Ratio vs. Frequency vs. Theta (low band LHCP port) 
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Figure 4-31: Active element Axial Ratio vs. Frequency vs. Theta (high band RHCP port) 

The element used in the dual-band, dual-CP array can be viewed as a four port microwave 
network: Port 1 = high band RHCP, Port 2 = high band LHCP, Port 3 = low band LHCP, Port 4 
= low band RHCP.  When defined in this way, the full s-matrix, [sij], provides insight into the 
inter-polarization coupling and the inter-frequency band coupling.  Figure 4-32(a)-(d) provides 
plots of sij, with j held constant in each plot. 

The high band inter-polarization coupling (s21, s12) has a maximum value just below -7dB at the 
low end of the 5.8 GHz ISM band, and this value drops to below -10dB above 5.9GHz.  The low 
band inter-polarization coupling (s43, s34) is below -10dB over most of the 2.45GHz ISM band 
with a minimum value nearing -30dB at 2.47GHz.  For the most part, the inter-frequency ports 
have negligible coupling at, or below, -30dB.  The one exception occurs in the low band, where 
the two low band ports (ports 1 and 2) couple to the high band port with orthogonal polarization 
(ports 3 and 4 respectively) with a magnitude ranging from -11 to -20dB across the 2.45 GHz 
ISM band. 
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Figure 4-32: Active element s-matrix 

The copolarized and cross-polarized volumetric active element patterns are plotted for ports 1-4 
in Figures 4-33 to 4-36 respectively.  The results show a broad, symmetric pattern for the 
copolarized component.  In each case, the cross-polarized component is well below the 
copolarized component.  This represents a high cross-polarized discrimination (XPD) which is 
reflective of an axial ratio near unity according to (1-28) and (1-29). 

 

 

Figure 4-33: Volumetric active element pattern (High Band RHCP) 
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Figure 4-34: Volumetric active element pattern (High Band LHCP) 

 

Figure 4-35: Volumetric active element pattern (Low Band LHCP) 
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Figure 4-36: Volumetric active element pattern (Low Band RHCP) 

 

4.2.2 3x3 Dual-Band, Dual-CP Array Analysis Used for Hybrid Technique Calculations 
The previously discussed infinite array analysis provides insight into the operation of the dual-
band, dual-CP element in an array environment.  The infinite array analysis includes the near-
field influence of neighboring elements when the element is present in an infinite array 
environment.  As a result, it can be seen that the impedance match, radiation pattern, and axial 
ratio of the dual-band, dual-CP element provides excellent performance in an array.  In order to 
provide a more detailed analysis of the radiation pattern, the hybrid calculation technique 
described in Section 4.1 will be applied. 

The first step in the hybrid array analysis is the simulation of a 3x3 finite array.  This analysis 
provides the active element pattern for the nine elements that are used as the representative 
patterns for element in their given region according to the technique illustrated in Figure 4-3.  
The model used in the 3x3 array simulations for the dual-band, dual-CP element is provided in 
Figure 4-37.  This model was simulated in CST Microwave Studio.  The 3x3 array model 
consisted of nine dual-band, dual-CP elements, and thus it required 36 total ports.  The high band 
ports were fed with waveguide ports used to excite the microstrip feed line contained beneath the 
antenna’s ground plane.  The low band ports were discrete ports that simulated a 50Ω probe feed. 
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Figure 4-37: 3x3 Array Model for CST Microwave Studio Simulation of Dual-Band Dual-CP Array 

The results of the finite array simulation revealed the importance of using the hybrid method for 
array analysis.  The active element patterns for the low band RHCP port are plotted in Figures 4-
38 to 4-40; each plot shows the constituent linearly polarized components in (a) and the 
circularly polarized components in (b).  The frequency for these plots is 2.44 GHz.  These 
radiation patterns are for the φ=0° plane (x-z plane).  Figure 4-38 shows the pattern for the center 
element (element 5 in the hybrid technique).  This element is used to represent all elements in the 
core region of the antenna.  This active element pattern exhibits a maximum value at broadside 
(θ=0°) and extremely high XPD.  The active element patterns for the corner elements (elements 
1, 3, 7, 9 in the hybrid technique) are shown in Figure 4-39.  These patterns are normalized to the 
maximum value of the center element case.  The results show degraded performance in many 
aspects of the pattern.  The maximum value is reduced significantly, the pattern becomes 
squinted off of broadside, and the cross-polarized component is increased.  Similar active 
element pattern performance is seen in the edge elements (elements 2, 4, 6, and 8 in the hybrid 
technique). 
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Figure 4-38: Active element pattern for center element (5) for low band RHCP port in the φ=0° plane (2.44 GHz) 

 

Figure 4-39: Active element pattern for corner elements (1, 3, 7, 9) for low band RHCP port in the φ=0° plane (2.44 GHz) 
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Figure 4-40: Active element pattern for corner elements (2, 4, 6, 8) for low band RHCP port in the φ=0° plane (2.44 GHz) 

The active element pattern for the remaining principle plane cuts, frequency bands, and 
polarizations are provided in Appendix C.  In summary, the results for the center element closely 
resemble the patterns obtained via infinite array analysis.  Conversely, the elements around the 
outer perimeter of the 3x3 array exhibit asymmetries, increased cross-polarization levels, and 
decreased gain.  The active element patterns show that the edge effects and asymmetrical mutual 
coupling provide distortions in pattern performance that would be ignored if the infinite array 
pattern was used to approximate the performance of all elements in the array. 

The infinite array simulations take into account the mutual coupling between neighboring 
elements, but the levels of the mutual coupling are not revealed.  The finite 3x3 array simulation 
provides a look at the magnitude of the mutual coupling between elements in an array 
environment.  This is important because high mutual coupling can result in decreased array 
efficiency by reducing the amount of power available for radiation.  Each polarization of each 
band of the 3x3 simulation can be viewed as a 9-port network with numbering outlined in Figure 
4-3.  For each band, the si5 network parameter provides the coupling from element 5 to the 
surrounding element ‘i’.  The network parameter si5 is defined in (4-19).  The results are plotted 
in Figures 4-41 and 4-42 for the low band and high band respectively. 

            (4-19) 



149 
 

 

Figure 4-41: Mutual coupling plot for low band ports obtained in the 3x3 array simulation 

 

 

Figure 4-42: Mutual coupling plot for high band ports obtained in the 3x3 array simulation 

The s45 and s65 parameters show the highest level of mutual coupling in low band LHCP 
operation, and s25 and s85 are the highest in low band RHCP operation.  These coupling levels 
have a maximum value just below -10dB at the high end of the 2.45GHz ISM band.  Ports 4 and 
6 are the neighbors to port 5 offset in the x-direction.  The low band LHCP ports are offset from 
the center of the element in the x-direction.  This shows that the highest coupling is seen in the 
plane containing the feeds.  The same trend is seen for the low band RHCP case, where the ports 
neighboring element 5 in the y-direction see the highest level of mutual coupling.  The remaining 
coupling parameters at the low frequency are below -15dB across the frequency band. 
 
The high band elements are separated by a larger electrical distance.  Subsequently, they 
experience lower levels of mutual coupling.  All of the coupling parameters in Figure 4-42 have 
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magnitudes below -25dB.  The lower mutual coupling levels result in a smaller impact seen at 
the edge and corner elements. 
 
The asymmetric mutual coupling helps explain the active element patterns for the low band 
RHCP edge elements from Figure 4-40.  These patterns show that element 2 and 8 are the most 
significantly impacted in the low band RHCP case.  These edge elements have neighboring 
elements in the x-direction, but they are missing one of the surrounding elements in the y-
direction.  Since the most significant contribution to their coupling comes from elements offset 
from them in the y-direction, they are impacted more than elements 4 and 6 who are missing 
neighboring elements in the x-direction. 

4.2.3 Low Band Array Performance 
The radiation pattern for the dual-band dual-CP antenna array was calculated using the multiple 
active element hybrid technique for three array sizes (12 elements x 12 elements, 24x24, and 
48x48).  The three sizes were intended to show the results for a small, moderate and large 
antenna array.  For the low band radiators, the antenna patterns were calculated using the 
individual feeding technique and a quad-element technique that will be described in the 
following section.  The remainder of this section will show the calculated array patterns, the 
performance analysis, and a comparison between the two feeding techniques.  Selected patterns 
are provided in the text of this chapter to illustrate the array performance.  Additional array 
patterns are provided in Appendix B. 

4.2.3.1 Discussion of Quad-Element Feeding Technique 
The size of the low band radiator was reduced to allow for spacing at the high frequency suitable 
for grating lobe-free scanning.  This size reduction resulted in a small footprint at the low 
frequency, and thus the low frequency aperture is oversampled.  The size reduction results in a 
larger than necessary number of potentially expensive and lossy components (such as attenuators 
and/or phase shifters). 
 
If the spacing at the low frequency were doubled, the elements would then be separated by 
0.514λ, a spacing allowing scanning to 70.7° before the onset of grating lobes.  This element 
spacing can be accomplished by feeding groups of four elements together at the low frequency; 
this group of four elements will be referred to as the quad-element. 
 
The quad-element is illustrated in Figure 4-43.  The phase centers of four dual-band, dual-CP 
elements are indicated as (xpi, ypi), where i = 1, 2, 3, or 4.  For the quad-element feeding, these 
four elements are excited by a simple four-way power splitter.  In doing so, these four elements 
are fed with equal amplitude and phase.  The effective phase center of the quad-element is 
indicated by (xeff, yeff).  When the array is scanned, the scanning phase shift is determined using 
the effective phase center.  The use of this feeding technique eliminates 75% of the required 
phase shifters and attenuators necessary for low frequency operation.  The quad-element feeding 
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is only used for the low frequency elements.  In Figure 4-43, the high frequency radiators still 
have phase centers at (xpi, ypi). 
 

