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Phased array antennas have found wide application in both radar and wireless

communications systems particularly as implementation costs continue to decrease. The

primary advantages of electronically scanned arrays are speed of beam scan and versatility

of beamforming compared to mechanically scanned fixed beam antennas. These benefits

come at the cost of a few well known design issues including element pattern rolloff and

mutual coupling between elements. Our primary contribution to the field of research is

the demonstration of significant improvement in phased array scan performance using
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multiple unique radiating modes. In short, orthogonal radiating modes have minimal

coupling by definition and can also be generated with reduced rolloff at wide scan angles.

In this dissertation, we present a combination of analysis, full-wave electromagnetic

simulation and measured data to support our claims.

The novel folded ring resonator (FRR) antenna is introduced as a wideband and

multi-band element embedded in a grounded dielectric substrate. Multiple radiating

modes of a small ground plane excited by a four element FRR array were also investigated.

A novel hemispherical null steering antenna composed of two collocated radiating

elements, each supporting a unique radiating mode, is presented in the context of an

anti-jam GPS receiver application. Both the antenna aperture and active feed network

were fabricated and measured showing excellent agreement with analytical and simulated

data. The concept of using an antenna supporting multiple radiating modes for beam

steering is also explored. A 16 element hybrid linear phased array was fabricated and

measured demonstrating significantly improved scan range and scanned gain compared

to a conventional phased array. This idea is expanded to 2 dimensional scanning arrays

by analysis and simulation of a hybrid phased array composed of novel multiple mode

monopole on patch antenna sub-arrays. Finally, we fabricated and characterized the

2D scanning hybrid phased array demonstrating wide angle scanning with high antenna

efficiency.
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Chapter 1

Introduction

Wireless communications systems represent a large class of technologies that

are virtually ubiquitous in our daily life. From personal mobile devices to national

infrastructure, such systems enable the transmission and reception of large amounts of

information over the air with propagation speeds at or near the speed of light. This has

had a truly transformative effect on our societies both in the way we relate to each other

and to our devices. As wireless technology continues to advance, we find we are living

a world in which even the most mundane devices such as home ventilation systems,

lighting and refrigerators are connected via wireless networks. All of these systems

regardless of their application require engineered interfaces from the wired world of

digital and analog circuits to free space propagation. These engineered interfaces are

commonly referred to as antennas and represent the specialized discipline of antenna

engineering.

It is often cited that the first wireless electromagnetic system was created by

Professor Heinrich Rudolph Hertz in 1886 [1]. By generating a spark across the gap

of a half-wavelength dipole element, he successfully propagated a broadband human

made signal over a short distance. The signal was detected by a nearby loop antenna

1
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in his laboratory. By this time, James Clerk Maxwell had already unified the theories

of electricity and magnetism in the set of Maxwell′s Equations, which fully describe

electromagnetic propagation [2]. However, the understanding of the practical aspects

of propagation and antenna design were still in their infancy. Approximately 15 years

after Professor Hertz’s experiments, the first long range transatlantic transmissions were

achieved by Guglielmo Marconi using low frequency grounded wireless waves [3]. He

also produced the first truly microwave transmitter placing a half-wavelength dipole at

the focal point of a cylindrical parabolic reflector both spatially filtering the antenna

beam pattern and bandpass filtering the spark gap generated source.

The advent of radar technology during World War II brought about new appli-

cations for wireless technology and new demands in performance. With the discovery

of the magnetron and klystron tubes capable of kW power amplification, many wireless

systems were migrating to higher frequencies [3]. By this time, the benefits of operating

in the various bands of the microwave frequency range were well known in terms of

desirable propagation characteristics and reduced wireless system size. In the decades

that followed, traditional electromagnetic analysis methods were supplemented with

numerical methods implemented on increasingly fast computing platforms. Method

of moments (MoM) [4], finite difference time domain (FDTD) [5] and finite element

method (FEM) [6] among others enabled the design of sophisticated antennas optimized

to specific application.

Antenna farms such as the one pictured in Fig. 1.1 are centralized locations that

service a wide array of applications including high data rate point -to-point links, high

power commercial broadcast, low data rate telemetry and mobile device telephony among

others. As such, these antenna farms are excellent examples of the diverse antenna designs

needed to optimize the performance of specialized wireless communications systems.

Successful antenna design requires a deep understanding of the system requirements of
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Figure 1.1: Wide variety of antenna types used in the antenna farm atop Mt. Soledad in La Jolla,
CA.

the intended application, the operational conditions and the fundamental properties of the

various classes of antennas available. In the following section, we discuss a specialized

class of antennas in which the aperture is distributed among many elements each of

which is independently excited. These phased array antennas find applications in radar

and communications spanning several orders of magnitude in frequency from UHF up to

W-band.

1.1 Phased Array Properties

The primary advantage of the phased array is the ability to control the illumination

of the aperture through a passive or active transmission line feed network. In an active

electronically scanned array (AESA), the beam forming and beam steering properties can

be modified orders of magnitude faster than a mechanically gimbaled fixed beam antenna

of equivalent size. The earliest known fixed phased array antenna was constructed by Karl
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Figure 1.2: The most general array consisting of an arbitrary collection of radiating elements at
arbitrary locations in space.

Braun in 1905 in which he positioned three antennas achieving a high directivity radiation

pattern [7]. In the decades that followed, a number of prominent researchers continued

to develop the theoretical underpinnings of array theory and verifying their work in

experimentation. As noted in [8], the publishing of the three-volume series Microwave

Scanning Arrays in the mid-1960s was a watershed event in the history of phased array

antenna research. Phased array antennas remain an active research discipline on a large

number of fronts including radiating element optimization, RF front end design, thermal

management, low-cost lightweight materials and optimal beamforming among others. In

this section, we will develop some fundamental concepts in phased array research which

provide the foundation to our novel body of work.

The most general array consists of an arbitrary collection of elements at arbitrary

locations in space as shown in Fig. 1.2. In this most general case, the resulting radiation

pattern resulting from exciting the collection of elements in an arbitrary manner can be

expressed as

~EA(θ,φ) =
N

∑
n=1

an~En(θ,φ) (1.1)

where an are the complex weights and ~En are the collection of element patterns. The



5

Figure 1.3: A linear array consisting of identical radiating elements located at fixed intervals
along the Z-axis.

vectorized field pattern indicates the presence of multiple polarization components.

Making some simplifying assumptions, equation 1.1 can be manipulated into more

tractable forms making analysis of the phased array behavior much easier.

1.1.1 Element Pattern Rolloff

A uniform amplitude linear array makes several simplifying assumptions about

the properties of the array. The first assumption is that all element radiation patterns

have the same shape, which is typical of most phased arrays. Second, all elements are

oriented in the same way and positioned along a line at fixed intervals as shown in Fig.

1.3. Finally, we make two assumptions about the amplitude and phase relationships

between the elements in the array. All elements are excited with equal amplitude and

with a progressive phase shift β determined by the location of the element in the array.

The equation describing the resulting uniform linear array pattern is defined by

~EA(θ,φ) = a~E(θ,φ)
N

∑
n=1

exp( jnψ) (1.2)

where ψ is

ψ = kd cos(θ)+β, (1.3)
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k is the wave number and d is the interelement spacing. The summation term is a factor

independent of the element properties and is often call the array factor. With some simple

algebraic manipulation, the array pattern can be rewritten with the array factor in closed

form

~EA(θ,φ) = a~E(θ,φ)
sin(N

2 ψ)

sin(1
2ψ)

(1.4)

Fig. 1.4 plots the uniform linear array radiation pattern for three different 16 element

uniform linear arrays. The element factor (EF), array factor (AF) and array pattern (AP)

of each are plotted for comparison. The first array in Fig. 1.4a is composed of ideal

isotropic elements related by a progressive phase shift of β = 163◦. In this case, the AF

and AP are identical. Many real directional antenna element patterns can be approximated

by the cosine function, ~E(θ,φ) = cos(θ)θ̂, as shown in Fig. 1.4b. The effect of element

pattern rolloff is quite apparent as the scan angle of the array has decreased from 65◦

to 62◦ and the peak of the normalized AP has dropped by 7 dB relative to the AF. The

performance can be recovered to some extent by using an element pattern with a natural

skew toward the scan angle of the array factor as shown in Fig. 1.4c. Within the main

beam and nearby sidelobes, the AF and AP show negligible deviation. In order to use

this approach in a practical scenario, the element pattern would need to be realigned to

the array factor as it is scanned. In chapters 4 and 5, we will demonstrate the use of

multiple unique radiating modes to reconfigure element patterns and improve array scan

performance.

1.1.2 Mutual Coupling

Mutual coupling describes the degree to which energy incident on a single port in

the array is seen at the other ports in the array. The array can be represented pair wise

as shown in Fig. 1.5 where the interactions between elements are described through a
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(a) Isotropic element

(b) Cosine element

(c) Scanned element

Figure 1.4: Scanned uniform amplitude linear array patterns assuming different element patterns.
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Figure 1.5: Representation of the transmit mode coupling between pairs of antennas in an array.

matrix of scattering parameters [9]. A larger array can be analyzed two elements at a

time. Depending on whether the excitations are internal sources or waves impinging

from free space, the mutual coupling model must be developed for the transmit or receive

array modes separately [10]. In this section, we will briefly discuss the mutual coupling

model for a two element transmit mode array.

Following the derivation in [9], the radiated power for each element is related to

the incident and reflected voltage waves by

P1 = |a1|2−|b1|2 (a2 = 0), P2 = |a2|2−|b2|2 (a1 = 0) (1.5)

where the subscript indicates the excited element while the other element is match

terminated. The embedded element pattern refers to the radiation pattern due to a direct

excitation of a single element modulated by scattering from adjacent elements [11]. When

exciting a single element and match terminating all others, the total radiation pattern can
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be expressed in terms of the normalized embedded patterns ~f3 and ~f4 [12]

~fT (θ,φ) = b3~f3(θ,φ)+b4~f4(θ,φ) (1.6)

where b3 and b4 are the coefficients of the voltage waves propagating away from the

antennas into free space. The symbol ~F used here (rather than ~E)is the element pattern

with the radial dependence removed. Specialized scattering parameters are introduced

to relate all of the incident, reflected and transmitted voltage waves in the two element

array.

b1 = S11a1 +S12a2, b2 = S21a1 +S22a2 (1.7a)

b3 = S31a1 +S32a2, b4 = S41a1 +S42a2 (1.7b)

The parameters S31 and S42 represent how efficiently each antenna radiates in the presence

of the other. Input impedance matching level indicated by S11 and S22 while S12 and S21

are coupling between ports.

Using the definition of radiated power as an integral over the Poynting vector of

the total pattern ~fT [13], the radiated power is related to the voltage wave coefficients

Prad = |b3|2 + |b4|2 +2ℜ{b3b4τ} (1.8)

where τ is the cross-coupling term between the embedded element patterns

τ =
1
Z0

∫ 2π

0

∫
π

0
~f3(θ,φ) ·~f ∗4 (θ,φ)sinθdθdφ (1.9)

In order to simplify the analysis, it is assumed that two element array is reciprocal

(S12 = S21 and S31 = S42) and the input match to each antenna is identical (S11 = S22).

Without making any assumptions about the nature of the normalized embedded element



10

patterns ~f3 and ~f4, the following two equations describe the optimal mutual coupling S12

for maximized gain, which is proportional to S31.

Gmax ∝ |S31|2max =
1

1+ |τ|
(1.10)

S11 =±S21 =

√
1
2
|τ|

1+ |τ|
(1.11)

One important observation is that gain is not maximized by zero mutual coupling in the

general case. The discussion in [9] focuses on the case of identical element patterns

with displaced phase centers. As the interelement spacing decreases towards zero, the

cross-coupling term reaches its maximum of 1. This is contrast to the prior work in [14]

which discussed spatially displaced beams with a common phase center. The extreme

case of non-overlapping orthogonal beams was considered which corresponds to τ = 0.

The context of that work was to quantify the coupling between beams of differing degrees

of overlap in a multibeam array. Also noted in [9] is the difference in active reflection

coefficient between the two types of arrays. The input reflection coefficient to each

element in an array with displaced phase centers degrades at angles away from broadside

even in the optimal case. If orthogonal element patterns are used, the minimum active

reflection coefficient is zero for all angles. This is an important motivation for the fully

multiple mode array proposed in chapters 4 and 5.

1.2 Literature Review

There are a vast number of publications related to phased array research. The

purpose of this section is to review a relatively small subset of these publications that

directly relate to our research. We have categorized 3 approaches to phased array design

in such a way as to establish the context and novelty of our work. Fig. 1.6 divides the
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functionality of a phased array into the aperture and feed network. The aperture refers to

the radiating portion of the antenna while all non-radiating transmission line structures

belong to the feed network. In approach 1, the phased array aperture consists of a number

of identical radiating elements (or modes), which is the conventional approach. In the

receive mode, the outputs of these elements are then combined in the feed network. The

feed network can combine in a straightforward summing of phase and amplitude weighted

signals or implement more sophisticated combining by forming orthogonal modes. In

contrast, orthogonal multiple modes can also be formed in the aperture itself as depicted

for approach 2. In this case, the radiating modes are determined by unique element

geometries and feed arrangements. There is a large body of existing work using this

approach to produce highly uncorrelated element patterns for use in MIMO applications.

We have highlighted in yellow our novel application of these modes to phased array

beam steering. The third approach is mentioned as it is an alternative method to improve

phased array performance by modifying the element radiation patterns at the aperture

rather than in the feed network. Each of these approaches is described in greater detail in

the following subsections.

1.2.1 Approach 1: Fixed Identical Modes

Due to ease of analysis and implementation, the bulk of phased array technology

falls into the category of approach 1. That is, most such arrays consists of identical

elements with fixed patterns which are combined in the feed network. This approach also

provides a desirable degree of isolation between the aperture and all other transmission,

power and control circuitry. The feed network typically consists of passive power

combiners/dividers along with active circuitry to modify the phase and amplitude of the

signal to or from each element. Depending on the array geometry, the feed network

topology may be quite different.
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Figure 1.6: Three approaches to phased array design used to establish the novelty and context
of the work presented in this dissertation. The highlighted approach is the central topic of this
dissertation

Our approach is seen as distinct from the large body of work in which the modes

themselves are formed in the feed network. In [15], this approach is thoroughly discussed

and referenced particularly in the context of the amplitude and phase modes of a circular

array. For example, an array of identical single mode radiators (i.e. λ/2 dipoles) can

be connected to a mode forming network. This feed network will produce the proper

amplitude and phase weights at each of the radiating elements to produce a desired

radiating mode. Typically, a collection of N elements supports up to N radiating modes.

The collection of available radiating modes comprise an orthogonal basis from which

desired beam patterns can be synthesized. Although very useful, such feed networks can

be quite complex and potentially lossy due to the large number of microwave coupling

structures involved. In contrast, our approach uses the radiating element itself to generate

the desired mode. That is, the geometry of the radiator is designed to support a desired

current distribution associated with a particular radiating mode.
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1.2.2 Approach 2: Fixed Multiple Modes

Much work has been devoted to understanding the modal nature of antenna

radiation patterns [16], [17]. The theory of characteristic modes uses an eigenmode

expansion to derive the supported real current modes on conducting and dielectric bodies

of arbitrary shape [18, 19]. This method not only provides physical insight into the

behavior of the antenna but also allows antenna geometries to be synthesized from a set

of desired radiation pattern properties [20]. Such a modal approach to antenna design

has also been useful in realizing multimode or multiple mode antenna apertures [21].

Ideally, the multiple mode antenna would support multiple characteristic current modes

on the same aperture and operating in the same frequency band. Because of the ability

to achieve high isolation between orthogonal characteristic modes, there is a potential

savings in the footprint of the multiple mode antenna compared to two separate apertures

each supporting identical modes with the same level of isolation. A large body of work

has been dedicated to designing and characterizing multiple mode antenna elements for

multiple input multiple output (MIMO) applications [22, 23, 24, 25, 26, 27, 28, 29, 21,

30, 31, 32, 33, 34]. Isolation between uncorrelated radiating modes provides diversity

gain with the added benefit that modes are collocated on the same aperture. Several

examples of multiple mode antennas used in MIMO applications are pictured in Fig. 1.7.

It is worth mentioning the fundamental research using characteristic mode theory

applied to multi-antenna systems as discussed in [35]. A MoM based code is developed

to solve for the characteristic modes present on one or more wire radiators. One example

uses their method to identify the mode or modes responsible for unwanted coupling

in a two element array. This allows the researcher to intelligently design an isolating

structure to suppress the undesired coupling mode while minimizing impact on desired

radiating modes. Several examples also demonstrate the ability to select optimal feed

point number and location on a wire radiator to excite a desired mode that is stable over
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a wide bandwidth. Although we do not specifically use characteristic mode theory, we

certainly recognize its relevance to our research. Our work uses existing antenna aperture

geometries and assesses their fully implemented performance when configured to radiate

a number of different modes. In a sense, we look at the problem in reverse with respect

to [35]. That is, we emphasize practical implementations of multiple mode antennas that

improve phased array behavior with respect to scan range and efficiency.

(a) Wideband spiral [24] (b) Stacked patch [28]

(c) Segmented annular patch
[21]

(d) Mode frequency conver-
gence patch [32]

Figure 1.7: Literature examples of multiple mode antennas designed for MIMO applications.

In this dissertation, we examine the use of multiple mode antennas to improve the

beam steering performance of deterministic arrays, or phased arrays. To our knowledge,

the first discussion of using element pattern reconfiguration to improve array pattern

performance is contained in [36]. Concentrically stacked patch antennas are used to
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generate two independent radiating modes at each location in a 2 dimensional array.

Reduction in the array pattern grating lobe is demonstrated for the appropriate complex

weighting of the modes at each array location. This dissertation expands on this concept

by rigorously characterizing the improvement in scan performance for such arrays

employing multiple mode elements. We refer to these elements as sub-arrays of collocated

elements each supporting a unique radiating mode with minimal coupling.

1.2.3 Approach 3: Aperture Reconfiguration

There are other approaches for improving the array scan performance based

on element pattern reconfiguration. Most of these methods involve the use of parasitic

scattering elements that are switched or loaded in such a way as to alter the element pattern

in a desired manner [37, 38, 39, 40]. Therefore, the element pattern reconfiguration

actually takes place at the aperture. This is in fact the primary architectural difference

between those approaches and our proposed method. Element pattern reconfiguration

using multiple radiating modes involves changing the amplitude and phase relationships

between the modes in the feed network, much like the phased array itself. There are some

benefits to this including minimizing additional circuitry at the aperture and allowing for

simultaneous multiple beam formation such as can be done in a digital beam former.

1.3 Research Resources

Engineering research typically begins with mathematically based analysis that

provides fundamental insight into the problem at hand. Predictions about the viability of

potential solutions are made at this stage are then tested both in numerical simulation

and measurement of fabricated prototypes. This process usually requires a wide array

of expensive resources including software and hardware. A brief description of the
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Figure 1.8: SDSU AML’s LPKF S42 PCB fabrication machine shown building components for
the prototypes used in chapter 4.

resources used in the course of our research and acknowledgment of the contributors are

given in this section.

Numerical analysis and electromagnetic simulation were performed with the help

of two software applications made available to us by San Diego State University (SDSU).

Matrix Laboratory (MATLAB) was used to implement custom computational code for

generating and manipulating radiation pattern data, generating plots featured in this

thesis and many other post-processing algorithms [41]. Some examples of our MATLAB

code are given in appendix A. Ansys High Frequency Simulation Software (HFSS) is a

full-wave electromagnetic simulation tool which uses a proprietary version of the finite

element method (FEM) [42]. The primary frequency domain solver is well suited for the

types of narrow to moderate bandwidth structures considered in this dissertation.

Our prototypes were fabricated using material and equipment available in the

SDSU Antenna and Microwave Laboratory (AML). Fig. 1.8 shows the LPKF ProtoMat

S42 in the process of milling out a set of transmission line structures used in one of our

novel phased array structures. The S42 has a trace accuracy of approximately 0.2 mil and

wide array of milling, cutting and drilling bits for fast and accurate 2 layer PCB board

fabrication [43] Scattering parameter measurements for all prototypes were obtained
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Figure 1.9: SDSU AML’s Anritsu 37269D Lightning series vector network analyzer (VNA)
shown characterizing the prototype in chapter 4.

using the Anritsu 37269D Lightning series vector network analyzer (VNA) available in

SDSU’s AML as shown in Fig. 1.9. This particular model maintains a dynamic range in

excess of 90 dB over the frequency range from 40 MHz to 40 GHz [44]. The antenna

measurement chamber in SDSU’s AML also uses the Anritsu VNA when taking complex

radiation pattern measurements as shown in Fig. 1.10a. The noise floor of the VNA is less

than -80 dBm across the operating bandwidth making high SNR measurements possible

even when high free space loss is present. Fig. 1.10b illustrates the azimuth over elevation

(also known as phi over theta)combined spherical near field and far field scanner supplied

to SDSU by Orbit FR. The upper positioner maps the azimuth (φ) of the radiation pattern

relative to the line through the probe and AUT centers of rotation. Elevation patterns

(θ) are mapped by the movement of the lower positioner as it rotates the turntable on

which the AUT pedestal stands. The system is housed in a 12’L×10’W×8’H anechoic

chamber supplied by Satimo, which together with the hardware enables radiation pattern

measurements from 1 GHz to 18 GHz.

Cubic corporation also provided use of its antenna measurement laboratory for

measuring some of the larger array prototypes. Beginning in 2011, the dissertation author

has been employed as a full-time senior antenna engineer at Cubic. He wrote the require-
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(a) Orbit FR motion control and data acquisition
work station

(b) Satimo anechoic chamber and Orbit FR po-
sitioners

Figure 1.10: SDSU antenna measurement laboratory.

ments, procured and oversaw the construction of the spherical near field scanner depicted

in Fig. 1.11b. The 25’L×16’W×12’H antenna chamber is the result of the combined

efforts of NSI, Anechoic Systems and Cubic facilities. In its present configuration, the

measurement equipment supports testing of antennas ranging in frequency from 1 GHz

to 20 GHz and up to 5 ft in diameter. Near field Systems (NSI) supplied the chamber

positioners, Agilent programmable network analyzer (PNA), Dell Workstation and other

supporting hardware in the system. Data collection and processing relies primarily on

the NSI2000 software application.

1.4 Thesis Overview

In chapter 2, a novel loop antenna based on the volumetric folded ring resonator

(FRR) structure is proposed. It is shown that the FRR antenna can be represented

by an equivalent circuit model for approximate analysis with sufficient accuracy as

verified against a method of moments (MoM) simulation in a version of numerical

electromagnetic code (NEC). Two practical implementations are presented: The first

version is a single FRR antenna embedded in a dielectric substrate and excited by a 50 Ω
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(a) NSI workstation for positioner control, data collection
and data processing

(b) NSI, Anechoic Systems and Cubic fa-
cilities built antenna chamber.

Figure 1.11: Cubic corporation antenna measurement laboratory.

coaxial feed line. Parametric studies of the structural parameters are presented showing

three resonances that can be impedance matched achieving positive gain. In the second

implementation, the FRR is embedded in a slotted ground plane for improved matching

and radiation performance. Two bands, one at 3.6 GHz and another between 4.75 GHz to

5.8 GHz, are matched to better than |S11| = -10 dB and maintain a constant 2.5 dBi gain

with > 90% radiation efficiency. The simulated reflection coefficient and gain radiation

patterns agree well with measurements. As a precursor to the multiple mode research

to follow, this antenna is implemented in a 4 element sub-array configuration. Given

the separate ground plane current modes excited by each port, the sub-array is a type of

multiple mode antenna.

A beam peak and null steering multiple radiating mode based microstrip patch

antenna is presented in chapter 3 for satellite receive applications operating at L1 Global

Positioning System (GPS) band. Two collocated microstrip patch antennas were designed

to produce T M11 and T M21 radiating modes. These orthogonal and circularly polarized

radiation patterns were combined enabling full hemispherical steering of a single beam
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peak and null. Using theoretical analysis and full-wave simulation, the multiple mode

aperture was designed to operate over a 25 MHz bandwidth centered at 1.575 GHz, which

covers the L1 GPS band. Impedance and radiation pattern measurements of the passive

antenna aperture were in close agreement with the simulated data. Next, this antenna was

integrated with an active feed network allowing full hemispherical control over the beam

null position and limited beam peak scan in ≈ 5◦ increments. Using a simple calibration

scheme, the measured beam peak and null elevation angles were programmed to within

< 10◦ of the intended value based on simulation. Azimuthal positions were consistently

offset by ≈ 20◦ from the simulated value, which could be resolved in the board layout by

phase matching the transmission lines and test point locations. The antenna maintained

high total efficiency > 68% and low axial ratio < 3 dB over all steering angles.

Chapter 4 presents a novel approach to beam steering using an array composed

of elements each supporting a unique radiating mode. The 1 dimensional beam synthesis

properties of the novel ideal multiple mode dipole array are quantified using a Fourier

decomposition and synthesis method. Significant improvement in scan range is demon-

strated compared to a conventional linear dipole reference array. A hybrid phased array

composed of multiple mode sub-arrays is also proposed and shown to be an efficient

tradeoff between performance improvement and design complexity. Reasonable agree-

ment is obtained between the simulated and measured impedance and radiation pattern

properties of a four element multiple mode array. Finally, a 16 element hybrid phased

array composed of four 4 element multiple mode sub-arrays is fabricated and measured.

The array is shown to have a 3 dB scan range of ±68◦, which is in good agreement to

the simulated value of ±69◦ at the design frequency of 4.6 GHz. Additionally, the 3

dB bandwidth of the array is more than 1 GHz at broadside. This bandwidth reduces to

approximately 300 MHz at the widest scan angles, which is consistent with an equivalent

conventional linear array.
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In chapter 5, the multiple mode approach to beam steering is extended to the

case of 2 dimensional scanning arrays. An arbitrary element radiation pattern and a

desired array pattern are each expressed in terms of their respective spherical harmonic

coefficients. Beam pattern synthesis for a collection of arbitrary elements is accomplished

by deriving the relationship between the two sets of spherical harmonic coefficients. Three

candidate arrays are defined on the basis of the type and number of radiating elements

used in each array. A conventional patch antenna array consisting of a total of four

elements each with two feed points is the baseline array against which the other two are

compared. The novel hybrid phased array contains the same number of patch antennas

but with four additional collocated active monopole elements. The third array consists of

nine patch antennas in which the array aperture has been oversampled by using smaller

patch antennas with smaller spacing. The hybrid phased array produces the highest

peak gain of 12.5 dBi with a 3 dB scan range that is 26◦ wider than the oversampled

array and 36◦ wider than the baseline patch array in the φ = 0◦ scan plane. Sidelobe and

cross-polarization levels are also significantly improved over the baseline array. In terms

of complexity, the hybrid phased array contains 50% more feed points than the baseline

array but 33% less than the oversampled array.



Chapter 2

Investigations on a Novel Folded Ring

Resonator Antenna with Multiband

Characteristics

2.1 Introduction

Loop antennas are a fundamental class of antennas with transmit and receive ap-

plications spanning the microwave frequency spectrum. Such antennas are characterized

by closed current paths established on radiating elements, which conform to a variety of

closed planar or volumetric geometries. Typically, the first resonance at which efficient

radiation occurs requires the electrical length of the current loop to be approximately

λ/2 or λ [45]. The current supporting element can be meandered and folded in order to

decrease the overall electrical size of the antenna. However, compactness is achieved at

the cost of reduced radiation resistance and high reactance making impedance match-

ing more challenging. Bandwidth and gain also diminish with reduced electrical size.

Consequently, compact loop antennas are mainly used in the receive mode [13].

22
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There are a variety of methods available to both miniaturize the loop antenna

and improve its matching characteristics. The single layer multi-turn solenoidal antenna

increases the radiation resistance while maintaining the same loop diameter. However, it

is desirable to choose a design approach that allows antenna fabrication on a low profile

planar substrate. Planar meander line loop antennas have been shown to be compact and

deliver good matching and radiation characteristics [46, 47, 48]. Another approach is to

fold the loop and wrap it around the substrate material near the edge of the ground plane.

Wideband and multiband versions of this folded loop antenna concept have also been

reported [49, 50].

We have recently proposed a novel metamaterial structure known as the volumet-

ric folded ring resonator (FRR) [51, 52]. As shown in Fig. 2.1, the structure is essentially

a closed loop resonator folded volumetrically to fit in a cubic volume. The primary

structural parameters are the cube dimension a, wire radius b, and gap width g. Given the

compactness of the structure, we present the implementation of the FRR as a compact

loop antenna structure in this chapter. Section 2.2 explores the resonant behavior of the

FRR antenna through the use of an equivalent circuit model. A practical implementation

of the FRR antenna as a folded wire embedded in a dielectric is presented in section 2.3.

Matching and radiation performance improvements by embedding the FRR antenna in a

slotted ground plane are investigated in section 2.4. Section 2.5 compares the simulated

and measured performances of the prototype FRR antenna in a slotted ground plane.

2.2 Analytical Model

An approximate analytical model is first developed in order to understand the

underlying principles responsible for the FRR antenna behavior. First, a wire model of

the FRR antenna was built in a numerical electromagnetic code (NEC) [53]. The FRR
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Figure 2.1: Numerical Electromagnetic Code (NEC) model of the folded ring resonator (FRR)
antenna.

structure is composed of 6 small loops on the faces of a cubic volume enclosing it, and all

six loops are connected together by virtue of the folding geometry. Our model will show

that the FRR antenna is in fact a compact loop antenna composed of capacitively- and

inductively- coupled electrically small-loop antennas. Assuming that the total antenna

length at first resonance is one wavelength or less, we can further assume that current

on each loop is approximately uniform. This can be justified by considering that the

circumference of each loop is less than λ/6. Therefore, the equivalent circuit model of a

small loop antenna has been used to represent each loop in the FRR antenna as shown

in Fig. 2.2. The radiation resistance Rr, loss resistance RL, external inductance LA, and

internal inductance Li are given in equations 2.1 [13].

Rr = 20
(

4a
λ

)4

(2.1a)

RL =
4a

2πb

√
ωµ0

2σ
(2.1b)

LA = 2µ0
a
π

(2.1c)

Li =
2a
πb

√
µ0

2ωσ
(2.1d)
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Figure 2.2: Equivalent circuit model of the FRR in Ansoft Designer.