 

Figure 4-43: Top view of Quad-Element feeding technique 

Figure 4-44 shows the phase shift required to scan an 11x11 array to θ=45° in the φ=90° plane.  
Figure 4-44(a) shows a three-dimensional plot of the required phase shift vs. x(cm) vs. y(cm) for 
an array in the x-y plane when all elements are excited, and Figure 4-44(b) shows the same plot 
for the quad-element feeding.  The plots in Figure 4-44(c)-(d) overlay the phase shift required for 
the two feeding techniques in the principle planes of the array.  The result shows that the quad-
element phase shift is a stair-step approximation of the phase shift when all elements are excited. 

 

Figure 4-44: Comparison of the phase shift required to scan the array when all elements are excited and when the quad-
element feeding is used 
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4.2.3.2 12x12 Array 
The phase centers for the 12x12 antenna array are shown in Figure 4-45.  This figure shows the 
phase centers for two feeding techniques.  Individual Feeding refers to the case where all 
elements are fed individually, requiring components at each element.  The Quad-element feeding 
technique was previously described.  At the low frequency limit, this array is electrically small 
(3.084λ x 3.084λ). 

 

Figure 4-45: Phase center locations for elements in a 12x12 array 

The array patterns for θ0=0°, 15°, 30°, and 45° degrees are plotted in Figure 4-46 for the low 
band RHCP port in the φ=90° plane using individual element feeding.  Figure 4-46(a) shows the 
copolarized components, and Figure 4-46(b) provides the cross-polarized components.  The 
element pattern is overlaid on both of these plots to show that the array pattern drops off 
proportionally to the element pattern at θ0.  The RHCP and LHCP pattern for the quad-element 
feeding is compared to the individual feeding in Figures 4-47 and 4-48, and the performance for 
the two feeding techniques is compared in Table 4-1.  The beamwidths for the two feeding 
techniques are identical for the four scan angles.  These beamwidths are compared to the 
theoretical value obtained using (4-17) for scan angles below 30°.  In all cases, these results 
match the approximated value closely.  The normalized maximum value drops off faster at wide 
scan angles for the quad-element feeding, but not drastically.  At θ0=45°, the quad-element case 
exhibits a maximum value 1.8dB lower than that of the individual element feeding case.  The 
individual feeding technique requires more potentially high loss phase shifters that would most 
likely decrease the gain of the individual feeding below that of the quad-element feeding.  The 
quad-element feeding showed higher XPD at wide scan angles than the individual element 
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feeding.  The improved XPD leads to an axial ratio value closer to unity, thus improving the 
performance of the array at wide scan angles for CP operation. 

 

Figure 4-46: Low band RHCP 12x12 array patterns in the φ=90° plane using individual element feeding 
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Figure 4-47: Low band RHCP port copolarized pattern in the φ=90° plane, 12x12 array 

 

 

Figure 4-48: Low band RHCP port cross-polarized pattern in the φ=90° plane, 12x12 array 

-50 0 50
-50

-40

-30

-20

-10

0

 θ (Deg.)

N
or

m
na

liz
ed

 G
ai

n 
(d

B
)

 (a) Low Band E
RHCP

 for 0 Deg. Scan

 

 

Individual Feeding
Quad-Element Feeding

-50 0 50
-50

-40

-30

-20

-10

0

 θ (Deg.)

N
or

m
na

liz
ed

 G
ai

n 
(d

B
)

 (b) Low Band E
RHCP

 for 15 Deg. Scan

 

 

Individual Feeding
Quad-Element Feeding

-50 0 50
-50

-40

-30

-20

-10

0

 θ (Deg.)

N
or

m
na

liz
ed

 G
ai

n 
(d

B
)

 (c) Low Band E
RHCP

 for 30 Deg. Scan

 

 

Individual Feeding
Quad-Element Feeding

-50 0 50
-50

-40

-30

-20

-10

0

 θ (Deg.)
N

or
m

na
liz

ed
 G

ai
n 

(d
B

)

 (d) Low Band E
RHCP

 for 45 Deg. Scan

 

 

Individual Feeding
Quad-Element Feeding

-50 0 50
-50

-40

-30

-20

-10

0

 θ (Deg.)

N
or

m
na

liz
ed

 G
ai

n 
(d

B
)

 (a) Low Band E
LHCP

 for 0 Deg. Scan

 

 
Individual Feeding
Quad-Element Feeding

-50 0 50
-50

-40

-30

-20

-10

0

 θ (Deg.)

N
or

m
na

liz
ed

 G
ai

n 
(d

B
)

 (b) Low Band E
LHCP

 for 15 Deg. Scan

 

 
Individual Feeding
Quad-Element Feeding

-50 0 50
-50

-40

-30

-20

-10

0

 θ (Deg.)

N
or

m
na

liz
ed

 G
ai

n 
(d

B
)

 (c) Low Band E
LHCP

 for 30 Deg. Scan

 

 
Individual Feeding
Quad-Element Feeding

-50 0 50
-50

-40

-30

-20

-10

0

 θ (Deg.)

N
or

m
na

liz
ed

 G
ai

n 
(d

B
)

 (d) Low Band E
LHCP

 for 45 Deg. Scan

 

 
Individual Feeding
Quad-Element Feeding



155 
 

Table 4-1: Performance comparison between the individual element feeding and quad-element feeding: Low band RHCP, 
φ=90° plane, 12x12 array 

 θ0=0° θ0=15° θ0=30° θ0=45° 

3dB Beamwidth (BW3dB) Ind. Feed 17° 16° 18° 19° 

Quad. Feed 17° 17° 18° 19° 

Approx.* 16.4466° 17.0267° 18.9908° N/A 

θMAX Ind. Feed 0° -13° -26° -38° 

Quad. Feed 0° -13° -25° -37° 

Normalized Maximum 
Value (F(θMAX)MAX) 

Ind. Feed 0dB -0.5840dB -2.4677dB -5.177dB 

Quad. Feed 0dB -0.8245dB -3.3461dB -6.9245dB 

Cross-pol. discrimination 
(XPD) 

Ind. Feed 26.7334dB 34.7037dB 27.9628dB 19.9099dB 

Quad. Feed 26.7344dB 33.0733dB 30.6980dB 22.3936dB 

 
The copolarized and cross-polarized components for the low band RHCP port are provided in 
Figures 4-49 and 4-50 for the φ=0° plane, with the results compared in Table 4-2.  The results in 
Table 4-2 show good agreement between the two feeding techniques.  These results show that 
the φ=90° plane has higher XPD than the φ=0° plane; this result is reflective of the higher XPD 
in the element pattern for the φ=90° plane. 
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Figure 4-49: Low band RHCP port copolarized pattern in the φ=0° plane, 12x12 array 

 

Figure 4-50: Low band RHCP port cross-polarized pattern in the φ=0° plane, 12x12 array 
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Table 4-2: Performance comparison between the individual element feeding and quad-element feeding: Low band RHCP, 
φ=0° plane, 12x12 array 

 θ0=0° θ0=15° θ0=30° θ0=45° 

3dB Beamwidth (BW3dB) Ind. Feed 15° 16° 17° 18° 

Quad. Feed 15° 15° 16° 18° 

Approx.* 16.4466° 17.0267° 18.9908° N/A 

θMAX Ind. Feed 0° -13° -26° -37° 

Quad. Feed 0° -13° -25° -36° 

Normalized Maximum 
Value (F(θMAX)MAX) 

Ind. Feed 0dB -0.8372dB -2.7278dB -5.1746dB 

Quad. Feed 0dB -1.0845dB -3.6391dB -7.0435dB 

Cross-pol. discrimination 
(XPD) 

Ind. Feed 26.7334dB 25.6602dB 19.3721dB 14.8274dB 

Quad. Feed 26.7344dB 25.6996dB 19.8120dB 15.4344dB 

 
The low band LHCP port showed similar performance to the RHCP port.  The performance 
parameters are shown in Tables 4-3 and 4-4 for the principle planes of the array.  These results 
show that one plane has a distinctly higher XPD than the other.  However, for the LHCP 
polarization, the φ=0° plane shows the higher XPD, whereas the RHCP had higher XPD in the 
φ=90° plane. 
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Table 4-3: Performance comparison between the individual element feeding and quad-element feeding: Low band LHCP, 
φ=90° plane, 12x12 array 

 θ0=0° θ0=15° θ0=30° θ0=45° 

3dB Beamwidth (BW3dB) Ind. Feed 15° 16° 17° 18° 

Quad. Feed 15° 15° 16° 18° 

Approx.* 16.4466° 17.0267° 18.9908° N/A 

θMAX Ind. Feed 0° -13° -26° -38° 

Quad. Feed 0° -13° -25° -36° 

Normalized Maximum 
Value (F(θMAX)MAX) 

Ind. Feed 0dB -0.8335dB -2.7162dB -5.1790dB 

Quad. Feed 0dB -1.0808dB -3.6338dB -7.0490dB 

Cross-pol. discrimination 
(XPD) 

Ind. Feed 26.5931dB 25.4063dB 19.1792dB 14.6330dB 

Quad. Feed 26.5931dB 25.4328dB 19.6560dB 15.2886dB 
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Table 4-4: Performance comparison between the individual element feeding and quad-element feeding: Low band LHCP, 
φ=0° plane, 12x12 array 