Each of the six loops is capacitively coupled to two adjacent loops as shown

in Fig. 2.1, and the conductors responsible for this coupling can be represented as a

two-wire transmission line section. Using this model, a coupling capacitor Ct is inserted

between the loops and an additional inductance Lt is added to the loop inductances. These

two-wire distributed reactances are described by equations 2.2a and 2.2b as in [54]:

Ct =
πε

cosh−1 ( g
2b

) (2.2a)

Lt = Z0
2Ct (2.2b)

where Z0 is:

Z0 = 276log
(g

b

)
(2.3)

Each loop is inductively coupled to one nearly coaxial loop on the opposite side
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Figure 2.3: Simulated reflection coefficient magnitude comparison between the NEC model and
the equivalent circuit model.

of the cube. Since we can assume approximately uniform current distribution on the

small loops, a simple model of the mutual inductance, M, can be used. Although we

have square loops, the formulas simplified from [55] for circular loops are used with an

equivalent loop radius, r.

β =

√
4r2

4r2 +a2 (2.4a)

M = µr
√

4+β2
[(

1− β2

2

)
K(β)−E(β)

]
(2.4b)

The simplified mutual inductance model is given in terms of the complete elliptic func-

tions K(β) and E(β) [56].

The first two resonances of the FRR antenna obtained using both the NEC

simulations and the equivalent circuit model are shown in Fig. 2.3. Table 2.1 lists the

physical dimensions and circuit parameters corresponding to the 3 cases shown in Fig.

2.3. Both the simulated and analytical models are in excellent agreement for either small

gap widths or loop radii. The slight disagreement can be attributed to the breakdown of

the assumption of uniform currents along each small loop at higher frequencies.
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Table 2.1: FRR dimensions and computed circuit parameters corresponding to the equivalent
circuit model plots of Fig. 2.3

Case Dimensions Value Circuit Parameter Value

1

a 6.0 mm R 5.4 Ω

g 0.25 mm L 32.0 nH
b 0.01 mm C 49.5 fF

M 3.3 nH

2

a 6.0 mm R 5.2 Ω

g 0.5 mm L 32.0 nH
b 0.01 mm C 38.8 fF

M 3.2 nH

3

a 5.0 mm R 4.3 Ω

g 0.5 mm L 25.4 nH
b 0.01 mm C 31.7 fF

M 2.6 nH

The current distributions along the length of wire are plotted for each resonance

frequency in Fig. 2.4. At f1= 2.75 GHz, the structure supports a 1λ current distribution

equal to the length of the FRR wire length of 103.2 mm. The free space wavelength

at f1 is 109.1 mm, which is close to the wire length. Therefore, given the gap spacing

g = 0.25 mm, the reactive coupling between the different loops at f1 miniaturizes the

antenna modestly. However, the free space wavelength at f2= 4.2 GHz is 71.4 mm where

the antenna supports a 2λ current distribution. The effective wavelength along the wire

length is 51.6 mm, which is significantly less than the free space value. Mutual reactive

coupling between resonant structures is known to cause the resonant frequencies to occur

closer to one another as coupling increases. This explains why the highest resonance

occurs at a frequency lower than the free space wavelength. This also explains why the

lowest resonance does not appear to be significantly miniaturized. The lowest resonance

is effectively pulled up in frequency while the highest resonance is pulled down due to

the reactive coupling.
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Figure 2.4: Current distribution along the length of FRR wire as simulated in NEC2.

2.3 Isolated FRR Antenna

A practical version of the FRR antenna has been implemented as a folded wire

embedded in a dielectric substrate (Fig. 2.5), and the antenna simulations are performed

using Ansoft’s High Frequency Structure Simulator (HFSS). The antenna parameters

include the wire line width w, gap width g, via radius r, and substrate height h. The

SMA feed is offset from the FRR by a small gap of 0.2 mm on a 1x1 mm patch. The

inner conductor of the coaxial feed is connected to the small upper patch while the outer

coaxial shield is connected to a similar patch below. Fig. 2.5 indicates the upper and

lower surfaces of the FRR. Several key parameters were varied to identify their effect on

the FRR impedance and radiation characteristics. The nominal structural parameters are:

w = 1.0 mm, g= 0.35 mm, h = 120 mil (3.048 mm), c= 6 mm, f = 1.0 mm, and r = 0.5

mm. Rogers 5880 (εr = 2.2) was chosen as the substrate material.

The analytical model assumed that all six connected loops were of equal dimen-

sion. In this implementation, the structure has no symmetry and contains several loop

sizes. The wire structure also has a non-uniform cross-section. These factors contribute

to the increased number of resonances seen in this model when compared to only two
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Figure 2.5: Ansoft HFSS model of the isolated FRR implemented as a folded wire inside a
dielectric substrate.

resonances in the analytical model. The surface current distribution for nominal structural

parameters is plotted for both the top and bottom conducting surfaces in Fig. 2.6. At the

lowest resonance (f1 = 3.68 GHz), there are two current peaks in the current distribution

along the wire at the feed point and on the bottom ring in agreement with Fig. 2.4 for the

approximate analytical model.

The simulated radiation pattern at 3.68 GHz is consistent with a compact loop

antenna (Fig. 2.7). In fact, the electrical size of the antenna at the lowest resonance

is 0.11λg×0.13λg×0.06λg. The second resonance at 4.75 GHz shows a similar omni-

directional pattern. At each resonance of the FRR antenna, the βc values are β1c = 0.46,

β2c = 0.59, and β3c = 0.75. Since β3c = 0.75, we can expect a higher directivity pattern

which is broadside to the circulating current distributions. Given the asymmetric FRR

shape and complex current distribution among the 6 connected conducting loops, it is not

straightforward to predict the location of the beam peak. HFSS simulations show that

the 6 GHz radiation pattern peaks at θ = 45◦ and φ = 260◦ as shown in Fig. 2.7. The
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Figure 2.6: Top and bottom FRR surface current distributions at the three resonant frequencies.

effect of the wire width on the reflection coefficient magnitude performance is plotted

for several values of w in Fig. 2.8. Peak realized gains for the corresponding radiation

patterns are: 1.57 dBi (3.675 GHz), 0.72 dBi (4.75 GHz), and 2.54 dBi (6.0 GHz).

2.4 FRR in Slotted Ground Plane

By embedding the FRR antenna in a slotted ground plane, improved matching

can be obtained at the FRR resonances. The ground plane is located on the bottom side of

the substrate and is defined by the parameters as shown in Fig. 2.9. The nominal ground

plane and slot dimensions are a = 6.75 mm, b = 6.5 mm, wa = 0.375 mm, wb = 0.25

mm, W = 25 mm, L = 20 mm, and d = 0 mm. The slot dimensions a and b are varied

independently of all other geometrical parameters. Therefore, as the slot dimensions

are varied, the distance from the FRR to the ground plane also changes accordingly.

Both the FRR and ground plane compose the radiating structure. However, the FRR

occupies only 7% of the nominal ground plane area leaving considerable room for other
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Figure 2.7: Simulated 3D radiation patterns of the planar FRR antenna at the three resonant
frequencies.

Figure 2.8: Parametric study of the reflection coefficient magnitude for line width variation.
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Figure 2.9: Ansoft HFSS model of the FRR embedded in a slotted ground plane (nominal ground
plane and slot dimensions are a = 6.75 mm, b = 6.5 mm, wa = 0.375 mm, wb = 0.25 mm,
W = 25 mm, L = 20 mm, and d = 0 mm).

circuit components when integrated into a device. Parametric sweeps over the ground

plane dimensions were performed to investigate and optimize the impedance bandwidth.

Clearly, the positions of the resonances have not changed. However, the impedance

matching near the resonances has greatly improved primarily due to the changes in the

antenna input impedance.

Fig. 2.10 shows that the radiation resistance has increased near the resonances

due to current flowing on the ground plane. The reactance is also reduced over both

bands since the ground plane is capacitively coupled to the FRR and introduces an

inductance near resonance. Also, the additional resonance in the impedance profile at

2.78 GHz introduced by the coupling of the FRR to the ground plane is of interest. The

input resistance is very large at almost 1000 Ω. Although it may be possible to choose

ground plane and slot dimensions in order to match this mode to 50 Ω, it would not be

possible to match the other modes simultaneously and efficiently. In view of the above,

we have focused our attention on the resonances between 3 GHz and 6.5 GHz only in the

following parametric studies.

The current distributions in Fig. 2.11 support the reasoning about how the slotted

ground plane improves matching levels. Ground plane currents also play a significant
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Figure 2.10: Isolated FRR and FRR in slotted ground plane comparisons for reflection coefficient
magnitude (top), radiation resistance (middle), and reactance (bottom).

part in the resulting radiation patterns. In fact, the slotted ground plane radiation patterns

are rotated by 90◦ around the Z-axis with respect to the isolated FRR. This is due to

strong currents along the ground plane edges parallel to the Y-axis that radiate much like

dipole antennas, and explains the nearly omni-directional patterns and nulls along the

Y-axis. The radiation pattern at 5.8 GHz shows significant deformation along the Z-axis.

At this frequency, there are induced currents along the ground plane edges parallel to the

Z-axis. At the same time, currents parallel to the Y-axis are diminished. This increases

the gain broadside to the ground plane and reduces the endfire gain as evident from the

3D radiation pattern.

2.4.1 Slot Dimensions

The location of the lowest band is sensitive to the slot dimension a as shown in

Fig. 2.12. However, the upper band is affected primarily in the impedance matching

level. For a large enough slot, a > 8 mm, the S11 = −6 dB bandwidth of the upper

band increases to approximately 40%. The -6 dB impedance match criterion is used



34

Figure 2.11: Magnitude surface current distributions and 3D radiation patterns at the lower band
frequency and upper band edge frequencies.

because most of the wireless communication handheld devices accept this matching level.

Fig. 2.13 shows that the band locations are not significantly affected by varying the slot

dimension b. It is also seen that the slot dimension b provides significant control over the

matching level in each band.

2.4.2 Ground Plane Size

Ground plane size is one of the most important factors in the performance of

compact antennas since the ground plane may support strong induced currents. Therefore,

the ground plane becomes part of the antenna showing impact on both the circuit and

radiation properties. Fig. 2.14 shows that the matching level of the lowest band is heavily

dependent on the ground plane width W. The nominal width W = 25 mm is approximately

half of the guided wavelength at 3.6 GHz, which is λg = 56 mm. Increasing or decreasing

the width degrades the matching in this band since it is no longer resonant at this

frequency. The FRR reflection coefficient magnitude is not as sensitive to the ground

plane length L. As seen in Fig. 2.11, most of the ground plane currents are distributed
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Figure 2.12: Parametric study of the reflection coefficient magnitude for ground slot dimension a
variation.

Figure 2.13: Parametric study of reflection coefficient magnitude for ground slot dimension b
variation.
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Figure 2.14: Parametric study of the reflection coefficient magnitude for ground plane width
variation.

along the edges parallel to the Y-axis. Even at the smallest length L = 15 mm, sufficient

matching is maintained.

2.4.3 Offset Placement

The exact placement of the FRR in the slotted ground plane may be of interest

depending on the intended application. Therefore, the antenna offset d from the center

of the ground plane has been investigated. The location of the two matched bands are

relatively unaffected by the offset. However, the matching level of the first band and

bandwidth of the second band change significantly. Although some variability in FRR

location is allowable, offset values greater than d = 4 mm change the reflection coefficient

magnitude profile considerably.

2.4.4 Radiation Properties

The gain profile of the nominal FRR in the slotted ground plane shows nearly

constant gain of approximately 2.5 dBi across both bands (Fig. 2.15). The gain is defined
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Figure 2.15: Simulated gain and radiation efficiency profile for the FRR in slotted ground plane
using nominal structural parameters.

at the peak of the radiation pattern and not at a specific (constant) angle. The radiation

efficiency is > 90% over both bands. Due to the increased aperture size of the radiating

ground plane, there is considerable gain improvement over the isolated FRR at lower

frequencies. The largest FRR dimension (electrical size) varies from 0.1λg to 0.2λg from

the lowest frequency to highest frequency in either band, respectively. The range of

electrical size for the largest ground plane dimension is 0.43λg to 0.74λg.

2.5 Experimental Verification

The FRR antenna prototype, as shown in Fig. 2.16, was fabricated based on the

nominal antenna parameters for both the FRR and slotted ground plane. Single-sided

copper-clad Rogers 5880 substrate material with a 62 mil (1.5748 mm) thickness was

used. The top and bottom conducting features were milled on the same 62 mil (1.5748

mm) substrate using an LPKF milling machine. Subsequently, the top and bottom layers

were clamped together and the 5 vias and RG-178 coaxial feed line were soldered in place.

Due to the LPKF machine tolerances, we could expect as much as 0.1 mm fabrication
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(a) Top view (b) Bottom view

Figure 2.16: FRR prototype antenna in slotted ground plane fabricated on an LPKF milling
machine. Nominal structural parameters were used.

error in both the line and gap widths since each requires two separate edge cuts. The

FRR in slotted ground plane was re-simulated using a line width w = 0.9 mm and gap

width g = 0.4 mm.

Fig. 2.17 presents the measured and simulated reflection coefficients for the FRR

in slotted ground plane. There is some disagreement in the location and bandwidth of the

first resonance. The upper band differs slightly in matching level and cutoff frequency

near 6 GHz. We attribute these differences to the achievable fabrication tolerances

noted earlier. Gain radiation pattern measurements were conducted in the Antenna and

Microwave Laboratory’s anechoic chamber at San Diego State University. Fig. 2.18 and

Fig. 2.19 present the simulated and measured Eθ and Eφ gain pattern cuts in XZ plane at

φ = 0◦, and the YZ plane cuts at φ = 90◦. The co-polarized patterns are similar in both

shape and gain level. Measured cross-polarization patterns also tend to agree in both

shape and gain level. However, given the size of the antenna, mounting and misalignment

errors, some disagreement is expected.

Nulls in the measured radiation patterns near θ = 180◦ are attributed to the

scattering effects of the chamber’s antenna under test (AUT) positioning post. Ripples

occurring in the measured co-polarized patterns show increased amplitude with frequency.

This effect is attributed to currents flowing along the coaxial feed line and contributing
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Figure 2.17: Measured and simulated reflection coefficient magnitude plots using the actual line
and gap widths.

Figure 2.18: Measured and simulated Eφ and Eθ cuts in the XZ plane (φ = 0◦).
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Figure 2.19: Measured and simulated Eφ and Eθ cuts in the YZ plane (φ = 90◦).

to the radiation pattern. A balun or other method to decouple the coaxial shield from

the antenna and ground plane should have been used. It is worth mentioning if the

measured gain is averaged over 1 period of ripple, the averaged measured gain agrees to

within a fraction of a dB with the simulated gain. This is further shown in the peak gain

measurements (Fig. 2.20).

2.6 4 Element FRR Sub-Array

The FRR is compact when installed on a half-wavelength (guided wavelength)

ground plane and tends to excite currents confined to the embedded edge with relatively

less coupling to the adjacent edges. With this in mind, we briefly present some simulated

data for a 4 element sub-array in which each ground plane edge contains an embedded

FRR as shown in Fig. 2.21. This sub-array is implemented on a 25 mm×25 mm square

slab of grounded FR4 dielectric. The total antenna size including ground plane ranges

from approximately 0.25λ to 0.5λ over the operational frequency band from 3.2 GHz
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Figure 2.20: Measured and simulated peak gain profiles for the actual dimensions of the fabricated
FRR antenna in slotted ground plane.