 θ0=0° θ0=15° θ0=30° θ0=45° 

3dB Beamwidth (BW3dB) Ind. Feed 17° 16° 18° 19° 

Quad. Feed 17° 17° 18° 19° 

Approx.* 16.4466° 17.0267° 18.9908° N/A 

θMAX Ind. Feed 0° -13° -26° -38° 

Quad. Feed 0° -13° -26° -37° 

Normalized Maximum 
Value (F(θMAX)MAX) 

Ind. Feed 0dB -0.5795dB -2.4495dB -5.1716dB 

Quad. Feed 0dB -0.8194dB -3.3285dB -6.9175dB 

Cross-pol. discrimination 
(XPD) 

Ind. Feed 26.5931dB 34.3800dB 28.5282dB 20.1628dB 

Quad. Feed 26.5931dB 32.7412dB 31.1331dB 22.7729dB 

 

The low band 12x12 array calculations show good performance for a relatively small array.  The 
quad-element feeding reduced the number of components required for the array without 
compromising performance.  Both feeding techniques (individual feeding and quad-element 
feeding) exhibited half-power beamwidths that agree well with the approximation obtained using 
(4-17).  The array maintains a XPD greater than 15dB over wide scan angles, which corresponds 
to an axial ratio lower than 3dB according to Figure 1-3.  The scanning performance shows some 
error in θ0 as the beam is scanned off of broadside.  This error is minimized in larger array sizes, 
and those results will be shown in subsequent sections. 
 

4.2.3.3 24x24 Array 
The 24x24 element array consists of 576 dual-band, dual-CP elements, and 144 effective quad-
elements for the low band.  The phase centers for this array are shown in Figure 4-51.  The φ=0° 
copolarized pattern for the low band LHCP port is shown in Figure 4-52, and the cross-polarized 
components are provided in Figure 4-53.  These patterns show many of the same trends that were 
present in the smaller, 12x12 array: beamwidth in good agreement with approximation, high 
XPD, and a normalized maximum value that decreases proportionally to the element pattern.  
The XPD was higher in one principle plane compared to the other.  As in the 12x12 array case, 



160 
 

the φ=0° plane was the better for LHCP, and the φ=90° was the better plane in RHCP.  These 
results are reflected in the tabulated parameters for LHCP low band operation in the φ=0° plane 
(Table 4-5) and φ=90° plane (Table 4-6). 

 

Figure 4-51: Phase center locations for elements in a 24x24 array 
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Figure 4-52: Low band LHCP port copolarized pattern in the φ=0° plane, 24x24 array 

 

Figure 4-53: Low band LHCP port cross-polarized pattern in the φ=0° plane, 24x24 array 
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Table 4-5: Performance comparison between the individual element feeding and quad-element feeding: Low band LHCP, 
φ=0° plane, 24x24 array 

 θ0=0° θ0=15° θ0=30° θ0=45° 

3dB Beamwidth (BW3dB) Ind. Feed 9° 8° 9° 11° 

Quad. Feed 9° 8° 9° 11° 

Approx.* 8.2233° 8.5134° 9.4954° N/A 

θMAX Ind. Feed 0° -14° -29° -43° 

Quad. Feed 0° -14° -28° -43° 

Normalized Maximum 
Value (F(θMAX)MAX) 

Ind. Feed 0dB -0.7086dB -2.8243dB -6.0076dB 

Quad. Feed 0dB -0.9298dB -3.6576dB -7.7473dB 

Cross-pol. discrimination 
(XPD) 

Ind. Feed 35.6364dB 44.0116dB 26.5507dB 18.2519dB 

Quad. Feed 35.6364dB 44.6704dB 27.5578dB 18.6276dB 
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Table 4-6: Performance comparison between the individual element feeding and quad-element feeding: Low band LHCP, 
φ=90° plane, 24x24 array 

 θ0=0° θ0=15° θ0=30° θ0=45° 

3dB Beamwidth (BW3dB) Ind. Feed 9° 8° 9° 11° 

Quad. Feed 9° 8° 9° 11° 

Approx.* 8.2233° 8.5134° 9.4954° N/A 

θMAX Ind. Feed 0° -14° -29° -43° 

Quad. Feed 0° -14° -29° -42° 

Normalized Maximum 
Value (F(θMAX)MAX) 

Ind. Feed 0dB -0.9900dB -3.1520dB -5.9807dB 

Quad. Feed 0dB -1.2117dB -4.0649dB -7.8882dB 

Cross-pol. discrimination 
(XPD) 

Ind. Feed 35.6364dB 30.8238dB 19.6092dB 13.8412dB 

Quad. Feed 35.6364dB 30.6369dB 19.8048dB 14.2079dB 

 

The 24x24 array exhibits better scanning performance than the 12x12 array for low band 
operation.  The larger array exhibits less deviation between the desired pointing direction and the 
actual pointing direction due to the narrower beamwidth in the array factor.  The XPD is 
improved compared to that for the smaller array, presumably because of the decreased impact 
that edge effects will have on the overall array pattern. 

 

4.2.3.4 48x48 Array 
The pattern was also calculated for a 48x48 array to show the performance of the dual-band, 
dual-CP element in a large array environment.  The RHCP patterns for the low band frequency 
of 2.45 GHz is plotted for the φ=90° plane in Figures 4-55 and 4-56 for the copolarized and 
cross-polarized components.  This large antenna array exhibits excellent performance using both 
the quad-element and individual feeding technique.  The beamwidth agrees well with the 
approximation, the pointing angles accuracy is high, the XPD remains high at wide scan angles, 
and the two feeding techniques have main beam maximum values that track well with the 
element pattern. 
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Figure 4-54: Phase center locations for elements in a 48x48 array 
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Figure 4-55: Low band RHCP port copolarized pattern in the φ=90° plane, 48x48 array 

 

 

Figure 4-56: Low band RHCP port cross-polarized pattern in the φ=90° plane, 48x48 array 
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4.2.3.5 Discussion on Cross-Polarization Discrimination and Axial Ratio 
The XPD and axial ratio performance for the low band antenna array sizes investigate in this 
study is provided in Figures 4-57 to 4-60.  Each of these figures contains four subplots: XPD for 
individual feeding, XPD for quad-element feeding, AR for individual feeding and AR for quad-
element feeding.  Each figure has data points indicating the value for all three array sizes that 
were discussed.  The results show that the low band radiators of the dual-band dual-CP antenna 
element provide excellent CP performance in an antenna array environment.  The low band 
radiator maintains an axial ratio better than 2.0 dB for scans less than 30°. 

 

Figure 4-57: Low Band RHCP XPD and AR (φ=0° cut) 
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Figure 4-58: Low Band RHCP XPD and AR (φ=90° cut) 

 

Figure 4-59: Low Band LHCP XPD and AR (φ=0° cut) 
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Figure 4-60: Low Band LHCP XPD and AR (φ=90° cut) 
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dropped off much faster than the element pattern, and a grating lobe is visible in the range from 
50°<θ<80°.  The cross-polarized patterns of Figure 4-61(b) illustrate the excellent XPD for the 
array.  As mentioned before a high XPD corresponds to an axial ratio near unity.  The 
performance parameters of the RHCP high band radiator for the 12x12 array are provided for the 
φ=0° and φ=90° in Table 4-8 and 4-9 respectively. 

 

Figure 4-61: High band pattern for RHCP φ=0° plane, 12x12 array 
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Table 4-7: Performance of High band RHCP, φ=0° plane, 12x12 array 

 θ0=0° θ0=15° θ0=30° θ0=45° 

3dB Beamwidth (BW3dB) Calculated 7° 7° 8° 11° 

Approx.* 6.9473° 7.1923° 8.0220° N/A 

θMAX Calculated 0° -14° -27° -40° 

Normalized Maximum 
Value (F(θMAX)MAX) 

Calculated 0dB -1.1521dB -4.0778dB -8.3121dB 

Cross-pol. discrimination 
(XPD) 

Calculated 41.0871dB 24.7663dB 19.9566dB 24.8445dB 

 

Table 4-8: Performance of High band RHCP, φ=90° plane, 12x12 array 

 θ0=0° θ0=15° θ0=30° θ0=45° 

3dB Beamwidth (BW3dB) Calculated 7° 7° 8° 11° 

Approx.* 6.9473° 7.1923° 8.0220° N/A 

θMAX Calculated 0° -14° -27° -40° 

Normalized Maximum Value 
(F(θMAX)MAX) 

Calculated 0dB -1.1387dB -4.0797dB -8.3745dB 

Cross-pol. discrimination 
(XPD) 

Calculated 41.0871dB 39.1293dB 26.5732dB 19.8965dB 

 

The performance parameters for the LHCP radiators for the high frequency band of the 12x12 
array are tabulated in Tables 4-10 and 4-11 for the φ=0° and φ=90° principle planes.  The XPD 
for the LHCP radiators is slightly lower than that of the RHCP array due to the asymmetry in the 
stripline feeding network.  The two feed lines are printed on opposing sides of a thin microwave 
substrate layer to avoid physical intersection.  The RHCP feed line passes above the LHCP line, 
and this has been seen to result in improved polarization performance for the RHCP compared to 
the LHCP.  Although the XPD is not as high as for the RHCP port, it is still between 21dB and 
32dB across a wide range of scan angles. 
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Table 4-9: Performance of High band LHCP, φ=0° plane, 12x12 array 

 θ0=0° θ0=15° θ0=30° θ0=45° 

3dB Beamwidth (BW3dB) Calculated 7° 7° 8° 11° 

Approx.* 6.9473° 7.1923° 8.0220° N/A 

θMAX Calculated 0° -14° -27° -41° 

Normalized Maximum Value 
(F(θMAX)MAX) 

Calculated 0dB -1.1902dB -4.2171dB -8.2405dB 

Cross-pol. discrimination 
(XPD) 

Calculated 29.6270dB 32.0779dB 26.6203dB 21.4788dB 

 

Table 4-10: Performance of High band LHCP, φ=90° plane, 12x12 array 

 θ0=0° θ0=15° θ0=30° θ0=45° 

3dB Beamwidth (BW3dB) Calculated 7° 7° 8° 12° 

Approx.* 6.9473° 7.1923° 8.0220° N/A 

θMAX Calculated 0° -14° -27° -41° 

Normalized Maximum Value 
(F(θMAX)MAX) 

Calculated 0dB -1.2597dB -4.4097dB -8.4719dB 

Cross-pol. discrimination 
(XPD) 

Calculated 29.6270dB 24.7661dB 21.1263dB 26.0551dB 

 

The 12x12 array patterns for the high band radiators show excellent polarization performance 
even at wide scan angles.  As anticipated, grating lobes are introduced into the visible region of 
the antenna pattern when the scan angle exceeds 40°, but a wide grating lobe-free scan region is 
still provided.  The beamwidths are virtually identical in the two principle planes due to the 
inherent symmetry in the volumetric pattern of the constituent elements.  The maximum gain 
value for the array falls off proportionally to the element pattern magnitude as the main beam is 
scanned, and no additional source of loss in the main beam is noticed until the onset of grating 
lobes. 
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4.2.4.2 24x24 Array 
The 24x24 array was previously analyzed for the low band frequencies.  In this section, the high 
band performance is discussed.  The RHCP pattern at 5.9 GHz is plotted in Figure 4-62(a) and 
(b) for the φ=90° plane.  The patterns show similar XPD performance to the smaller, 12x12 
array.  The maximum gain drops off proportionally to the element pattern until the onset of 
grating lobes.  The grating lobe appears in approximately the same region as in the 12x12 array, 
but for this larger array the grating lobe is narrower.  The performance of the RHCP principle 
planes (φ=0° and φ=90°) is provided in Tables 4-12 and 4-13, and the LHCP performance is 
shown in Tables 4-14 and 4-15.  The right hand CP patterns exhibits higher XPD than the LHCP 
polarization as it did in the smaller array.  The patterns exhibit symmetry in the principle plane 
beamwidth, and the beamwidths agree well with the approximated values.  There is minimal 
discrepancy between the desired and actual pointing angles for the wide range of scan angles 
used. 

 

 

Figure 4-62: High band pattern for RHCP φ=90° plane, 24x24 array 
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Table 4-11: Performance of High band RHCP, φ=0° plane, 24x24 array 

 θ0=0° θ0=15° θ0=30° θ0=45° 

3dB Beamwidth (BW3dB) Calculated 3° 4° 4° 6° 

Approx.* 3.4736° 3.5962° 4.0110° N/A 

θMAX Calculated 0° -15° -29° -44° 

Normalized Maximum 
Value (F(θMAX)MAX) 

Calculated 0dB -0.9416dB -3.0767dB -6.1817dB 

Cross-pol. discrimination 
(XPD) 

Calculated 39.5948dB 23.5188dB 19.9319dB 21.8875dB 

 

Table 4-12: Performance of High band RHCP, φ=90° plane, 24x24 array 

 θ0=0° θ0=15° θ0=30° θ0=45° 

3dB Beamwidth (BW3dB) Calculated 3° 4° 4° 6° 

Approx.* 3.4736° 3.5962° 4.0110° N/A 

θMAX Calculated 0° -15° -29° -44° 

Normalized Maximum 
Value (F(θMAX)MAX) 

Calculated 0dB -1.0933dB -3.4253dB -6.1986dB 

Cross-pol. discrimination 
(XPD) 

Calculated 39.5948dB 33.2006dB 25.8047dB 18.6798dB 
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Table 4-13: Performance of High band LHCP, φ=0° plane, 24x24 array 

 θ0=0° θ0=15° θ0=30° θ0=45° 

3dB Beamwidth (BW3dB) Calculated 3° 4° 4° 6° 

Approx.* 3.4736° 3.5962° 4.0110° N/A 

θMAX Calculated 0° -15° -29° -44° 

Normalized Maximum 
Value (F(θMAX)MAX) 

Calculated 0dB -1.0090dB -3.2080dB -6.0014dB 

Cross-pol. discrimination 
(XPD) 

Calculated 28.6096dB 30.3891dB 26.1229dB 19.9702dB 

 

Table 4-14: Performance of High band LHCP, φ=90° plane, 24x24 array 

 θ0=0° θ0=15° θ0=30° θ0=45° 

3dB Beamwidth (BW3dB) Calculated 3° 4° 4° 6° 

Approx.* 3.4736° 3.5962° 4.0110° N/A 

θMAX Calculated 0° -15° -29° -44° 

Normalized Maximum 
Value (F(θMAX)MAX) 

Calculated 0dB -0.9254dB -3.0425dB -6.2363dB 

Cross-pol. discrimination 
(XPD) 

Calculated 28.6096dB 23.4678dB 21.1889dB 21.1300dB 

 

4.2.4.3 48x48 Array 
The electrically large 48x48 array exhibits excellent performance parameters making it ideal for 
applications requiring narrow beamwidths.  The 5.9 GHz RHCP pattern in for the y-z plane 
(φ=90°) is shown in Figure 4-63.  The pattern has a beamwidth less than 2° for the broadside 
case.  CST Microwave Studio will not export data files with finer resolution than 1°; this results 
in the rough appearance of the patterns.  The pattern characteristics are tabulated in Tables 4-16 
and 4-17 for RHCP and LHCP in the y-z plane.  The results are consistent with those seen in the 
analysis of the small and moderate sized arrays. 
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Figure 4-63: High band pattern for RHCP φ=90° plane, 48x48 array 

 

Table 4-15: Performance of High band RHCP, φ=90° plane, 48x48 array 
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Approx.* 1.7368° 1.7981° 2.0055° N/A 

θMAX Calculated 0° -15° -30° -45° 

Normalized Maximum 
Value (F(θMAX)MAX) 
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Cross-pol. discrimination 
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Table 4-16: Performance of High band LHCP, φ=90° plane, 48x48 array 

 θ0=0° θ0=15° θ0=30° θ0=45° 

3dB Beamwidth (BW3dB) Calculated 2° 2° 2° 3° 

Approx.* 1.7368° 1.7981° 2.0055° N/A 

θMAX Calculated 0° -15° -30° -45° 

Normalized Maximum 
Value (F(θMAX)MAX) 

Calculated 0dB -0.6191dB -2.1533dB -4.8102dB 

Cross-pol. discrimination 
(XPD) 

Calculated 28.1364dB 23.0574dB 21.3860dB 20.4223dB 

 

4.2.4.4 Discussion on Cross-Polarization Discrimination and Axial Ratio 
The XPD and axial ratio performance for the high band antenna array sizes investigate in this 
study is provided in Figures 4-64 to 4-67.  Each of these figures contains two subplots: XPD and 
AR.  Each figure has points indicating the value for all three array sizes that were discussed.  The 
results show that the high band radiators of the dual-band dual-CP antenna element provides 
excellent CP performance in an antenna array environment.  The high band radiator maintains an 
axial ratio better than 2.0 dB for scans less than 45°.  The element spacing is slightly over 0.6λ in 
the high frequency band causing grating lobes to appear in the visible region when the array is 
scanned past 40°. 

 

Figure 4-64: High Band RHCP XPD and AR (φ=0° cut) 
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Figure 4-65: High Band RHCP XPD and AR (φ=90° cut) 

 

Figure 4-66: High Band LHCP XPD and AR (φ=0° cut) 
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Figure 4-67: High Band LHCP XPD and AR (φ=90° cut) 
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The design proposed by Vallecchi, et al for SAR applications uses a perforated low band patch 
to allow radiation from the high frequency patches printed on a lower level in the design [14].  
Each polarization of this device operates with a single sense of polarization that can be either 
linear or circular depending on the feed network design.  The array layout uses a series fed 
concept with no mention of beam scanning.  Granholm’s perforated patch design is also for SAR 
applications, and it shows the ability to provide dual-linear polarization [20].  Similar to [14], the 
design in [20] is presented without mention of beam scanning. 

Shafai, et al designed a SAR dual-band array capable of operating with dual-linear polarization.  
In [18], the authors state that arranging dual-band antenna elements on a lattice suitable for 
scanning is a challenge that becomes more severe as the scanning window increases.  In their 
design, they were able to achieve a scanning of the main beam up to 25° off of broadside. 

The design discussed in this dissertation avoids many of the difficulties commonly faced in dual-
band array design.  The low band element can be reduced in size to the point where concentric 
low and high band elements are arranged on the same lattice.  The resulting antenna array is 
oversampled at the low frequency band, but a quad-element feeding is introduced to reduce the 
number of active components by 75%.  The presence of the capacitive loading structure provides 
the antenna engineer with a wide range of variables to control the frequency ratio and size of the 
element, thus making it suitable for a wide range of applications. 
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CHAPTER 5. CONCLUSIONS 
 

 

A novel dual-band element has been designed that provides dual-CP performance in two distinct 
frequency bands.  The element, consisting of two concentric radiating elements, was built and 
tested to verify the concept and performance shown in simulations.  The measured results show 
good agreement with the simulations, this establishing a high confidence level in the validity of 
the simulation models used in this dissertation.  Moreover, the measured results confirm the 
ability of this element to generate dual-circular polarization at two distinct frequency bands 
while providing a lightweight, low-profile, printed circuit design capable of facilitating system 
integration. 