Figure 2.21: 4 element sub-array of FRR elements on a small ground plane.

to 6 GHz. The embedded element radiation patterns associated with each antenna port

are presented in Fig. 2.22. This sub-array shows significant pattern diversity in that

the elements appear to have very little overlap. Pattern diversity can be attributed to

the currents being primarily confined along a single radiating edge of the ground plane.

When viewed as a single aperture, this element can be classified as a multiple mode

antenna since each radiation pattern is associated with a different current mode on the

ground plane.

The scattering parameters plotted in Fig. 2.23 demonstrate wide impedance
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Figure 2.22: Embedded element patterns for each port of the 4 element FRR sub-array.

matching in two bands and the low level of mutual coupling across these bands. Not

surprisingly, the diametrically opposed elements show the highest level of coupling as the

embedded element patterns for these share the same polarization. Ideally, we would like

the isolation level to be even higher for improved antenna efficiency. This is particularly

important when forming beams involving multiple ports with significant phase shifts.

Clearly, a more direct approach to exciting multiple modes on the same or collocated

apertures is needed. We will pursue that goal by exciting orthogonal modes on collocated

circular patch antennas as presented in the following chapter.

2.7 Conclusions

A compact antenna based on the folded ring resonator (FRR) metamaterial struc-

ture was presented. Implemented as a folded wire embedded in a dielectric substrate,

the FRR antenna was shown to have closely spaced resonances. By coupling the FRR
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Figure 2.23: Unique scattering parameters of the 4 element FRR sub-array as implemented on a
25 mm×25 mm square slab of grounded FR4 dielectric.

antenna with a slotted ground plane, impedance matching was improved near the res-

onances. The result is a stable radiation resistance and near zero reactance over two

bands matched better than -10 dB. Induced ground plane edge currents along the Y-axis,

produce highly linearly polarized radiation patterns. Peak gains of approximately 2.5

dBi and radiation efficiency greater than 90% are maintained over the two bands. Ad-

ditionally, simulated data was presented for a 4 element FRR sub-array showing good

pattern diversity and reasonable port isolation. Given the role played by the small ground

plane in producing the embedded radiation pattern, we contend that this antenna can also

be called a multiport, multiple mode antenna. In the following chapter we will explore

this idea further using element aperture geometries producing well defined and highly

isolated radiating modes.
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Chapter 3

A Circularly Polarized Multiple

Radiating Mode Microstrip Antenna

for Satellite Receive Applications

3.1 Introduction

Pattern reconfigurable antennas offer an additional degree of freedom in the design

of communications systems with which to mitigate potential threats in the electromagnetic

environment. GPS receivers for example are notoriously susceptible to low power

jammers and scattered signals from multipath. Receivers deployed in these environments

benefit from the use of reconfigurable null forming antennas. A common implementation

consists of a patch array of N elements fed by a beamforming network to generate N-1

scannable nulls [57, 58, 59]. Active and switched parasitic beamforming array approaches

can require sophisticated algorithms to compute the required complex weighting at

each antenna element [60, 61, 62, 63]. Another approach is to excite N orthogonal

radiating modes on the same element or collocated elements and use phase and amplitude

45
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weighting to scan N-1 beam peaks and nulls. The approach taken in [64] realizes a

circularly polarized (CP) directional pattern and a linearly polarized (LP) omnidirectional

pattern excited on the same rectangular patch. However, only low elevation azimuthal

jammers can be effectively nulled while maintaining CP in the main beam direction.

Collocated patch antennas in [65] produce CP directional modes capable of azimuthal

ring nulls. An LP multiple mode antenna using amplitude weighting and switched phase

to achieve full hemispherical beam peak and null steering was reported in [66]. In [67],

the authors investigated another LP antenna composed of multiple concentric circular

patch antennas excited by feedpoints with the same symmetry as each mode’s current

distribution.

In this chapter, we propose a novel circularly polarized multiple mode patch

antenna capable of full hemispherical null steering and limited beam peak steering as a

continuation of our research presented in [68]. A low axial ratio (< 3 dB) is maintained

within the main beam for all scan angles. Both the radiating aperture and active feed

network needed to support radiation pattern reconfiguration were designed, fabricated

and measured. The aperture consists of a circular patch supporting a T M11 mode nested

within a concentric shorted annular patch on the same dielectric substrate. In section 3.2,

we use the cavity model for shorted annular patch antennas to gain insight into the nature

of the beam forming capability of our proposed multiple mode antenna. This analysis

is supplemented by full-wave analysis and measured impedance results for a passive

multiple mode aperture and feed network as presented in section 3.3. A reconfigurable

active feedwork design is presented in 3.4 which is later used to steer the antenna radiation

pattern. Finally, we present the results for the fabricated and integrated antenna in section

3.5. Custom MATLAB code was used to perform the cavity model analysis and most

post-processing associated with simulation and measured data. All simulation results are

based on full wave analysis performed using Ansys High Frequency Structure Simulator
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(HFSS). San Diego State University’s Antenna and Microwave Laboratory was used to

fabricate and measure all antenna and feed network protoypes.

3.2 Analysis and Theory of Operation

The primary research goal was to achieve full hemispherical null steering and

limited beam peak steering using a fully integrated radiating element and feed network.

Although, prior research has shown that using a combination of elements producing

orthogonal radiating modes results in a set of steerable nulls controlled by the complex

weighting of the modes [64, 65, 66, 67], none has sufficiently discussed the theoretical

basis for this phenomena. In this section, we develop a simple analytical model used

to investigate a novel configuration of two microstrip patch antennas each supporting

a unique radiating mode. Collocated patch antennas were chosen for their simplicity,

design versatility and adequate performance. Specifically, we used an inner T M11 patch

concentrically nested within a T M21 shorted annular ring patch antenna as shown in Fig.

3.1. The shorted annular ring patch has been shown to deliver highly versatile radiation

pattern and impedance performance over a wide range of design parameters [69].

The expected radiation pattern performance for the multiple mode antenna can

be quickly analyzed using a mode-matching cavity model for each patch antenna as

formulated in [69]. Evaluating the performance of each mode independently assumes

that there is little mutual coupling between them. Data presented in following sections

validates this assumption. We also assumed that the phase centers are collocated since the

patches are concentrically located on the same substrate. The analysis process consists

of (1) finding the general field solutions for the cavity mode-matching at the feed point,

(2) solving for the coefficients of the particular cavity field solution using boundary

conditions, (3) evaluating the tangential fields at the circumferential radiating aperture



48

Figure 3.1: Geometry of circularly polarized multiple mode antenna aperture with direct coaxial
feeding.

of the patch, (4) computing equivalent current sources that produce the same radiated

far-fields as the aperture fields, (5) computing the vector potentials of the equivalent

current sources and (6) transforming the vector potentials into the far-field. Using the

results of [69], each linear polarization of the mode radiation pattern was calculated

independently from the following far-field equations, where n indicates the mode number

(T Mn1).
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En
φ(φ,θ) =

jn+1

2
hcos(nφ−φ

n
0) (3.1)

×[k0bn f (k1bn)J′n (k0bn sinθ)

+ jk1bn sinθ f ′n1 (k1bn)Jn (k0bn sinθ)]

×
(
1−RT M)

En
θ(φ,θ) = nk0bnh

jn+1

2
sin(nφ−φn

0)

k0bn sinθ
(3.2)

× fn2 (k1bn)Jn (k0bn sinθ)
(
1+RT E)

The parameters k0 and k1 are the phase constants in a vacuum and the substrate

medium, respectively. Given the cylindrical symmetry of the shorted annular patch

antenna, it is not surprising that the far-field equations contain Bessel’s functions of the

first and second kinds, Jn and Yn (contained within fn), respectively. The functions fn

and f ′n defined in [69] are expressed in terms of the Bessel’s functions and weighting

coefficients, which are themselves determined by the geometry of the cavity (i.e. the

boundary conditions). Fresnel coefficients, RT E and RT M are included to account for the

effect of the dielectric on the radiation pattern near θ = 90◦.

Since we are interested in satellite receive applications, two feed points per mode

are used to produce circularly polarized radiation. For a single mode, the two feed points

are fed in quadrature with equal amplitude and a relative 90◦ phase shift. The physical

angular separation of each pair of feed points is determined by the symmetry of the mode

and given by φn
s = π/2n. Assuming two feed points are used to excite each mode at an

angular spacing of φn
s , the total LP field components for each mode can be expressed as
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follows.

Ẽn
φ(φ,θ) = En

φ(φ,θ)+ jpEn
φ(φ+φ

n
s ,θ) (3.3)

Ẽn
θ(φ,θ) = En

θ(φ,θ)+ jpEn
θ(φ+φ

n
s ,θ) (3.4)

p = +1(lhcp),−1(rhcp) (3.5)

The CP fields for each mode can be readily obtained from the LP components, Ẽn
φ

and

Ẽn
θ
.

En
rhcp(φ,θ) =

1√
2
[
(

Re{Ẽn
θ}− Im{Ẽn

φ}
)

(3.6)

+ j
(

Im{Ẽn
θ}+Re{Ẽn

φ}
)
]

En
lhcp(φ,θ) =

1√
2
[
(

Re{Ẽn
θ}+ Im{Ẽn

φ}
)

(3.7)

+ j
(

Im{Ẽn
θ}−Re{Ẽn

φ}
)
]

The total CP far-field patterns are determined by the weighted sum of the individual

mode radiation patterns.

ET
rhcp(φ,θ) =

N

∑
n=0

CnEn
rhcp(φ,θ) (3.8)

ET
lhcp(φ,θ) =

N

∑
n=0

CnEn
lhcp(φ,θ) (3.9)

In this chapter, only two modes are excited which reduces equations 3.8 and 3.9 to

ET
rhcp(φ,θ) = γ[E1

rhcp(φ,θ)+αE2
rhcp(φ,θ)exp( jβ)] (3.10)

ET
lhcp(φ,θ) = γ[E1

lhcp(φ,θ)+αE2
lhcp(φ,θ)exp( jβ)] (3.11)



51

The complex radiation patterns for the two circular patch modes are plotted in Fig.

3.2. As stated in [64], the phase shift β between modes changes the azimuthal location

of the null while the null elevation is controlled by the mode amplitude ratio α. The

phase difference between modes is specified by β = ∠P3−∠P1 = ∠P4−∠P2. Similarly,

the amplitude ratio between modes is denoted by α = |P3|/|P1| = |P4|/|P2|. Fig. 3.3

illustrates the mechanism for this behavior in the complex radiation patterns which are

combined using a port amplitude ratio of 0 dB and a phase difference of 0◦ at 1575

MHz. Null formation is due to destructive interference of the far field radiation patterns

associated with each mode. Such destructive interference occurs at angles where the two

radiation patterns are both nearly equal in amplitude and out of phase by approximately

180◦. Referring to Fig. 3.3a, there is a wide range of elevation angles where the mode

radiation pattern amplitudes are nearly equal and 180◦ out of phase. For reference, a

pattern amplitude difference of 3 dB with 180◦ phase difference corresponds to ≈ -11dB

null depth relative to the largest of the two mode pattern amplitudes at that angle. Based

on the upper plot in Fig. 3.3a, we can expect an elevation null from θ = 20◦ to θ = 90◦

for a null depth of better than -11 dB. Similarly, equal pattern amplitudes with a phase

difference from 162◦ to 198◦ yield a null depth of -10 dB relative to the largest of the

two-mode pattern amplitudes at that angle. Using this information, the -10 dB azimuth

null width can be estimated from the lower plot in Fig. 3.3a as spanning φ = 145◦ to

φ = 181◦. Fig. 3.3b confirms our estimates of the location, width and depth of the null.

If the null depth is being measured relative to directivity of the beam peak in Fig. 3.3b,

then both the null depth and width have increased by some amount due to the increased

directivity of the beam peak relative to the two individual mode directivities. The design

parameters used in this analysis are listed in Table 3.1.
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(a) T M11 (b) T M21

Figure 3.2: Hemispherical plots of directivity and phase patterns for the individual circular patch
antenna modes.

(a) T M11−T M21 (α = 0 dB, β = 0◦) (b) T M11 +T M21 (α = 0 dB, β = 0◦)

Figure 3.3: Difference and sum of the two radiating modes with equal amplitude and phase
excitation. The field quantities were determined by analysis (equations 3.3 to 3.11).

3.3 Passive Antenna Design

In this section, we investigate the impedance properties of the passive antenna

aperture and passive portion of the feed network needed to generate CP radiation patterns.

Fig. 3.4 shows a simulation model and photograph of the fabricated version of the

multiple mode aperture and passive hybrid coupler feed network. The connection between

the feed network and passive aperture is illustrated in Fig. 3.4a. Four connecting vias

used to connect the passive aperture output ports (P1, P2, P3 and P4) to the corresponding

hybrid input ports (also P1, P2, P3 and P4). In practice, the passive aperture substrate is
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Table 3.1: Physical and electrical parameters used the analysis, simulation and fabrication of the
CP multiple mode antenna.

Parameter Description T M11 T M21

f center frequency (GHz) 1.575
h substrate height (mm) 3.2
εr substrate relative permittivity 2.15

tanδ substrate loss tangent 0.002
σc patch/ground conductivity (S/m) 5.8e7
a patch inner radius (mm) 0.0 41.0
d radius of feed location (mm) 10.5 54.0
b patch outer radius (mm) 36.3 75.75
R ground plane radius (mm) ∞ (analysis), 200 (sim.)
φn

s angular feed location 0◦ 202.5◦

stacked on top of the feed network substrate such that the patches are on the top and

the hybrid couplers are on the bottom of the stackup. Finally, the 4 connecting vias are

inserted through the 4 aligned holes in each substrate and soldered in place. First, the

passive aperture was designed in HFSS based on the parameters listed in Table 3.1 derived

through the analysis presented in the previous section. The analysis assumed an infinite

ground plane, whereas the simulated ground plane size was chosen to be approximately

one wavelength (200 mm) in diameter, which is sufficiently large to support the fringing

fields of the patches. Fig. 3.5 shows that the aperture impedance parameters were in good

agreement between simulation and measurement. For simplicity, symmetric S-parameters

have been omitted from the plots (i.e. S11 ≈ S22, S33 ≈ S44, S13 ≈ S24, S14 ≈ S23). The

overlapping -10 dB input impedance matching fractional bandwidth across both modes

is approximately 1.4% (1.565 GHz to 1.587 GHz).

Second, the hybrid couplers needed to supply quadrature excitations to each

pair of ports were designed in HFSS on 60 mil (1.524 mm) FR4 material (εr = 4.4,

tan(δ) = 0.02). Again, acceptable agreement was obtained between simulated and

measured impedance parameters for these passive feed structures as shown in Fig.

3.6. Phase differences were computed from the S-parameter measurements ∠SP2,H2−
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(a) HFSS simulated model. (b) Fabricated prototype.

Figure 3.4: Integrated aperture with passive feed network for impedance testing.

∠SP1,H2 (T M11) and ∠SP4,H4 −∠SP3,H4 (T M21), where the subscripts refer to the hy-

brid ports as indicated in Fig. 3.4. Similarly, the amplitude ratios were computed

from |20log10 |SP2,H2|−20log10 |SP1,H2|| (T M11) and |20log10 |SP4,H4|−20log10 |SP3,H4||

(T M21). The measured response of the hybrid coupler for the T M21 mode shows some

deviation from simulation possibly due to the uncalibrated U.FL cables used or some

other fabrication issue. Using a 1 dB amplitude imbalance and ±5◦ phase imbalance as

the maximum allowable deviations in the hybrid performance, we achieved an operational

bandwidth from 1.45 GHz to 1.8 GHz.