The high frequency element is a square ring slot element.  The element is realized in stripline to 
restrict the radiation to the upper half plane for a more directive element than in slot line or 
slotted microstrip designs.  Slotted stripline designs often experience inefficiencies and power 
loss due to the excitation of a parallel plate mode that propagates between the upper and lower 
ground plane.  In this design, the plated through holes are placed around the outer perimeter of 
the square ring slot to suppress the parallel plate mode.  This technique has been used in the 
literature for aperture coupled antennas, and it is seen to improve the efficiency of the high band 
radiator.  The plated through holes also serve as the shorting mechanism for the low band shorted 
square ring antenna element.  These two concentric elements are printed on the same microwave 
substrate providing a low-profile, lightweight design that can be manufactured at low cost. 

The two constituent elements in this design are the square ring slot and the shorted square ring 
element.  By adding an orthogonal feed point, they can be operated with dual-linear polarization.  
Dual-linear polarization is commonly used for applications such as synthetic aperture radar.  
However, many applications prefer circular polarization because it allows flexible orientation 
between transmitting and receiving antennas while reducing multipath effects that can lead to 
signal fading.  In this research, isosceles triangle perturbations are added to opposing corners of 
both radiators.  These perturbations introduce two near-degenerate modes in the radiating 
structure.  If the feed point is chosen correctly, the modes can be excited in phase quadrature 
resulting in circular polarization.  The sense of circular polarization is determined by the feed 
placement with respect to the perturbations.  If orthogonal feeds are present, both senses of 
circular polarization can be excited.  The ability to operate with both sense of circular 
polarization provides the ability to reuse frequencies in a communication system and double the 
system capacity without requiring additional bandwidth. 

In many applications, the footprint and/or weight of the antenna is limited by several factors.  For 
instance, in space based applications the cost of the mission is impacted by the overall weight of 
the platform.  In such cases, the weight and size of the antenna should be minimized.  In personal 
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wireless communications, the desired size of the electronic device decreases as the technology 
and functionality of the device increases.  This increases the need for a small antenna capable of 
supporting multiple frequency bands and functions.  In any application requiring an antenna 
array, the size of the antenna element must be sized correctly to allow for spacing in a suitable 
lattice structure enabling adequate scanning performance.  If the element forces electrically large 
lattice spacing, the array pattern will experience grating lobes as the main beam is scanned. 

In this dissertation, a novel capacitive loading structure was designed that provides significant 
size reduction in the low band shorted square ring radiator.  This substrate adds a capacitive 
loading patch in a plane parallel to the radiating elements.  The patch is a thin, annular ring of 
width wcap.  The radiating structure and the capacitive patch maintain electrical continuity 
through a series of plated through holes.  The structure generates a capacitance between the 
capacitive patch and the antenna’s ground plane to facilitate size reduction.  The structure can 
have a substrate separate from that of the radiating element.  This substrate can have a high 
dielectric constant to maximize the capacitance of the structure.  By restricting this substrate to 
the capacitive loading structure, the radiating element can still be printed on a low loss, low 
dielectric constant substrate.  This is ideal because high dielectric constant substrates have been 
seen to degrade antenna performance.  The performance of this loading structure was verified 
through measurements.  The outer perimeter of the capacitive patch follows the outer perimeter 
of the shorted square ring.  When perturbations are present for circular polarization, the shape of 
the capacitive patch is modified to allow circular polarized performance in the compact antenna 
size. 

The dual-substrate capacitive loading structure was incorporated into the dual-band, dual-
polarized antenna element to reduce the footprint of the element.  This allows a dual-band 
element with a large frequency ratio to be placed in an array environment conducive to scanning 
the main beam at the high frequency without the introduction of grating lobes.  The capacitive 
loading structure reduces the size of the low frequency element while leaving the high band 
element performance unchanged.  The size reduction, however, is not obtained without 
drawback.  The operational bandwidth of the low band element – in terms of impedance match 
and axial ratio – is reduced by the increased quality factor of the element generated by the 
increased element capacitance. 

For this dissertation, the design process focused on two ISM bands due to their availability and 
popularity within the electromagnetic spectrum.  These frequency bands are commonly used in 
low power electronic applications including Bluetooth technology, several 802.11 protocol, and 
cordless telephones because unlicensed use is permitted.  The 2.45 GHz ISM band and the 5.8 
GHz ISM band are chosen for the low and high frequency bands respectively.  However, 
operation of this novel antenna element is not restricted to these frequency bands.  The antenna 
element has shown to support a wide range of frequency ratios making it an ideal element for 
many applications ranging from wireless communications to multifunction radar arrays to space 
based synthetic aperture radar. 
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The majority of dual-band antenna elements in the literature have a frequency ratio ranging from 
just over unity to slightly over 4:1.  For small frequency ratios, concentric radiators and multi-
mode elements can be used.  Concentric radiators prove difficult to use for small frequency ratios 
because of the comparable size of the radiators.  In order to use concentric radiators, the center 
element has been printed on extremely high dielectric constant material.  Concentric radiators 
become attractive for frequency ratios of moderate size.  As the frequency ratio increases to close 
to 4:1 for applications such as synthetic aperture radar, perforated patches and interlaced 
radiators are often used.  In perforated patches, the low band radiator contains apertures that 
allow radiation from several smaller high frequency elements printed on lower levels of a 
multilayer structure.  In interlaced radiators, arrays of low band and high band radiators are 
printed on different layers of a sandwich structure.  Both perforated and interlaced designs have 
the difficulty of arranging the elements to provide adequate array performance while providing 
elements that are not co-planar. 

A parametric study of the element designed in this dissertation shows that it is capable of 
handling small, moderate, and large frequency ratios while maintaining concentric, co-planar 
radiators.  For large frequency ratios, the outer side length of the element can become too large 
for array spacing, thus presenting an ideal application of the dual-substrate capacitive loading 
structure for size reduction of the low frequency element. 

For applications requiring directional beams, antenna elements are typically arranged in an array 
environment.  In these applications, the dual-polarized, dual-band antenna element in this 
dissertation provides the ability to support multiple functions.  Multifunction antenna arrays are 
commonly used to support functions ranging from synthetic aperture radar, to electronic warfare, 
to target tracking, to communications.  Analyzing the performance of large arrays of 
multifunction element can be a difficult task. 

A common first at the array performance is obtained by using infinite array analysis to reveal the 
average active element performance.  These simulations place a single element in boundary 
conditions mimicking an infinite extension of the element in both principle planes.  The near-
field influence of neighboring elements is included in these simulations.  The pattern obtained 
through this technique can be multiplied by an array factor to result in an approximate array 
pattern.  This technique provides a good approximation for a large array, but it fails for small 
arrays. 

In small to moderate sized arrays, the elements in the array do not all experience identical 
surroundings.  The previously described infinite array analysis fails to include these differences, 
and all elements are assumed to be identical.  An exact array pattern can be obtained by 
calculating, simulating, or measuring the active element pattern for each element in the array.  
This technique includes the radiative mutual coupling effects from neighboring elements, and the 
active element pattern for each element is unique.  This drawback of this technique stems from 
the uniqueness of the active element patterns. 
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A hybrid calculation technique using multiple active element patterns is developed and applied 
to investigate the performance of this element within an array.  In this technique, a 3x3 array of 
elements is simulated to arrive at nine active element patterns.  Each element in the array is 
assigned one of these nine active element patterns to serve as its active element pattern.  The 
pattern is chosen based on the geometrical location and boundary conditions of the given element 
within the array.  This approach presents a compromise between the time-efficient infinite array 
analysis and the exact result of the active element pattern approach. 

The results of the array analysis indicate that the dual-band, dual-CP element provides an 
attractive option for applications requiring dual-band apertures requiring dual-frequency 
operation and main beam scanning.  The dual-ISM band antenna array permits scanning up to 
70° off of broadside at 2.44 GHz before the onset of grating lobes.  At the high frequency, 
grating lobe-free scanning is achieved for angles up to 40° off of broadside.  The cross-polarized 
discrimination (XPD) and axial ratio holds up extremely well for both polarizations and both 
frequency bands.  At 2.44 GHz, the axial ratio remains below 2.0dB for scans less than 30°.  The 
high frequency polarizations experience an axial ratio better than 2dB over the entire grating 
lobe-free scanning region.  The low profile, low cost, and light weight nature of the element used 
in this array make it advantageous for use in large apertures. 

Recent work by White and Rebeiz has shown the ability to dynamically tune the resonant 
frequency of a ring slot antennas by placing multiple varactor diodes across the slot [83].  Their 
work published in 2009 showed the ability to tune the resonant frequency over a 1.7:1 ratio by 
adjusting the capacitance of the varactor diode.  This work was completed on single- and dual-
linearly polarized antennas.  The dual-band, dual-polarized element discussed in this dissertation 
can be extended to include dynamic tuning of the high frequency element by including the 
varactor diode design of White and Rebeiz into the high band square ring slot element.  This 
provides a dual-band, dual-CP antenna element with even greater flexilibilty.  The frequency 
ratio can be controlled by the methods shown in earlier Chapters, and this extension provides the 
ability to dynamically control the operational frequencies to provide the functionality required 
for applications such as cognitive radio where the operational frequency must be controllable. 