Third, the multiple radiating mode apertures and hybrid couplers were integrated

by connecting the labeled hybrid input ports to the corresponding aperture output ports

using 22 gauge (0.65 mm diameter) copper wire (i.e. P1 to P1, P2 to P2, etc.). As expected,

good agreement was also obtained between the simulated and measured impedance
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Figure 3.5: Simulated and measured scattering parameters of the patch antennas excited directly
at the aperture (i.e. coax feeds from ground plane to patch).

parameters for the fully integrated passive antenna as shown in Fig. 3.7. The limiting

factors for the bandwidth over which the antenna behaves as an efficient radiator are

clearly the mutual coupling parameters S12 and S34. In fact, these mutual coupling

parameters between pairs of hybrid output ports (H1, H2 and H3, H4) represent the

bandwidth over which the load to hybrid input ports (P1, P2 and P3, P4) presents a nearly

50 Ω impedance. In this case, the load is the output impedance of each of the antenna

ports. Since the antennas are T M11 and T M21 patches on an electrically thin substrate,

it is expected that the matched impedance bandwidth is on the order of a few percent

with respect to a 50 Ω load. For the integrated passive antenna, the overlapping -10

dB fractional impedance bandwidth for both modes is 1.6%, or 25 MHz in absolute

terms (1.562 GHz to 1.587 GHz). If used in a receive application such as GPS, this

is enough bandwidth to accomodate a single 20 MHz channel. There are numerous

techniques available to achieve a wider impedance bandwidth, and we are exploring

such implementations as part of our ongoing research for related applications. This

is particularly important if the antenna is intended to be used in a potentially harsh
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Figure 3.6: Simulated and measured amplitude and phase characteristics of the hybrid coupler
output ports when disconnected from the antenna aperture.

environment where the antenna may become detuned. Some amount of impedance

bandwidth margin is desirable in order for the receiver to remain operational.

3.4 Active Feed Network Design

In order to characterize the radiation pattern performance of the multiple mode

antenna over a wide range of pattern reconfiguration, it was necessary to develop a

feed network with many possible configuration states. The feed network should include

independent amplitude and phase control of the received signals at the hybrid output ports.

The functional block diagram shown in Fig. 3.8 depicts the required devices between the

aperture output ports and the RF output port routed to an external receiver. Moving in

the direction of the receiver, the RF signal transduced by the aperture first encounters

the hybrid couplers, which were designed, fabricated and tested in the previous section.

After combining in the couplers, the signal to noise ratio (SNR) for each mode is boosted

by the low noise amplifier (LNA), which also provides a stable impedance match to



57

−40

−20

0

M
ea

su
re

d 
(d

B
)

1.4 1.5 1.6 1.7 1.8

−40

−20

0

Frequency (GHz)

S
im

ul
at

ed
 (

dB
)

 

 

|S
11

|

|S
12

|

|S
13

|

|S
14

|

|S
33

|

|S
34

|

Figure 3.7: Simulated and measured scattering parameters of the multiple mode antenna aperture
integrated with the passive hybrid coupler feed network.

the outputs of the hybrids. The RF signal then enters the mode control block where it

undergoes a phase shift (PS) and amplitude adjustment in the variable gain amplifier

(VGA) before final combining of both mode signal paths in the power combiner.

3.4.1 Component Selection

For this particular feed network, there are three types of active circuit blocks

to be considered: (1) RF devices, (2) power supply circuitry and (3) control circuitry.

The purpose of the control and power circuitry is simply to provide proper biasing

and adjustment of the RF devices. In order to choose the appropriate RF devices, we

developed a simple specification at the antenna subsystem level as summarized in Table

3.2. A low cost low noise amplifier (LNA) module was selected with approximately 15

dB of gain to provide adequate SNR and impedance buffering. For ease of calibration

and measurement repeatability, a 6-bit digital step phase shifter (DP) and 6-bit digital

step attenuator (DA) were selected to implement the mode control block. Table 3.2

also lists the expected RF performance of the active feed network based on datasheet
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Figure 3.8: Functional block diagram of the active reconfigurable feed network (LNA = low
noise amplifier, PS = phase shifter, VGA = variable gain amplifier/attenuator).

information and cascade analysis of the selected RF components. The selected RF

devices collectively required three separate voltage supplies: +5 V, -5 V and +3.3 V. The

appropriate voltage regulators were then chosen to provide each of the required voltages

when sourced from a single 9 V supply.As with the passive implementation in section

Table 3.2: Specified and expected RF performance of the active feed network based on the
selected components.

Parameter Specification Selected Components
Frequency 1.575 GHz 1.575 GHz
Bandwidth >20 MHz ≈ 350 MHz
System NF <20 dB (or < NFVNA) <5 dB
Att. Range ≈30 dB 30 dB
Att. Increment <1 dB 0.5 dB
Phase Range 360◦ 360◦

Phase Increment <10◦ ≈ 6◦

3.3, the active feed network was designed on a 2 layer, 60 mil FR4 substrate. Given that

the chosen frequency of operation is in L-band, the size of any one passive device (i.e.

antenna aperture, hybrids, combiner) is much larger than any particular active device.
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Therefore, the hybrid couplers and power combiner were designed and positioned on the

feed network substrate first. Connecting traces, landing pads and vias for all other RF,

power and control components were strategically placed during layout. Fig. 3.9 shows

the component side (bottom view) of the fabricated and assembled feed network after

integration with the multiple mode antenna aperture (top view).

Figure 3.9: Top and bottom views of the fully integrated multiple mode antenna aperture with
active reconfigurable feed network.

3.4.2 Feed Network Calibration

Calibration of the active feed network is critical in order to make direct compar-

isons between the analytical, simulated and measured radiation pattern performance data.

The most accurate and direct method of calibration requires measurement of the radiation

pattern for every configuration state. This is also the most time consuming method since

there are a total of four 6-bit digital step devices each having 64 available states. A

simpler method is to choose an initial configuration state as the reference and characterize

each variable phase shifter and attenuator independently. The initial configuration state

is denoted by the measured amplitude and phase parameters αre f and βre f . Assuming

that the devices do not interact, we can synthesize any combination of these states by
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linear superposition of the calibration data taken for each device as defined in Eqns. 3.12

and 3.13. Furthermore, we simplified the task by inserting U.FL test points very near the

hybrid output ports as shown in Fig. 3.10 so that the calibration data could be measured

on a lab bench with a vector network analyzer (VNA).

Figure 3.10: Closeup view of the calibration test points and signal paths for each mode.

A total of 192 complex S-parameter calibration measurements were recorded

with ≈ 6◦ phase and 0.5 dB amplitude precision as plotted in Fig. 3.11. It is important

to note that the phase shifters (DP11 and DP21) produce amplitude variations in addition

to the intended phase shifts. Similarly, the attenuators (DA11 and DA21) also introduce

some amount of unintended phase shift. This means that to realize a particular set of

mode weighting coefficients, we must find an optimal configuration of the four devices

from among the calibration data. The mode weighting coefficients α and β are related to

the calibration data as given in Eqns. 3.12 and 3.13. The parameters DAp
11, DPq

11, DAr
21

and DAs
21 are the measured complex S-parameters from each test point (Caln1) to the RF

output for a particular configuration state. A configuration state is defined by a unique
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combination of the parameters (p = 1 · · ·32, q = 1 · · ·64, r = 1 · · ·32, s = 1 · · ·64), each

of which is a setting number of the digital step phase shifters and attenuators as shown in

Eqn. 3.13. Specifically, the setting number listed as a base 10 integer on the x-axis of Fig.

3.11 corresponds to a 6-bit setting of the 6 pin DIP switches connected to the parallel

programming pins of each of the digital step attenuators and phase shifters. When one

of the 6 switches is positioned in the “On” state, this corresponds to a binary 1, while a

switch in the “Off” state corresponds to a binary 0.

α =
(
|DAr

21|− |DAp
11|+ |DPs

21|− |DPq
11|
)
−αre f

αre f =
(
|DA0

21|− |DA0
11|+ |DP0

21|− |DP0
11|
)

(3.12)

β =
(
∠DAr

21−∠DAp
11 +∠DPs

21−∠DPq
11
)
−βre f

βre f =
(
∠DA0

21−∠DA0
11 +∠DP0

21−∠DP0
11
)

(3.13)

The number of digital step attenuator configuration states was limited to 32,

which translates to an attenuation range of ≈15 dB per attenuator. We found that the

signal could not be reliably attenuated any further primarily due to signal leakage onto

the control lines, which was able to propagate to the outputs of the attenuators. Ideally,

our feed network would have been fabricated onto a four or more layer board in order

to provide more isolation between the various signals (i.e. RF, power, and control).

However, even with this limitation, we still achieved the desired 30 dB attenuation range

between the two modes.

The active elements in the RF path between the hybrid coupler outputs and the

final power combiner circuit have some impact on the output reflection coefficient of

the antenna. Low noise amplifiers (LNA) were placed at the hybrid coupler output ports

in order to prevent impedance changes from affecting the aperture performance. The



62

−10

−5

0

5

10
A

m
pl

itu
de

 (
dB

)

Setting Number

 

 

1 10 19 28 37 46 55 64
−180

−90

0

90

180

1 10 19 28 37 46 55 64
−180

−90

0

90

180

P
ha

se
 (

de
g) DP

11
 (Amp.)

DP
11

 (Phase)

DP
21

 (Amp.)

DP
21

 (Phase)

(a) Digital step phase shifter (DP)

−10

−5

0

5

10

A
m

pl
itu

de
 (

dB
)

Setting Number

 

 

1 10 19 28
−180

−90

0

90

180

1 10 19 28
−180

−90

0

90

180
P

ha
se

 (
de

g) DA
11

 (Amp.)

DA
11

 (Phase)

DA
21

 (Amp.)

DA
21

 (Phase)

(b) Digital step attenuator (DA)

Figure 3.11: Calibration data showing the change in amplitude and phase as a function of the
device setting.
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digital step phase shifters were determined to have negligible impact on the output match

over all settings of the 6-bit devices. However, the output impedance of the digital step

attenuators does vary significantly with setting number. Measurements of the antenna

output reflection coefficient at the power combiner were taken over 32 settings for each

of the 6-bit digital step attenuators (32 settings each). As shown in Fig. 3.12, the output

reflection coefficient remains below -10 dB for all settings. Device DA21 shows higher

reflection coefficient variation and is due in part to undesired coupling between power,

control and RF lines of the device. The traces for parallel interface control of device

DA21 were necessarily routed under the component presenting both a leakage path and a

smaller ground plane. One limitation of the 2-layer board used for the feed network is

the inability to route all traces while maintaining sufficient isolation between them.

Figure 3.12: Plots of the output reflection coefficient (Γout) seen at the antenna output port (RFout)
for the 32 available settings for each of the 6-bit digital step attenuators (DA11 and DA21).
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3.5 Radiation Pattern Measurements

After integration and calibration, the integrated antenna was mounted in the

combined spherical near-field and far-field anechoic chamber for radiation pattern char-

acterization. The measurements were taken in two stages. First, we collected data on the

passive individual mode patterns to verify that the passive antenna aperture and hybrid

couplers were functioning as predicted in simulation. Second, the active RF circuitry was

used to steer the beam peak and null using the calibration table data and compared to

simulation and analytical data. Fig. 3.13 shows the integrated antenna mounted in the

anechoic chamber and the HFSS simulation model used for comparison. All measured

data was obtained using an Anritsu Lightning VNA, NSI WR-650 near field probe and

Orbit FR’s Spectrum Analysis data acquisition and processing software package all of

which we have available in the Antenna and Microwave Laboratory (AML) at SDSU.

(a) Fabricated prototype (b) HFSS simulated model

Figure 3.13: The integrated antenna composed of passive aperture and active feed network.
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3.5.1 Individual Mode Patterns

The passive radiation pattern measurements of each mode were made by dis-

connecting the active circuitry at the test points located at the output of each hybrid

coupler. We wanted to ensure the maximum isolation between the modes and eliminate

other possible sources of complication. Each mode was measured one at a time while

terminating the other in a 50 Ω load.

Fig. 3.14 compares the simulated and measured data at 1.575 GHz for both

co-polarized amplitude pattern and axial ratio of the T M11 mode over the entire sphere.

Since we are demonstrating full hemispherical null steering and partial hemispherical

beam peak steering, it makes sense to plot these quantities over the entire sphere. There is

considerable agreement seen in the simulated and measured patterns. To further quantify

this agreement, we have plotted the co-polarized realized gain, cross-polarized realized

gain and axial ratio of the beam peak versus frequency (φ = 0◦,θ = 0◦) in Fig. 3.15.

Realized gain includes all the associated losses present in the antenna aperture and active

feed network. The in-band data points (1.565 GHz to 1.585 GHz) show acceptable

agreement. At center frequency (1.575 GHz), the measured co-polarized gain differs by

6.7% from simulated value while the axial ratio differs by only 4.5%. Above the center

frequency, there is significant disagreement in the measured cross-polarized gain, which

is much more sensitive to non-ideal chamber conditions (i.e. scattering from walls and

mounting surfaces) due to its relatively low signal power.

The radiation pattern properties of the T M21 mode were measured in the same

way as the T M11 mode. Again, close agreement is seen in the complete amplitude and

axial ratio patterns plotted in Fig. 3.16 at the center frequency (1.575 GHz). There

are several identifiable features in both the simulated and measured plots that agree in

location and appearance including a deep null near angles (φ = 270◦,θ = 0◦), beam peak

at angles (φ = 30◦,θ = 36◦) and bump in the axial ratio between azimuth angles φ = 100◦
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Figure 3.14: Full spherical simulated and measured normalized gain and axial ratio patterns for
T M11 at center frequency (1.575 GHz).

and φ = 160◦. The agreement between simulated and measured T M21 data is established

by comparing the co-polarized realized gain, cross-polarized realized gain and axial ratio

versus frequency as shown in Fig. 3.17. The elevation angle at which the beam peak

of T M21 mode occurs is θ = 36◦. However, the T M21 radiation pattern is rotationally

symmetric in azimuth, which means there is likely variation in both the realized gain and

axial ratio as a function of azimuthal angle for a fixed elevation angle of the beam peak.

Selecting realized gain or axial ratio at only a single angle may give a false measure of

the overall mode performance. Therefore, Fig. 3.17a plots the maximum realized gain

and axial ratio while Fig. 3.17b plots the minimum of the same parameters. Maximum

realized gain was selected from the realized gain of the T M21 mode over all azimuth
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Figure 3.15: Simulated and measured T M11 mode radiation pattern properties at (θ = 0◦,φ = 0◦)
versus frequency.

angles and occurs at the elevation beam peak angle. Similarly, the worst case or minimum

axial ratio was selected from all azimuth angles at the elevation angle of the beam peak.