This dissertation provides a comprehensive description of an element that serves as a unique 
contribution to the antenna engineering community.  The work presented in this study details a 
dual-band dual-CP element operating at the previously mentioned two ISM bands.  However, 
nothing about this element limits its use to these specific frequency bands.  The element can be 
redesigned to operate over different frequency bands to meet specific application needs.  The 
arrangement of the square ring slot and shorted square ring elements provides a novel 
architecture aimed at increasing frequency ratio flexibility and enhancing system performance.  
A novel capacitive loading structure providing significant size reduction in shorted ring elements 
was designed and verified through measurements.  The size reduction the placement of this 
element in a phased array environment suitable for wide scanning applications.  Subsequently, 
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this element is suitable for multifunction applications requiring a single element or an array 
environment. 
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APPENDICES 

APPENDIX A: Assembly Procedure for Multilayer, Printed Circuit, Dual-
Band Dual-CP Antenna Element 

 

This appendix describes the proposed assembly procedure for a dual-band dual-CP antenna 
element.  This circuit board is a multilayer design.  The substrate materials, conductor layers, 
dielectric layer outlines, and via locations are all described in this appendix. 

 

Substrate Materials 

• Layer D1 – Rogers RT/Duroid 5870: h = 0.060”, εr = 2.33 
• Layer D2 – Rogers RT/Duroid 5870: h = 0.004”, εr = 2.33 
• Layer D3 – Rogers RT/Duroid 5870: h = 0.060”, εr = 2.33 
• Layer D4 – Rogers RT/Duroid 5870: h = 0.030”, εr = 2.33 
• 0.5 oz. Copper for all conducting layers 
• Dielectric adhesive: dielectric constant as close to 2.33 as possible; adhesive layers 

should have minimal thickness 

Assembly Steps 

1. Start with dielectric layer D4.  The outline is described by D4.gbr.  The top side of the 
substrate is bare dielectric, and the conductor on the bottom side of the material is defined 
by C5.gbr. 
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2. The outline for layer D3 is defined by D3.gbr.  The bottom-side conductor of this board is 
defined by C4.gbr, and the top-side conductor is defined by C3.gbr. 

 

3. Layer D3 is bonded on top of layer D4. 
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4. Drill and plate the hole defined by Feedvia_1.gbr.  This plated through hole provides 
electrical continuity between C5 and C3. 
 

 
5. Drill and plate holes defined by Gndvia.gbr.  These plated through holes provide 

continuity from layer C5 to C4.  These holes may need to be drilled and plated all the 
way through layer D3, and then back drilled (if necessary). 

 

6. Layer D2 is outlined in D2.gbr.  The top-side of this substrate has a conductor defined by 
C2.gbr, and the bottom-side of this substrate is bare dielectric. 
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7. Layer D2 is bonded on top of the previously bonded D3-D4. 
8. Drill and plate the hole defined by Feedvia_2.gbr.  This plated through hole provides 

electrical continuity between C5 and C2. 
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9. Layer D1 is outlined in D1.gbr.  The top-side of this substrate has a conductor defined by 
C1.gbr, and the bottom-side of this substrate is bare dielectric. 

 

10.  Layer D1 is bonded on top of the previously bonded D2-D3-D4. 
11. Drill and plate the holes defined by SHORTINGVIAS.gbr.  These holes provide 

electrical continuity between C1 and C4.  These holes may need to be drilled all the way 
through the finished design, plated, and then back drilled to the appropriate depth. 
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Additional Views 

• Dielectric Profile 

 

• Conductor Layers: Dielectric layers hidden; section view 
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• Isometric View (From Top) 
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APPENDIX B: Dual-Band Dual-CP Antenna Array Patterns 
The patterns for dual-band dual-CP antenna arrays of various sizes were calculated for the work 
in this dissertation.  A selected subsection of the patterns are provided in Chapter 4.  For 
completion, the remainder of the principle plane patterns is provided in this Appendix. 

12x12 Array 
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 θ0=0°  θ0=15°  θ0=30°  θ0=45°  

3dB Beamwidth (BW3dB)  Ind. Feed  17°  16°  18°  19°  

Quad. 
Feed  

17°  17°  18°  19°  

Approx.*  16.4466°  17.0267°  18.9908°  N/A  

θMAX  Ind. Feed  0°  -13°  -26°  -38°  

Quad. 
Feed  

0°  -13°  -26°  -37°  

Normalized Maximum Value 
(F(θMAX)MAX)  

Ind. Feed  0dB  -0.5795dB  -2.4495dB  -5.1716dB  

Quad. 
Feed  

0dB  -0.8194dB  -3.3285dB  -6.9175dB  

Cross-pol. discrimination 
(XPD)  

Ind. Feed  26.5931dB  34.3800dB  28.5282dB  20.1628dB  

Quad. 
Feed  

26.5931dB  32.7412dB  31.1331dB  22.7729dB  
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Low Band LHCP φ=90° 

 

  

-50 0 50
-50

-40

-30

-20

-10

0

 θ (Deg.)

N
or

m
na

liz
ed

 G
ai

n 
(d

B
)

 (a) Low Band E
LHCP

 for 0 Deg. Scan

 

 
Individual Feeding
Quad-Element Feeding

-50 0 50
-50

-40

-30

-20

-10

0

 θ (Deg.)

N
or

m
na

liz
ed

 G
ai

n 
(d

B
)

 (b) Low Band E
LHCP

 for 15 Deg. Scan

 

 
Individual Feeding
Quad-Element Feeding

-50 0 50
-50

-40

-30

-20

-10

0

 θ (Deg.)

N
or

m
na

liz
ed

 G
ai

n 
(d

B
)

 (c) Low Band E
LHCP

 for 30 Deg. Scan

 

 
Individual Feeding
Quad-Element Feeding

-50 0 50
-50

-40

-30

-20

-10

0

 θ (Deg.)

N
or

m
na

liz
ed

 G
ai

n 
(d

B
)

 (d) Low Band E
LHCP

 for 45 Deg. Scan

 

 
Individual Feeding
Quad-Element Feeding



203 
 

 

  

-50 0 50
-50

-40

-30

-20

-10

0

 θ (Deg.)

N
or

m
na

liz
ed

 G
ai

n 
(d

B
)

 (a) Low Band E
RHCP

 for 0 Deg. Scan

 

 
Individual Feeding
Quad-Element Feeding

-50 0 50
-50

-40

-30

-20

-10

0

 θ (Deg.)

N
or

m
na

liz
ed

 G
ai

n 
(d

B
)

 (b) Low Band E
RHCP

 for 15 Deg. Scan

 

 
Individual Feeding
Quad-Element Feeding

-50 0 50
-50

-40

-30

-20

-10

0

 θ (Deg.)

N
or

m
na

liz
ed

 G
ai

n 
(d

B
)

 (c) Low Band E
RHCP

 for 30 Deg. Scan

 

 
Individual Feeding
Quad-Element Feeding

-50 0 50
-50

-40

-30

-20

-10

0

 θ (Deg.)

N
or

m
na

liz
ed

 G
ai

n 
(d

B
)

 (d) Low Band E
RHCP

 for 45 Deg. Scan

 

 
Individual Feeding
Quad-Element Feeding



204 
 

 θ0=0°  θ0=15°  θ0=30°  θ0=45°  

3dB Beamwidth (BW3dB)  Ind. Feed  15°  16°  17°  18°  

Quad. 
Feed  

15°  15°  16°  18°  

Approx.*  16.4466°  17.0267°  18.9908°  N/A  

θMAX  Ind. Feed  0°  -13°  -26°  -38°  

Quad. 
Feed  

0°  -13°  -25°  -36°  

Normalized Maximum Value 
(F(θMAX)MAX)  

Ind. Feed  0dB  -0.8335dB  -2.7162dB  -5.1790dB  

Quad. 
Feed  

0dB  -1.0808dB  -3.6338dB  -7.0490dB  

Cross-pol. discrimination 
(XPD)  

Ind. Feed  26.5931dB  25.4063dB  19.1792dB  14.6330dB  

Quad. 
Feed  

26.5931dB  25.4328dB  19.6560dB  15.2886dB  
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Low Band RHCP φ=0° 
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 θ0=0°  θ0=15°  θ0=30°  θ0=45°  

3dB Beamwidth (BW3dB)  Ind. Feed  15°  16°  17°  18°  

Quad. 
Feed  

15°  15°  16°  18°  

Approx.*  16.4466°  17.0267°  18.9908°  N/A  

θMAX  Ind. Feed  0°  -13°  -26°  -37°  

Quad. 
Feed  

0°  -13°  -25°  -36°  

Normalized Maximum Value 
(F(θMAX)MAX)  

Ind. Feed  0dB  -0.8372dB  -2.7278dB  -5.1746dB  

Quad. 
Feed  

0dB  -1.0845dB  -3.6391dB  -7.0435dB  

Cross-pol. discrimination 
(XPD)  

Ind. Feed  26.7334dB  25.6602dB  19.3721dB  14.8274dB  

Quad. 
Feed  

26.7344dB  25.6996dB  19.8120dB  15.4344dB  
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Low Band RHCP φ=90° 
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 θ0=0°  θ0=15°  θ0=30°  θ0=45°  

3dB Beamwidth (BW3dB)  Ind. Feed  17°  16°  18°  19°  

Quad. 
Feed  

17°  17°  18°  19°  

Approx.*  16.4466°  17.0267°  18.9908°  N/A  

θMAX  Ind. Feed  0°  -13°  -26°  -38°  

Quad. 
Feed  

0°  -13°  -25°  -37°  

Normalized Maximum Value 
(F(θMAX)MAX)  

Ind. Feed  0dB  -0.5840dB  -2.4677dB  -5.177dB  

Quad. 
Feed  

0dB  -0.8245dB  -3.3461dB  -6.9245dB  

Cross-pol. discrimination 
(XPD)  

Ind. Feed  26.7334dB  34.7037dB  27.9628dB  19.9099dB  

Quad. 
Feed  

26.7344dB  33.0733dB  30.6980dB  22.3936dB  
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High Band LHCP φ=0° 

 

 θ0=0°  θ0=15°  θ0=30°  θ0=45°  

3dB Beamwidth (BW3dB)  Calculated  7°  7°  8°  11°  

Approx.*  6.9473°  7.1923°  8.0220°  N/A  

θMAX  Calculated  0°  -14°  -27°  -41°  

Normalized Maximum Value 
(F(θMAX)MAX)  

Calculated  0dB  -1.1902dB  -4.2171dB  -8.2405dB  

Cross-pol. discrimination 
(XPD)  

Calculated  29.6270dB  32.0779dB  26.6203dB  21.4788dB  
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High Band LHCP φ=90° 

 

 θ0=0°  θ0=15°  θ0=30°  θ0=45°  

3dB Beamwidth (BW3dB)  Calculated  7°  7°  8°  12°  

Approx.*  6.9473°  7.1923°  8.0220°  N/A  

θMAX  Calculated  0°  -14°  -27°  -41°  

Normalized Maximum Value 
(F(θMAX)MAX)  

Calculated  0dB  -1.2597dB  -4.4097dB  -8.4719dB  

Cross-pol. discrimination 
(XPD)  

Calculated  29.6270dB  24.7661dB  21.1263dB  26.0551dB  
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High Band RHCP φ=0° 

 

 θ0=0°  θ0=15°  θ0=30°  θ0=45°  

3dB Beamwidth (BW3dB)  Calculated  7°  7°  8°  11°  

Approx.*  6.9473°  7.1923°  8.0220°  N/A  

θMAX  Calculated  0°  -14°  -27°  -40°  

Normalized Maximum Value 
(F(θMAX)MAX)  

Calculated  0dB  -1.1521dB  -4.0778dB  -8.3121dB  

Cross-pol. discrimination 
(XPD)  

Calculated  41.0871dB  24.7663dB  19.9566dB  24.8445dB  
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High Band RHCP φ=90° 

 

 θ0=0°  θ0=15°  θ0=30°  θ0=45°  

3dB Beamwidth (BW3dB)  Calculated  7°  7°  8°  11°  

Approx.*  6.9473°  7.1923°  8.0220°  N/A  

θMAX  Calculated  0°  -14°  -27°  -40°  

Normalized Maximum Value 
(F(θMAX)MAX)  

Calculated  0dB  -1.1387dB  -4.0797dB  -8.3745dB  

Cross-pol. discrimination 
(XPD)  

Calculated  41.0871dB  39.1293dB  26.5732dB  19.8965dB  
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24x24 Array 
Low Band LHCP φ=0° 
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 θ0=0°  θ0=15°  θ0=30°  θ0=45°  

3dB Beamwidth (BW3dB)  Ind. Feed  9°  8°  9°  11°  

Quad. 
Feed  

9°  8°  9°  11°  

Approx.*  8.2233°  8.5134°  9.4954°  N/A  

θMAX  Ind. Feed  0°  -14°  -29°  -43°  

Quad. 
Feed  

0°  -14°  -28°  -43°  

Normalized Maximum Value 
(F(θMAX)MAX)  

Ind. Feed  0dB  -0.7086dB  -2.8243dB  -6.0076dB  

Quad. 
Feed  

0dB  -0.9298dB  -3.6576dB  -7.7473dB  

Cross-pol. discrimination 
(XPD)  

Ind. Feed  35.6364dB  44.0116dB  26.5507dB  18.2519dB  

Quad. 
Feed  

35.6364dB  44.6704dB  27.5578dB  18.6276dB  
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Low Band LHCP φ=90° 
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 θ0=0°  θ0=15°  θ0=30°  θ0=45°  

3dB Beamwidth (BW3dB)  Ind. Feed  9°  8°  9°  11°  

Quad. 
Feed  

9°  8°  9°  11°  

Approx.*  8.2233°  8.5134°  9.4954°  N/A  

θMAX  Ind. Feed  0°  -14°  -29°  -43°  

Quad. 
Feed  

0°  -14°  -29°  -42°  

Normalized Maximum Value 
(F(θMAX)MAX)  

Ind. Feed  0dB  -0.9900dB  -3.1520dB  -5.9807dB  

Quad. 
Feed  

0dB  -1.2117dB  -4.0649dB  -7.8882dB  

Cross-pol. discrimination 
(XPD)  

Ind. Feed  35.6364dB  30.8238dB  19.6092dB  13.8412dB  

Quad. 
Feed  

35.6364dB  30.6369dB  19.8048dB  14.2079dB  
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Low Band RHCP φ=0° 
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 θ0=0°  θ0=15°  θ0=30°  θ0=45°  

3dB Beamwidth (BW3dB)  Ind. Feed  9°  8°  9°  11°  

Quad. 
Feed  

9°  8°  9°  11°  

Approx.*  8.2233°  8.5134°  9.4954°  N/A  

θMAX  Ind. Feed  0°  -14°  -29°  -43°  

Quad. 
Feed  

0°  -14°  -28°  -42°  

Normalized Maximum Value 
(F(θMAX)MAX)  

Ind. Feed  0dB  -0.9950dB  -3.1594dB  -5.9823dB  

Quad. 
Feed  

0dB  -1.2167dB  -4.0663dB  -7.8900dB  

Cross-pol. discrimination 
(XPD)  

Ind. Feed  36.5918dB  31.5555dB  19.8053dB  13.9058dB  

Quad. 
Feed  

36.5918dB  31.3464dB  20.3257dB  14.2702dB  
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Low Band RHCP φ=90° 
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 θ0=0°  θ0=15°  θ0=30°  θ0=45°  

3dB Beamwidth (BW3dB)  Ind. Feed  9°  8°  9°  11°  

Quad. 
Feed  

9°  8°  9°  11°  

Approx.*  8.2233°  8.5134°  9.4954°  N/A  

θMAX  Ind. Feed  0°  -14°  -29°  -44°  

Quad. 
Feed  

0°  -14°  -29°  -44°  

Normalized Maximum Value 
(F(θMAX)MAX)  

Ind. Feed  0dB  -0.7103dB  -2.8472dB  -6.0163dB  

Quad. 
Feed  

0dB  -0.9271dB  -3.6814dB  -7.7576dB  

Cross-pol. discrimination 
(XPD)  

Ind. Feed  36.5918dB  42.0005dB  26.0924dB  18.0325dB  

Quad. 
Feed  

36.5918dB  44.2489dB  27.0765dB  18.3827dB  
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High Band LHCP φ=0° 

 

 θ0=0°  θ0=15°  θ0=30°  θ0=45°  

3dB Beamwidth (BW3dB)  Calculated  3°  4°  4°  6°  

Approx.*  3.4736°  3.5962°  4.0110°  N/A  

θMAX  Calculated  0°  -15°  -29°  -44°  

Normalized Maximum Value 
(F(θMAX)MAX)  

Calculated  0dB  -1.0090dB  -3.2080dB  -6.0014dB  

Cross-pol. discrimination 
(XPD)  

Calculated  28.6096dB  30.3891dB  26.1229dB  19.9702dB  
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High Band LHCP φ=90° 

 

 θ0=0°  θ0=15°  θ0=30°  θ0=45°  

3dB Beamwidth (BW3dB)  Calculated  3°  4°  4°  6°  

Approx.*  3.4736°  3.5962°  4.0110°  N/A  

θMAX  Calculated  0°  -15°  -29°  -44°  

Normalized Maximum Value 
(F(θMAX)MAX)  

Calculated  0dB  -0.9254dB  -3.0425dB  -6.2363dB  

Cross-pol. discrimination 
(XPD)  

Calculated  28.6096dB  23.4678dB  21.1889dB  21.1300dB  
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High Band RHCP φ=0° 

 

 θ0=0°  θ0=15°  θ0=30°  θ0=45°  

3dB Beamwidth (BW3dB)  Calculated  3°  4°  4°  6°  

Approx.*  3.4736°  3.5962°  4.0110°  N/A  

θMAX  Calculated  0°  -15°  -29°  -44°  

Normalized Maximum Value 
(F(θMAX)MAX)  

Calculated  0dB  -0.9416dB  -3.0767dB  -6.1817dB  

Cross-pol. discrimination 
(XPD)  

Calculated  39.5948dB  23.5188dB  19.9319dB  21.8875dB  
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High Band RHCP φ=90° 

 

 θ0=0°  θ0=15°  θ0=30°  θ0=45°  

3dB Beamwidth (BW3dB)  Calculated  3°  4°  4°  6°  

Approx.*  3.4736°  3.5962°  4.0110°  N/A  

θMAX  Calculated  0°  -15°  -29°  -44°  

Normalized Maximum Value 
(F(θMAX)MAX)  

Calculated  0dB  -1.0933dB  -3.4253dB  -6.1986dB  

Cross-pol. discrimination 
(XPD)  

Calculated  39.5948dB  33.2006dB  25.8047dB  18.6798dB  
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48x48 Array 
Low Band LHCP φ=0° 
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 θ0=0°  θ0=15°  θ0=30°  θ0=45°  