The peak directivity and total antenna efficiency for each mode is plotted over

frequency in Fig. 3.18. T M21 shows good agreement in both peak directivity and total

efficiency. An approximately 3 dB decrease in directivity is observed for T M21 near

1.575 GHz. This is consistent with the radiation pattern transitioning from a directional

to a conical radiation pattern. However, the peak directivity of T M11 consistently differs

over frequency by approximately 0.7 dB from the simulated value. One possible source of

this error is the relatively short distance between the probe and AUT (˜2 λ). Since T M11

is directional beam pointed at the probe on boresight, it is possible that the deviation in

measured peak directivity is caused by multiple reflections (mutual coupling) between

probe and AUT. At center frequency, 1.575 GHz, the T M11 and T M21 modes have total

efficiencies of 68% (-1.7 dB) and 79% (-1.0 dB), respectively. Some inefficiency can

be attributed to the lossy FR4 substrate used in the design of the hybrid couplers. It

is expected that the higher order T M21 mode will suffer more loss since the radiating



68

Azimuth (deg)

E
le

va
tio

n 
(d

eg
)

 

 

0 90 180 270 360

0

30

60

90

120

150

180

N
or

m
. G

LH
C

P (
dB

ic
)

−30

−20

−10

0

(a) Simulated

Azimuth (deg)

E
le

va
tio

n 
(d

eg
)

 

 

0 90 180 270 360

0

30

60

90

120

150

180

N
or

m
. G

LH
C

P (
dB

ic
)

−30

−20

−10

0

(b) Measured

Azimuth (deg)

E
le

va
tio

n 
(d

eg
)

 

 

0 90 180 270 360

0

30

60

90

120

150

180

A
xi

al
 R

at
io

 (
dB

)

0

0.5

1

1.5

(c) Simulated

Azimuth (deg)

E
le

va
tio

n 
(d

eg
)

 

 

0 90 180 270 360

0

30

60

90

120

150

180

A
xi

al
 R

at
io

 (
dB

)

0

0.5

1

1.5

(d) Measured

Figure 3.16: Full spherical simulated and measured normalized gain and axial ratio patterns for
T M21 at center frequency (1.575 GHz).

currents must travel farther over its larger physical aperture.

3.5.2 Beam Peak and Null Steering

Finally, the active circuitry was reconnected to the hybrid coupler outputs in

order to demonstrate the null and beam peak steering capabilities of the antenna. The

entire antenna was powered from a single 9 V battery, which provided enough power

for several full spherical measurements. A total of 11 configuration states were chosen

to demonstrate the azimuth and elevation steering properties of the antenna. Each

configuration state was optimally chosen from all combinations of the calibration data
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Figure 3.17: Simulated and measured T M21 radiation pattern properties at (θ = 36◦,φ =
0◦ · · ·360◦) versus frequency.
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Figure 3.18: Simulated and measured peak directivity and total efficiency versus frequency
showing that both modes share and overlapping band of efficient operation.

to deliver the desired mode weighting coefficients (α and β). Table 3.3 lists the 4

configuration states used to steer the beam in azimuth using only the relative phase offset

between the two modes. Similarly, Table 3.4 lists the 7 configuration states used to steer

the beam in elevation using only the amplitude ratio between the two modes. The state of

each device (DP and DA) is given as a 6-bit binary number which represents the switch

positions needed to program each device in direct parallel mode.

Table 3.3: Active feed network configuration states and device settings for azimuthal beam peak
and null steering.

State α (dB) β (deg) DP11 DA11 DP21 DA21

1 0 0 000111 001101 011011 001100
2 0 90 010011 001101 010111 001011
3 0 180 001101 001101 000010 001100
4 0 270 111001 001101 011101 001011

Full spherical near-field radiation pattern data was measured for each configura-

tion state. Fig. 3.19 shows the measured normalized co-polarized radiation patterns for

4 cases of azimuth steering determined by the phase offset between the two modes. As
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Table 3.4: Active feed network configuration states and device settings for elevation beam peak
and null steering.

State α (dB) β (deg) DP11 DA11 DP21 DA21

1 -15 0 011100 000011 111001 100000
2 -10 0 000110 000111 100000 011010
3 -5 0 110001 001001 000111 010001
4 0 0 000111 001101 011011 001100
5 5 0 000011 010011 010101 001000
6 10 0 001111 011101 011110 000111
7 15 0 000001 100000 001101 000001

the phase of T M21 increases with respect to T M11, both the beam peak and null steer

in the −φ direction. This can be understood by looking back at the analytical phase

patterns for each mode in Fig. 3.2. The phase of each mode monotonically increases

with azimuthal angle. Therefore, the angle at which the two modes differ by 180◦ will

decrease as the phase of T M21 is increased relative to T M11. The radiation patterns of

only 4 of the 7 configuration states for elevation steering are shown in Fig. 3.20. These 4

cases demonstrate that using only the amplitude ratio between modes, the null and beam

peak can be steered over a wide range of elevation angles.

Analysis, simulation and measurement of three important performance parameters

are presented in Fig. 3.21 in order to quantify how predictably and practically the antenna

beam can be steered. Peak directivity for both the beam peak and null is an important

figure of merit that describes how well the antenna receives power from a particular

direction and polarization. All three methods of determining the beam peak and null

directivities are in close agreement for each configuration state both for the azimuthal

and elevation scan cases. Differences between measured and simulated beam peak

directivities are typically in the range from 0.5 dB to 1.0 dB. This is also the likely range

of error inherent to the measurement process itself. The parameters φscan and θscan are

the angular coordinates corresponding to either the beam peak or null as identified in the

plot legend.
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Figure 3.19: Normalized gain patterns for 4 configuration states demonstrating azimuthal beam
peak and null steering.

Azimuthal Steering

In general, it is clear that applying a phase offset β produces a one-to-one change

in the azimuthal angle of the beam peak and null. Also, the elevation angle of the

beam peak and null remains constant to within < 5◦. This demonstrates the degree of

independence between the elevation and azimuth steering, which makes the beam control

both simple to understand and simple to implement. Clearly, both the beam peak and null

can be steered 360◦ in azimuth with a resolution of ≈ 5◦ and limited only by the 6-bit

DP. The amplitude ratio α between the modes primarily produces a change in the beam

peak and null elevation angle although the azimuthal angle tends to fluctuate. Over all
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Figure 3.20: Normalized gain patterns for 4 configuration states demonstrating azimuthal beam
peak and null steering.

elevation steering configuration states the change in azimuth location is δφscan = 24◦ for

the null and the beam peak moves by as much as δφscan = 37◦.

Elevation Steering

A mode amplitude ratio range of 20 dB is required to steer the beam null from

θ = 0◦ to θ = 90◦ while maintaining a null depth of ≈ 20 dB or less. We selected a

DA with a minimum increment of 0.5 dB, which corresponds to a worst case elevation

angle resolution of ≈ 5◦. This is due to the fact that the change in elevation angle is

steepest in the range of α between -5 dB and 0 dB. The beam null is therefore steerable

in approximately 5◦ increments over the entire hemisphere. The beam peak however
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has a scan range limited to a conical region defined by a measured elevation angle

range from 16◦ to 36◦. The minimum elevation scan angle is limited by the maximum

achievable attenuation of the T M21 mode with respect to T M11. A lower bound of -30

dB of mode isolation limits the maximum achievable attenuation based on the mutual

coupling parameter S13 from Fig. 3.7. The maximum elevation scan angle is limited by

the beam peak angle of the T M21 mode, which is 36◦ for our design.

Steering Error

The measured elevation angle of the beam null shows between 0◦ and 8◦ deviation

from the simulated value over all configuration states (azimuth and elevation steering).

This error can be linked to differences between the simulated and measured radiation

pattern directivities, which is on the order of 0.5 dB to 1.0 dB. There is also a consistent

offset between the simulated and measured azimuthal scan angles that varies from 15◦

and 20◦. This is not unreasonable since the method of calibration did not account for

the potential phase offset between the test points to the antenna apertures and this was

not modeled in the simulation. The range of phase error corresponds to an unknown

transmission line length on the order of a few millimeters in an FR4 substrate. However,

such an issue could be greatly minimized by designing the feed network to have phase

matching between test points and antenna aperture during layout. Modern PCB houses

can maintain copper trace feature tolerances to within less than 1 mil, which makes the

method useful even at higher frequencies.
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Figure 3.21: Plots of the directivity (D) and angular location (φscan,θscan) of the beam peak and
null.
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3.6 The Effect of Material Loss on the Axial Ratio Sym-

metry of Circular Microstrip Patch Antennas

A particularly critical point during the antenna design process is the selection of

the proper material set needed to meet a variety engineering goals. There is typically a

fundamental tradeoff in material selection between RF performance and cost. Lower cost

materials often have relatively high RF loss characteristics in addition poorer tolerances on

electrical, thermal and mechanical properties. A number of communications applications

such as precision GPS reception rely on antennas with high degree of azimuthal symmetry

in the circularly polarized (CP) radiation pattern. Proper angular spacing between pairs

of feed points excited in quadrature and the use of sufficient numbers of such pairs

contribute to high quality CP [70]. In this section, we use Ansys HFSS to demonstrate

the effect of the dielectric loss tangent on the azimuthal axial ratio (AR) symmetry for

the first 4 modes of the shorted annular ring microstrip patch (SARP) antenna (TM11,

TM21, TM31 and TM41).

3.6.1 Antenna Design

Fig. 3.22 shows the basic geometry of each of the 4 shorted annular ring microstrip

patch antennas investigated in this section. The parameter φ f =
π

2m is the required

angular separation between feed points for optimal CP pattern quality as function of the

mode number m. Shorting vias provide an additional design parameter to achieve the

desired radiation pattern over a wide range of patch dimensions [69]. This is particularly

important when concentrically collocating these antennas in a nested configuration for

null and beam steering as investigated in [71]. The analytical equations presented in [69]

were used to derive initial design parameters for each of the 4 SARP antennas. Final

design parameters for each antenna are listed in Table 3.5 and were obtained iteratively
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Figure 3.22: Geometry of the shorted annular ring microstrip patch antenna.

using Ansys’ HFSS full wave electromagnetic simulation software.

Each antenna was designed in HFSS to present a matched load to the pair of

simulated 50 Ω coaxial ports used for CP excitation (|S11| < −15 dB) at the center

frequency of 1.575 GHz (GPS L1 band). As expected, only the TM11 radiation pattern is

directional while the other 3 radiation patterns are omnidirectional as shown in Fig. 3.23.

Of particular importance for this study is the azimuthal behavior AR near the beam peak

for each mode. The elevation beam peaks have been determined to be 0◦, 39◦, 45◦ and

50◦ for the TM11, TM21, TM31 and TM41 modes, respectively.

3.6.2 Material Losses

Conceptually, a patch antenna is a leaky resonant cavity that supports standing

electromagnetic waves while functioning as an efficient radiator. The standing waves
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Figure 3.23: RHCP and LHCP realized gain elevation patterns for each mode at φ = 0◦ using a
low loss dielectric.

are the sum of the incident and reflected waves within the cavity. A high loss tangent

attenuates these waves as they travel away from the feed points toward the edges of the

patch where some of the energy is radiated away and the remainder is reflected. This

attenuation leads to a highly asymmetric current distribution as illustrated for the TM21

mode in Fig. 3.24a in contrast to the low loss tangent case in Fig. 3.24b. Effectively,

the attenuation has introduced an additional equivalent linearly polarized (LP) current

distribution as illustrated in Fig. 3.24b. Therefore, we can expect the AR to degrade at the

Table 3.5: Final design parameters used for each antenna in HFSS.

Parameter TM11 TM21 TM31 TM41
εr 2.2 2.2 2.2 2.2
h 120mil 120 mil 120 mil 120 mil
a N/A 38.3 mm 77.5 mm 117.0 mm
b 36.0 mm 75.3 mm 115.0 mm 155.2 mm
c N/A 41.0 mm 81.8 mm 121.0 mm
d 10.5 mm 54.0 mm 94.0 mm 132.0 mm
φ f 90◦ 45◦ 30◦ 22.5◦

R 100.0 mm 100.0 mm 137.9 mm 200.0 mm



79

Figure 3.24: T M21 HFSS simulated current distributions for different loss tangent values corre-
sponding to conceptual CP and LP components contributing to the asymmetric current.

azimuthal angle associated with the LP component. Several representative dielectric loss

tangents ranging from 0.0009 to 0.1 were chosen to illustrate the how severely the AR is

degraded. Fig. 3.25 plots the AR of TM21 mode over azimuth angle at the beam peak

elevation angle of θ = 39◦. In the nearly lossless case, the AR remains less than 3 dB for

all azimuth angles. As the loss tangent approaches values typical of low grade materials

such as FR4, the AR increases to values ranging from 6 dB to 12 dB. As expected, the

increase in axial ratio occurs primarily at one angle (φ≈ 135◦). Therefore, we can also

expect additional AR degradation with increased mode number as shown in Fig. 3.26

due to increased physical size of the antenna.

We have demonstrated the effect of dielectric losses on the radiation patterns of 4

commonly used shorted annular patch antennas. Loss tangents typical of common low

grade RF materials were shown to degrade the axial ratio significantly primarily at one

azimuthal angle. This was explained by decomposing the asymmetric current distribution

into effective LP and CP components. As expected, the effect becomes more pronounced
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Figure 3.25: TM21 axial ratio versus azimuth at the beam peak elevation angle θ = 39◦.

Figure 3.26: Maximum azimuthal axial ratio at the respective beam peak angle for each mode
versus dielectric loss tangent.
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with increasing mode number. Additional supporting data and material will be presented

at the symposium.

3.7 Conclusions

We presented a novel pattern reconfigurable antenna designed for satellite receive

applications in L-band. Using the beamforming capabilities of orthogonal radiating

modes, we demonstrated full hemispherical steering of a single beam null and conical

steering of a single beam peak. A circular patch antenna was chosen to excite the

directional T M11 mode while T M21 was excited on a coplanar and concentric shorted

annular ring patch. Fundamental field analysis was performed in order to show the

amplitude and phase relationships between the 2 modes that are responsible for the

beam steering properties. A passive multiple mode antenna aperture was fabricated and

measured which showed acceptable agreement with simulated impedance and radiation

performance. Finally, we demonstrated the practical beam steering properties of our

antenna by integrating the antenna aperture with an active feed network composed of

COTS (commercially off the shelf) components. Reasonable agreement was found

between predicted and measurement beam peak and null positions. Most error was

explained as a byproduct of the inherent measurement uncertainty and coarseness of the

calibration process.

Some discussion was also devoted to the impact of material losses on axial

ratio symmetry for circular patch antennas. The effect was shown to worsen with

increasing mode number due to the increase of physical size and asymmetry of the

current distribution. Several loss modes were characterized demonstrating that dielectric

loss is the dominant contributor to axial ratio degradation. Therefore, the use of low loss

materials is even more critical for multiple mode antennas.
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This research is part of a larger effort to understand the potential benefits of an-

tenna apertures supporting multiple simultaneous radiating modes. Research is underway

to investigate the generation of multiple independently steerable nulls using more than 2

concentric patch antenna elements. The following chapter investigates the more general

topic of beam steering using arrays composed of elements each supporting a unique

radiating mode. Of interest is the comparison between this novel method and traditional

phased array beam steering.
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Chapter 4

A Novel Approach to 1D Beam Steering

using Arrays Composed of Multiple

Unique Radiating Modes

4.1 Introduction

Electronically scanned antenna arrays are commonly used both in radar and

communications applications for their ability to form arbitrary beam patterns in real

time with superior speed compared to their mechanically gimbaled counterparts. The

direction of incoming or outgoing electromagnetic energy is determined by the complex

weights applied to each antenna element, each of which is typically identical. The

amount of energy transmitted or received in a particular direction is determined by the

summation of the active element patterns in that direction. The active element pattern

is the resulting radiation pattern for each element when excited in the presence of the

other array elements which are terminated in matched loads [72]. These patterns and

consequently the array pattern are influenced by two factors that can significantly reduce

83
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the realized gain of the array pattern as it scans away from the direction broadside to

the array. First, element pattern gain decreases with angle away from the beam peak

for typical unidirectional elements. Second, mutual interaction between array elements

may cause additional loss in scanned array gain as power radiated from one element is

absorbed by adjacent elements.