3dB Beamwidth (BW3dB)  Ind. Feed  5°  5°  5°  6°  

Quad. 
Feed  

5°  5°  5°  6°  

Approx.*  4.1116°  4.2567°  4.7477°  N/A  

θMAX  Ind. Feed  0°  -15°  -30°  -44°  

Quad. 
Feed  

0°  -15°  -30°  -44°  

Normalized Maximum Value 
(F(θMAX)MAX)  

Ind. Feed  0dB  -0.7025dB  -2.9774dB  -6.3232dB  

Quad. 
Feed  

0dB  -0.9093dB  -3.7675dB  -7.9491dB  

Cross-pol. discrimination 
(XPD)  

Ind. Feed  38.1352dB  35.2256dB  25.6745dB  17.3319dB  

Quad. 
Feed  

38.1352dB  35.6180dB  26.0330dB  17.4581dB  
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Low Band LHCP φ=90° 
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 θ0=0°  θ0=15°  θ0=30°  θ0=45°  

3dB Beamwidth (BW3dB)  Ind. Feed  5°  5°  5°  6°  

Quad. 
Feed  

5°  5°  5°  6°  

Approx.*  4.1116°  4.2567°  4.7477°  N/A  

θMAX  Ind. Feed  0°  -15°  -30°  -44°  

Quad. 
Feed  

0°  -15°  -30°  -44°  

Normalized Maximum Value 
(F(θMAX)MAX)  

Ind. Feed  0dB  -1.0082dB  -3.2867dB  -6.1916dB  

Quad. 
Feed  

0dB  -1.2239dB  -4.1249dB  -7.9137dB  

Cross-pol. discrimination 
(XPD)  

Ind. Feed  38.1352dB  31.8272dB  19.4971dB  13.3938dB  

Quad. 
Feed  

38.1352dB  31.5952dB  19.5731dB  13.4108dB  
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Low Band RHCP φ=0° 
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 θ0=0°  θ0=15°  θ0=30°  θ0=45°  

3dB Beamwidth (BW3dB)  Ind. Feed  5°  5°  5°  6°  

Quad. 
Feed  

5°  5°  5°  6°  

Approx.*  4.1116°  4.2567°  4.7477°  N/A  

θMAX  Ind. Feed  0°  -15°  -30°  -44°  

Quad. 
Feed  

0°  -15°  -30°  -44°  

Normalized Maximum Value 
(F(θMAX)MAX)  

Ind. Feed  0dB  -1.0130dB  -3.2958dB  -6.2126dB  

Quad. 
Feed  

0dB  -1.2287dB  -4.1343dB  -7.9345dB  

Cross-pol. discrimination 
(XPD)  

Ind. Feed  39.3959dB  32.5617dB  19.6964dB  13.4998dB  

Quad. 
Feed  

39.3959dB  32.2726dB  19.7682dB  13.5090dB  
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Low Band RHCP φ=90° 
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 θ0=0°  θ0=15°  θ0=30°  θ0=45°  

3dB Beamwidth (BW3dB)  Ind. Feed  5°  5°  5°  6°  

Quad. 
Feed  

5°  5°  5°  6°  

Approx.*  4.1116°  4.2567°  4.7477°  N/A  

θMAX  Ind. Feed  0°  -15°  -30°  -44°  

Quad. 
Feed  

0°  -15°  -30°  -44°  

Normalized Maximum Value 
(F(θMAX)MAX)  

Ind. Feed  0dB  -0.7094dB  -2.9917dB  -6.3323dB  

Quad. 
Feed  

0dB  -0.9163dB  -3.7821dB  -7.1405dB  

Cross-pol. discrimination 
(XPD)  

Ind. Feed  39.3959dB  34.3332dB  25.1529dB  17.1405dB  

Quad. 
Feed  

39.3959dB  34.7057dB  25.4894dB  17.2563dB  
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High Band LHCP φ=0° 

 

 θ0=0°  θ0=15°  θ0=30°  θ0=45°  

3dB Beamwidth (BW3dB)  Calculated  2°  2°  2°  3°  

Approx.*  1.7368°  1.7981°  2.0055°  N/A  

θMAX  Calculated  0°  -15°  -30°  -45°  

Normalized Maximum Value 
(F(θMAX)MAX)  

Calculated  0dB  -0.7101dB  -2.3196dB  -4.5642dB  

Cross-pol. discrimination 
(XPD)  

Calculated  28.1364dB  29.6973dB  26.1502dB  19.6024dB  
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High Band LHCP φ=90° 

 

 θ0=0°  θ0=15°  θ0=30°  θ0=45°  

3dB Beamwidth (BW3dB)  Calculated  2°  2°  2°  3°  

Approx.*  1.7368°  1.7981°  2.0055°  N/A  

θMAX  Calculated  0°  -15°  -30°  -45°  

Normalized Maximum Value 
(F(θMAX)MAX)  

Calculated  0dB  -0.6191dB  -2.1533dB  -4.8102dB  

Cross-pol. discrimination 
(XPD)  

Calculated  28.1364dB  23.0574dB  21.3860dB  20.4223dB  
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High Band RHCP φ=0° 

 

 θ0=0°  θ0=15°  θ0=30°  θ0=45°  

3dB Beamwidth (BW3dB)  Calculated  2°  2°  2°  3°  

Approx.*  1.7368°  1.7981°  2.0055°  N/A  

θMAX  Calculated  0°  -15°  -30°  -45°  

Normalized Maximum Value 
(F(θMAX)MAX)  

Calculated  0dB  -0.6357dB  -2.1858dB  -4.7685dB  

Cross-pol. discrimination 
(XPD)  

Calculated  38.6918dB  23.2877dB  20.0557dB  21.2861dB  
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High Band RHCP φ=90° 

 

 θ0=0°  θ0=15°  θ0=30°  θ0=45°  

3dB Beamwidth (BW3dB)  Calculated  2°  2°  2°  3°  

Approx.*  1.7368°  1.7981°  2.0055°  N/A  

θMAX  Calculated  0°  -15°  -30°  -45°  

Normalized Maximum Value 
(F(θMAX)MAX)  

Calculated  0dB  -0.7941dB  -2.5521dB  -4.7473dB  

Cross-pol. discrimination 
(XPD)  

Calculated  38.6918dB  31.6850dB  25.6196dB  18.2955dB  
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APPENDIX C: Active Element Patterns for 3x3 Array Simulations 
The array calculation tool used in this dissertation requires the simulation of a 3x3 array to obtain 
the necessary active element patterns for the pattern calculation of an arbitrary array size.  Each 
active element pattern is used to represent the pattern for elements in a specified geometrical 
region within the array.  A comprehensive collection of the active element patterns is provided in 
this appendix.   Refer to Chapter 4 for details. 

 

Low Band RHCP (φ=0°) 
 

 

(a) Linearly polarized components 
of active element pattern

(b) Circularly polarized components 
of active element pattern
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(a) Linearly polarized components 
of active element pattern

(b) Circularly polarized components 
of active element pattern

(a) Linearly polarized components 
of active element pattern

(b) Circularly polarized components 
of active element pattern
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Low Band RHCP (φ=90°) 
 

 

 

 

 

(a) Linearly polarized components 
of active element pattern

(b) Circularly polarized components 
of active element pattern

(a) Linearly polarized components 
of active element pattern

(b) Circularly polarized components 
of active element pattern
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(a) Linearly polarized components 
of active element pattern

(b) Circularly polarized components 
of active element pattern
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Low Band LHCP (φ=0°) 
 

 

 

 

 

(a) Linearly polarized components 
of active element pattern

(b) Circularly polarized components 
of active element pattern

(a) Linearly polarized components 
of active element pattern

(b) Circularly polarized components 
of active element pattern
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(a) Linearly polarized components 
of active element pattern

(b) Circularly polarized components 
of active element pattern
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Low Band LHCP (φ=90°) 
 

 

 

 

 

(a) Linearly polarized components 
of active element pattern

(b) Circularly polarized components 
of active element pattern

(a) Linearly polarized components 
of active element pattern

(b) Circularly polarized components 
of active element pattern
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(a) Linearly polarized components 
of active element pattern

(b) Circularly polarized components 
of active element pattern



255 
 

High Band RHCP (φ=0°) 
 

 

 

 

 

(a) Linearly polarized components 
of active element pattern

(b) Circularly polarized components 
of active element pattern

(a) Linearly polarized components 
of active element pattern

(b) Circularly polarized components 
of active element pattern
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(a) Linearly polarized components 
of active element pattern

(b) Circularly polarized components 
of active element pattern
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High Band RHCP (φ=90°) 
 

 

 

 

 

(a) Linearly polarized components 
of active element pattern

(b) Circularly polarized components 
of active element pattern

(a) Linearly polarized components 
of active element pattern

(b) Circularly polarized components 
of active element pattern
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(a) Linearly polarized components 
of active element pattern

(b) Circularly polarized components 
of active element pattern
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High Band LHCP (φ=0°) 
 

 

 

 

 

(a) Linearly polarized components 
of active element pattern

(b) Circularly polarized components 
of active element pattern

(a) Linearly polarized components 
of active element pattern

(b) Circularly polarized components 
of active element pattern
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(a) Linearly polarized components 
of active element pattern

(b) Circularly polarized components 
of active element pattern
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High Band LHCP (φ=90°) 
 

 

 

 

 

(a) Linearly polarized components 
of active element pattern

(b) Circularly polarized components 
of active element pattern

(a) Linearly polarized components 
of active element pattern

(b) Circularly polarized components 
of active element pattern
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(a) Linearly polarized components 
of active element pattern

(b) Circularly polarized components 
of active element pattern
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