In a conventional phased array, maximum element spacing is typically limited

to approximately half the free space wavelength in order to avoid grating lobes for the

widest possible scan range. Therefore, one obvious approach to reduce mutual coupling

and element pattern rolloff is miniaturize the element using dielectric loading, conductor

meandering or other such technique that reduces the physical size of the radiating element.

By reducing the physical size of the element, both the element directivity and interelement

coupling can be reduced. The primary tradeoff here is a simultaneous reduction in element

bandwidth.

Another useful method to realize wide scanning arrays uses wide angle impedance

matching dielectric sheets [73, 74]. The dielectric sheet thickness and distance from the

radiating elements are chosen to provide an efficient impedance transformation from

free space to array aperture that is stable over a wide angle of incidence. This method

is highly versatile and easy to implement. The technique does not specifically address

the issue of element pattern gain rolloff with angle. Element pattern gain rolloff can be

mitigated by making the array aperture conformal [75]. In the extreme, the aperture can

be made cylindrical or hemispherical such that there is on average the same amount of

array pattern gain in any particular direction. The primary tradeoff here is a reduction in

the peak array pattern gain since there are only a subset of the total number of elements

with peak gain in a particular direction.

Conventional phased array elements can also be augmented with parasitic ele-

ments, which are used to scan the element pattern [37, 38]. By tilting the element pattern



85

beam in the direction of the array pattern beam, element pattern gain rolloff can be

effectively eliminated over a wide range of angles. Additional control circuitry required

to control the parasitic elements must be integrated into the aperture and represents a

fundamental tradeoff when comparing to other design approaches.

In this chapter, we describe an alternative approach to beam steering using antenna

elements each supporting a unique current mode and producing a unique radiation pattern.

We refer to such an array as a multiple mode array. The null steering capabilities of a

multiple mode array and potential enhancements to phased array performance have been

previously investigated [76, 77, 71, 36]. The primary advantages in the multiple mode

beam steering approach presented here are the reduction of unwanted mutual coupling

and an increase in array scan range. This increase in array scan range is shown to be

due both to the reduction in mutual coupling and to the increase in element pattern gain

at wide scan angles for higher order dipole modes. Some preliminary results based on

analytical and simulated data were presented in [78, 79]. With these benefits comes

some design tradeoffs including increased physical size and potentially an increase in the

number of unique elements needed to synthesize a desired beam pattern. These tradeoffs

are explored by comparing analytical and full wave simulation data for the following

array types: conventional phased arrays, multiple mode arrays and hybrid phased arrays

composed of multiple mode sub-arrays. All simulation results were generated with Ansys

HFSS and post-processed in MATLAB. Measured data for two dipole arrays based on the

multiple mode array concept are presented in order to validate the simulation results. All

measurements were performed at San Diego State’s Antenna and Microwave Laboratory

and Cubic Defense Applications Antenna Measurement Laboratory in San Diego.



86

(a) Conventional (b) Hybrid (c) Multiple Mode

Figure 4.1: Illustration of array topologies as described in this chapter and in order of increasing
number of unique radiating modes.

4.2 Multiple Mode Array

The three different array topologies explored in this chapter are illustrated in

Fig. 4.1: conventional phased array, hybrid phased array and multiple mode array. In

this section, we describe the theory, method of analysis and beam pattern synthesis

properties of the multiple mode array. As shown in Fig. 4.1c, the multiple mode array is

characterized by the use of multiple unique radiating modes in contrast to the conventional

array, which uses elements supporting the same radiating mode. Additionally, the phase

centers of the radiating elements in the multiple mode array may be collocated. This is

in contrast to the conventional phased array that relies on the interelement spacing to

produce an array factor that modulates the active element patterns.

4.2.1 Ideal Analysis

This chapter explores the simplest case of a linear array capable of beam steering

in a single scan plane. The reference case of a linear array of half wavelength dipoles is

shown in Fig. 4.2a. Fig. 4.2b and 4.2c illustrate the proposed array and its equivalent

array in terms of half wavelength dipoles, respectively. Notice that the equivalent set

of N dipoles corresponding to mode N have are themselves a linear array with a fixed

progressive phase relationship of 180◦. The convention for this chapter is to refer to
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(a) Conventional λ/2 dipole array

(b) Multiple mode dipole array (c) Equivalent λ/2 dipole array

Figure 4.2: Ideal dipole array geometries.

those modes with even current distribution symmetry as ”even modes” and those with

odd current distribution symmetry as ”odd modes”. The even or odd symmetry of each

mode is also reflected in the phase radiation pattern. The far field radiation pattern of the

multiple mode array can be described by

APM(θ) =
M

∑
m=1

AmFm(θ)exp( j(m−1)ψz). (4.1)

where the radiation patterns of the individual modes are defined by

F1(θ) = FD(θ) (4.2a)

F2(θ) = [exp( j
1
2

ψy0)− exp(− j
1
2

ψy0)]FD(θ) (4.2b)

F3(θ) = [exp( jψy0)−1+ exp(− jψy0)]FD(θ) (4.2c)

... (4.2d)

Fm(θ) =
m

∑
k=1

(−1)k+1 exp( j
m−2k+1

2
ψy0)FD(θ). (4.2e)
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Figure 4.3: The first 4 unique radiating modes using the equivalent dipole array analysis.

where ψy0 = kd sin(θ), ψz = khcos(θ), M is the number of unique radiating modes, and

Am are the unknown complex weights. The dipole element patterns FD(θ) are assumed

to be of the same form as conventional center fed dipoles directed along the y-axis.

FD(θ) =
cos(kdε

2 sinθ)− cos(kdε

2 )

cosθ
(4.3)

Plots of the first 4 radiation pattern modes are shown in Fig. 4.3. The parameter dε

represents the length and spacing of the equivalent dipoles representing a particular mode.

Clearly, the physical length and spacing will be reduced in the presence of dielectric

loading. As shown for mode 4 in Fig. 4.4, the levels and locations of the radiation

pattern lobes are dependent on this parameter. As the effective spacing, dε, is reduced,

the outer lobes decrease in relative power and move further away from broadside. In the

most extreme case of miniaturization, the odd mode radiation patterns will degenerate to

those of simple dipoles. Similarly, the even mode radiation patterns will degenerate to

unidirectional patterns.
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Figure 4.4: The effect of miniaturization (i.e. spacing between equivalent dipoles, dε) on the
mode 4 radiation pattern.

4.2.2 Synthesis

The far field radiation pattern of the reference conventional linear dipole array

can be approximately described by the following equations:

APD(θ) =
1
N

sin(N
2 ψy)

sin(1
2ψy)

FD(θ). (4.4)

where ψy = kd sin(θ) + βy, N is the number of array elements, k is the propagation

constant and d is the interelement spacing. We use a Fourier synthesis method similar to

those described in [80, 59] in order make a direct comparison between the beam steering

capability of the multiple mode dipole array and the reference case. This technique

allows us to generate the optimal set of complex coefficients needed to most accurately

generate the reference radiation pattern. First, the reference radiation pattern is expressed

in terms of its Fourier coefficients.

APD(θ) =
1
2

ã0 +
N

∑
n=1

[ãn cos(nθ)+ b̃n sin(nθ)]. (4.5)
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Second, each of the multiple mode array element patterns is also expressed in terms of

its respective Fourier coefficients:

Fm(θ)exp( j(m−1)ψz) =
1
2

am0 +
N

∑
n=1

[amn cos(nθ)+bmn sin(nθ)]. (4.6)

Inserting equation 4.6 into 4.1 yields a Fourier series expansion of the multiple mode

array pattern

APM(θ) =
N

∑
n=1

[(
M

∑
m=1

Amamn)cos(nθ)+(
M

∑
m=1

Ambmn)sin(nθ)]+
1
2

M

∑
m=1

Amam0. (4.7)

Equating equations 4.7 with 4.5 and reordering the summations yields an over determined

matrix equation in terms of the unknown complex weights
[

A

]
.


A1

...

AM

= pinv



a10 · · · aM0

... . . . ...

a1N · · · aMN

b11 · · · bM1

... . . . ...

b1N · · · bMN





ã0

...

ãN

b̃1

...

b̃N


(4.8)

The optimal complex weights are recovered with singular value decomposition. Fig. 4.5

plots the scanned radiation patterns of a 7 element array reference radiation pattern and

multiple mode arrays of varying numbers of modes. Although reasonable agreement is

obtained within the main beam using 7 unique modes, there is considerable error in the

far out sidelobes. Significantly better agreement over most elevation angles is obtained

between the reference case and the multiple mode array when 8 unique modes are used.

Fig. 4.6 presents the root mean square error (RMSE) of the multiple mode array synthesis
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Figure 4.5: Investigation of the number of modes used in the multiple mode dipole array to
sythesize a conventional array pattern with 7 elements.

of the 7-element conventional array radiation pattern as a function of the number of

unique modes used and varying scan angles.

εrms =

√
∑

Nθ

i=1(|APD(θi)|2−|APM(θi)|2)2

Nθ

(4.9)

Based on this analysis, we conclude that N+1 unique modes are needed to sufficiently

approximate the N element conventional reference array.

One assumption made in the analysis of the multiple mode array is that the

distance in z between antenna elements h << λ. In principle, h = 0 if all modes are

excited on the same aperture. In practice, it may be easier to excite these modes on

individual radiators as shown previously in Fig. 4.2b. The spacing between dipoles in

the z-axis introduces an undesired array factor that effects the synthesis capability of

the multiple mode array. Three cases of dipole spacing shown in Fig. 4.4 illustrate the

increasing synthesis error with increasing dipole spacing. Clearly, this spacing should be



92

Figure 4.6: Plot of the root mean square error (RMSE) as a function of number of unique modes
and array scan angle.

minimized in a practical design.

4.3 Hybrid Phased Array

In general, a hybrid phased array may be composed of N multiple mode sub-

arrays each containing M number of unique modes such that M×N =C, where C is an

integer constant representing the total number of feed points. The 3 array topologies

described in Fig. 4.1 are illustrated for linear dipole arrays each with a total of 8 feed

points in Fig. 4.8. It is clear from Fig. 4.8 that the area occupied by the multiple

mode array is the largest of the 3 topologies. As described in the previous section, each

dipole in the multiple mode array is equivalent to a fixed phased M element array of half

wavelength dipoles. If we define the array area as the area of the rectangle containing

the entire array, then the area is proportional to number of modes. For large numbers

of modes, the complexity of the feed network also increases as many feed points are
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Figure 4.7: Effect on synthesis accuracy of the z-axis spacing, h, between the dipoles in the
multiple mode dipole array.

(a) Conventional 8 element λ/2 array.

(b) Hybrid phased array composed of 2 multiple mode dipole sub-arrays.

(c) An 8-element multiple mode dipole array.

Figure 4.8: 8 element linear dipole phased array topologies.
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Figure 4.9: Synthesized radiation patterns for conventional (M = 1, N = 16), hybrid (M = 4,
N = 4) and multiple mode (M = 16, N = 1) arrays where C = 16.

in the middle of the aperture and more susceptible to unwanted coupling. Therefore,

there is sufficient reason to choose the minimum number of modes needed to realize the

improved performance of the multiple mode sub-array.

4.3.1 Ideal Analysis and Synthesis

The analytical radiation pattern of the hybrid phased array is obtained by multi-

plying the multiple mode radiation pattern of equation 4.1 by the array factor of equation

4.4.

APH(θ) =
1
N

sin(N
2 ψy)

sin(1
2ψy)

M

∑
m=1

AmFm(θ)exp( j(m−1)ψz). (4.10)

We have assumed a constant number of feed points, C = 16, and number of unique modes,

M = 1,2,4,8,16. In order to maximize directivity over scan angle, the desired radiation

pattern is a simple pulse function with a beamwidth of 1◦ and sidelobe levels (SLL) of

-100 dB. The boresight radiation patterns for the three arrays in Fig. 4.8 are plotted in Fig.

4.9. The hybrid array radiation pattern contains several anomalous lobes at θ = ±27◦

and θ = ±74◦. These are the result of the gaps between the sub-arrays, dm. Fig. 4.10

illustrates the dependency of these lobe levels on the spacing between sub-arrays, dm.

This spacing should be minimized in a practical design to the extent that the highest order
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Figure 4.10: Dependency of the anomalous grating lobe levels on spacing between sub-arrays,
dm.

mode dipoles do not overlap or suffer degraded performance due to excessive mutual

coupling.

Array pattern directivity is a relevant figure of merit with which to compare the

different array topologies. Fig. 4.11 plots the directivity of each array as computed

from the 3D analytical radiation patterns. The widest scanning array is the multiple

mode array. The 4×4 hybrid phased array appears to have a slightly better directivity

and scan range than the conventional array. However, the analysis up to this point has

assumed no mutual coupling effects. In the following section, we will perform full wave

analysis of the 1×16, 4×4 and 16×1 arrays in Ansys HFSS. We will show that the

4× 4 hybrid phased array represents a reasonable tradeoff between the performance

and implementation issues associated with the conventional and multiple mode arrays,

respectively.

4.3.2 Full Wave Analysis

Full wave simulations of the three dipole arrays shown in Fig. 4.12 were per-

formed in Ansys HFSS with design parameters listed in Table 4.1. Since the basic

radiating elements are simple dipoles, cross-polarization within the scan plane containing

the dipoles is expected to be very low. For the sake of brevity, we do not consider the
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Figure 4.11: Comparison of array directivity versus scan angle for different numbers of unique
radiating modes and a constant number of feed points.

Table 4.1: Final design parameters used for each array in HFSS.

Parameter Conventional Hybrid Multiple Mode
M 1 4 16
C 16 16 16
L 0.435λ N/A N/A
h f 0.25λ 0.25λ 0.1λ

A 4.3λ2 8.3λ2 14.6λ2

d 0.5λ2 N/A N/A
dm N/A 0.5λ N/A

polarization behavior out of the scan plane. The dipole lengths both for the hybrid and

multiple mode arrays were optimized to yield both sufficient impedance match to 50 Ω

(|S11|<−10 dB) and proper radiation pattern mode, which is why L is listed as N/A for

these arrays in Table 4.1. The dipole width used for all arrays is 0.06λ and the reflector

widths used are 0.225λ, 0.225λ and 0.06λ for the conventional, hybrid and multiple mode

arrays, respectively. The simulated complex radiation patterns for each array were used

to synthesize a desired beam pattern with 3 parameters, scan angle (θscan), beamwidth

(BW= 1◦) and sidelobe level (SLL= −100 dB). Three scanned radiation patterns for

each array type are presented in Fig. 4.13. All three arrays display similar behavior

near the main lobe. The hybrid array shows the same anomalous lobes discussed in

the previous analysis section and may suppressed by optimizing the sub-array spacing.
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(a) Conventional λ/2 array.

(b) Hybrid phased array composed of 4 multiple mode dipole sub-arrays.

(c) Multiple mode array.

Figure 4.12: HFSS models of 16 element linear dipole phased arrays.

In our previous ideal array analysis which ignored mutual coupling, only the multiple

mode array was shown to have significantly greater scanned directivity compared to the

conventional array. Fig. 4.14 plots the peak scanned realized gain and total antenna

efficiency over scan angle. This comparison makes the advantage of the hybrid phased

array apparent. Similar to the multiple mode array, the hybrid phased array maintains

nearly constant realized gain and total efficiency over a wide range of scan angles.

4.4 4 Element Multiple Mode Sub-Array

A 4-element multiple mode sub-array was designed to operate at 4.6 GHz in order

to validate the previous analysis and simulation results presented in section 4.2. This

same sub-array was later integrated into a 16-element hybrid phased array and will be

discussed in section 4.5.
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Figure 4.13: Three scanned array patterns for each of the array types as computed from HFSS
simulated element pattern data.

Figure 4.14: Comparison of scanned peak realized gain and total antenna efficiency for the three
HFSS simulated arrays over their entire scan range.
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Figure 4.15: HFSS models for the 4 element multiple mode dipole array with feed network.

4.4.1 Element Feed Network

The most obvious issue with implementing the multiple mode array is finding

a suitable feed network. Since elements are distributed along the z-axis, perpendicular

to dipoles, the feed lines must cross over elements in order to feed the desired element.

Therefore, we decided on an interlocking feed network solution as illustrated in Fig. 4.15a.

In this arrangement, most of the feed network is contained in a substrate perpendicular to

the dipole substrate. The feed lines transition from microstrip to differential broadside

coupled stripline near the SMA connectors as shown in Fig. 4.15b. We expect little

unwanted coupling between the feed lines and other dipoles due to the differential nature

of the feed lines and their orientation with respect to the dipoles. Even mode dipoles are

connected directly to their corresponding sets of broadside coupled striplines in the center

of each dipole. Odd mode dipoles must be driven offset from the dipole center in order

to present a reasonable output impedance to the feed network. Therefore, we designed

a coplanar stripline power combiner at the outputs of the odd mode dipoles as shown

in Fig. 4.15c. The lack of significant isolation between the both the antenna outputs

and the combiner inputs is not an issue since the inputs are driven 180◦ out of phase.

Additionally, using a symmetric feed arrangement for the odd mode dipoles provides
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Figure 4.16: Fabricated 4 element multiple mode dipole array.

Table 4.2: 4 element multiple mode dipole array design parameters

(a) Balun

Parameter Value (mm)
wm 2.5
wb 10.0
wc 2.0
ws 1.5
wg 0.25
lb 12.0
dc 33.0

(b) Dipole array

Parameter Value (mm)
wd 6.0
ld1 29.0
ld2 64.0
ld3 78.0
ld4 127.0

greater rejection of even mode coupling from the adjacent elements.

4.4.2 Fabrication and Measurement

The 4 element multiple mode dipole array shown in Fig. 4.16 was fabricated

with the design parameters shown in Table 4.2. Reasonable agreement was obtained

between the simulated and measured scattering parameters presented in Fig. 4.17. The

measured reflection coefficient for mode 2 shows the highest level of disagreement with

the simulated data. We suspect that issues with the fabrication tolerances of the balun

(i.e. the gap wg) may have contributed to this disagreement. Because of this frequency
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Figure 4.17: Full set of unique scattering parameters for the 4-element multiple mode array.

shift in the mode 2 reflection coefficient, we obtain a measured operational bandwidth of

6.4% as compared to the simulated 7.8%. The 3D realized gain patterns were measured

for each of the four dipole elements. Fig. 4.18 shows reasonable agreement between the

measured and simulated 2D cuts in the plane of the dipole array (Gθ(φ = 90◦)).

In order to achieve the widest instantaneous bandwidth possible, it is important

to implement phase and group delay matched RF paths from the antenna element aper-

tures to the final combined output. When delay matching is not maintained, the phase

relationships between elements may vary rapidly over frequency, distort the beam and

therefore limit the useful bandwidth of the array. In a conventional receiving phased

array, emphasis is typically placed on matching the phase and delay responses from the

antenna output to the combined output. This is because the radiating elements are nearly

identical in their phase and delay versus angle responses. This is certainly not true for

a phased array employing multiple unique radiating modes. The differences in phase

and delay versus angle responses between the unique radiating modes are critical to the

novel approach to beam steering presented in this chapter. Group delay was computed

for each element and averaged over the 3dB beamwidths of each lobe of the radiation
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Figure 4.18: Active element radiation patterns for each element (mode) of the 4-element multiple
mode array.

pattern and plotted in Fig. 4.19. The variation in group delay is approximately 0.3 ns

over the frequency range from 4.2 to 4.6 GHz. In general, all four modes show roughly

the same amount of delay. This is to be expected since the transmission line lengths in

the interlocking feed network were designed to compensate for the different physical

locations of each dipole in the sub array. Phase distortion was computed using a linear

regression fit of the unwrapped phase for each mode as shown in Fig. 4.19. The total

variation in phase is approximately 12◦ across all four modes over the frequency range

from 4.2 to 4.8 GHz. Reasonable beam pattern quality for a 16 element array can be

expected for phase deviations less than ±10◦.
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Figure 4.19: Plots of group delay and phase distortion versus frequency for all 4 modes of the
sub-array.

4.5 16-Element Hybrid Phased Array

In the previous section, we presented measured data on the 4 element multiple

mode array in order to validate the passive impedance and radiation properties of the

novel array as simulated in HFSS. In this section, we use the same 4 element design as a

sub-array in the 16 element hybrid phased array. The measured data presented here is

intended to validate the prior analysis of the multiple mode and hybrid arrays, the Fourier

synthesis method used and the array design as simulated in HFSS.

A functional block diagram of the novel 16 element array and the test setup

used to characterize the array is shown in Fig. 4.20. The hybrid phased array includes

programmable phase and amplitude shifting components that are controlled from a remote

computer. A microcontroller (MCU) is used to translate messages from the laptop’s

USB (universal serial bus) interface to the UART interface (universal asynchronous

receiver/transmitter). Messages from the UART interface are routed to the correct device
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Figure 4.20: Functional block diagram of the 16-element hybrid phased array.

on the correct board using the serial bus. Each of the passive 4-element dipole arrays is

connected to an active feed board. Each active feed board has a unique hardware defined

address and contains four low noise amplifiers (LNA), four digital step phase shifters

(DPS), four digital step attenuators (DAT) and other supporting circuitry. The combined

RF output of each active feed board is connected to a final Wilkinson power combiner

where it can be routed to the VNA receiver for measurement.

4.5.1 Passive Array Characterization

Each of the four multiple mode sub-arrays were fabricated and mounted in a

custom test FR4 fixture. Reflection coefficient measurements were made in order to

verify that the sub-array impedance parameters were nominal. Fig. 4.21 compares

the measured reflection coefficients for each mode. The labeling convention used is

Sm:n,p:q where the subscripts m and p represent the sub-array number and n and q are

the mode number. Effects of the adjacent sub-arrays are evident in the symmetric pairs

of reflection coefficients for each mode. For example, the two inner sub-arrays show

improved matching levels for mode 1 as compared to the two outer sub-arrays. The
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Figure 4.21: Measured passive output reflection coefficients for each hybrid phased array element
grouped by mode.

mutual coupling parameters for the dipole elements on the same sub-array were presented

in Fig. 4.17. A representative sample of coupling between elements on adjacent sub-

arrays 2 and 3 is presented in Fig. 4.22. As expected, the highest level of coupling is

between the mode 4 dipoles due to their closest proximity to one another. The measured

coupling level for many modes is significantly lower than the simulated value. In contrast

to the fabricated array, the simulated array model assumed a continuous substrate between

sub-arrays. The air gaps between sub-arrays in the prototype may lower the contribution

of surface waves to the coupling level. Additionally, the scattering parameters were

measured outside of the chamber. It is possible that scattering from nearby objects

presented an additional coupling path that influenced the measurements particular where

the isolation is already more than 30 dB.
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Figure 4.22: Scattering parameters for the coupling between elements of sub-arrays 2 and 3.

4.5.2 Active Feed Network

As described in the introduction to this section, each of the four multiple mode

sub-arrays is connected to an active feed board used to make amplitude and phase

adjustments of the RF signal before being combined. A fully assembled active feed board

is shown in Fig. 4.23. These boards were designed by the author in Altium Designer,

fabricated by Advanced Circuits and assembled by hand. Each board connects to each

multiple mode sub-array via four end launch SMA inputs each of which is routed to a

mode adjustment block on the board. The mode adjustment block is composed of an

LNA with a gain of approximately 15 dB, a 360◦ digital step phase shifter (DPS) in

5.6◦ steps and a 31.5 dB digital step attenuator in 0.5 dB steps. A Wilkinson power

combiner is used the combine the four outputs of the mode adjustment blocks. Power

regulation, logic and control circuitry are included with each board. There is a single

20-pin connector used on each board to provide master 9V power and control of the RF

devices on the serial bus. All 32 programmable RF devices are individually addressable

using 5 control lines on the serial bus. A custom graphical user interface (GUI) as shown

in Fig. 4.24 was developed using the C# programming language to provide a convenient
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way to communicate the desired complex weighting coefficients to the active feed boards.

4.5.3 Array Calibration

The active feed boards and supporting circuitry were integrated into the test

setup as shown mounted in Cubic’s anechoic chamber in Fig. 4.25. Additional absorber

(not shown) was placed over the active feed boards on the lower sides of the array to

reduce the effects of unwanted scattering of the array backlobe. The calibration process

consists of the following four steps: (1) Measure each of 16 active element radiation

patterns. (2) Compute the required complex weighting coefficients needed to synthesize

a desired beam pattern. (3) Apply the computed complex weights and characterize the

resulting array patterns. (4) Recover the array pattern gain by de-embedding the active

feed network gain and associated mis-match losses. Steps (1) and (3) are basic antenna

measurements and considered familiar to the reader. Steps (2) and (4) will be explained

in detail.

Generate Complex Weights

Each active element pattern was measured by setting the element under test ampli-

tude shift to 0 dB and phase shift to 0 deg. All other elements were set to the maximum

attenuation of 31.5 dB and a 0◦ phase shift. We relied on the previously described

Fourier synthesis method to generate the required complex weighting coefficients from

the measured active element patterns. The computed calibration coefficients for two

different scan angles are plotted in Fig. 4.26 along with the coefficients as measured on

the active feed board. Most of the differences between the computed complex weights

and those measured on the board occur where the attenuation is high. The isolation

between the four channels on each board is not infinite, and we can expect some deviation
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(a) Bottom view.

(b) Top view.

Figure 4.23: One of four fully assembled active feed network boards used to combine the outputs
from each multiple mode sub-array.
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Figure 4.24: Custom graphical user interface (GUI) used to control four active feed network
boards each containing 8 programmable elements.

Figure 4.25: Fully assembled 16-element hybrid phased array as mounted in the anechoic
chamber.
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in phase as a result of leakage signals. In general, deviations in amplitude and phase

may occur for the following reasons. The DPS is intended to apply a known shift in the

phase of the incident signal. However, it is a non-ideal component and may also change

the amplitude of the incident signal by as much as 1 dB depending on the impedance

matching conditions. Similarly, the DAT may apply an unwanted phase shift to signal

from one attenuation setting to another.

As in the analysis section 4.3, the desired beam pattern is essentially an impulse

function over angle. When the desired pattern is located at θscan = 0◦, the odd mode

elements are heavily attenuated such that the array pattern is formed primarily from

the received power from the even mode elements. This is not surprising since the array

pattern at θscan = 0◦ is also an even mode pattern. At the other extreme, where the array

pattern is scanned to θscan = 70◦, all but the highest order odd mode elements are heavily

attenuated. This is also reasonable since the array pattern has a large odd component at

such a large scan angle.

Array Pattern Gain

The purpose of this chapter is prove out the concept of using multiple unique

radiating modes to form array pattern beams. Use of an active feed network was neces-

sary to collect measured data demonstrating real-time beam steering in the RF domain.

However, we would really like to disentangle the effects of the feed network from the

measurements and recover the array pattern gain, Gθ(φ = 90◦). The array pattern gain

can be computed by normalizing the measured gain of the full array, GM
θ
(φ = 90◦), to

the active feed network channel gains, Sn
21. The active feed network channel scattering

parameters were measured in a system with 50 Ω source and load impedances. In the

fully assembled array, the inputs to the active feed network are loaded by the dipole

impedances. Therefore, the actual array pattern gain will depend on the output reflection
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(a) θscan = 0◦

(b) θscan = 70◦

Figure 4.26: Computed and measured amplitude and phase coefficients used to scan the 16-
element hybrid phased array beam.
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Figure 4.27: Signal flow graph model of a single receive channel

coefficient of the dipole, Γd , and the input reflection coefficient of the active feed network,

Sn
11. The dipole and feed network are also connected by a male to male SMA adapter.

We treat this adapter as a perfectly matched 50 Ω transmission line with a phase shift of

exp(− jβ). Fig. 4.27 illustrates the signal flow graph for a simplified model of a single

receive channel on the array. Using this model, we derive the array pattern gain as shown

in equation 4.11.

Gθ =
GM

θ

∑
N
n=1 |Sn

21|2(1−|Sn
11|2)/|1−Γn

dSn
11 exp(− j2β)|2

. (4.11)

4.5.4 Scanned Array Performance

In this section, we investigate and quantify the scanned performance of the

fabricated 16 element hybrid phased array. Fig. 4.28 compares the desired, computed

and measured normalized radiation patterns as viewed in the scan plane of the array

(φ = 90◦). The computed radiation patterns have been derived in two ways: (1) computed

based on simulated element radiation patterns and (2) computed based on measured

element radiation patterns. Within the main beamwidth, good agreement is obtained

between the computed and measured radiation patterns, and all three patterns point in

nearly the same direction as the baseline impulse pattern. The highest level of agreement
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Figure 4.28: Comparative plot of the computed and measured normalized radiation patterns. The
computed pattern based on measured active element patterns and the measured array pattern used
the amplitude and phase coefficients shown in Fig. 4.26.

occurs between the two computed patterns. This is not surprising since for a 16-element

array, the variations in element pattern are typically relatively slower than that of the

array pattern. Therefore, even though the simulated and measured element patterns may

differ, the differences are masked by the faster variations of the array factor. There is

however considerable difference in sidelobe performance between the computed array

pattern based on measured element data with respect to the other two array patterns. This

disagreement can be attributed to the error in the actual amplitude and phase weights

on the active feed boards as described in the previous section. Measured 3D radiation

patterns are plotted in Fig. 4.29 for four scan angles (θscan = 0◦, −30◦, −60◦ and −70◦).

As explained in the analysis section 4.3, the radiation pattern for the hybrid phased array
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may exhibit anomalous lobes that are actually grating lobes due to the spacing between

sub-arrays. In the 3D plots, these lobes can be clearly seen wrapping around the axes of

the dipole elements. More closely packed sub-arrays would alleviate this problem.

In section 4.3, analytical and simulated data demonstrated that the hybrid phased

array is capable of wide angle scanning with high efficiency. This is primary benefit

to this novel approach to beam steering. Using the array pattern gain recovery method

described in section 4.5.3, the array pattern gain, Gθ(φ = 90◦), is plotted versus scan

angle, θscan, in Fig. 4.30. There is considerable agreement between the measured and

simulated array pattern gain. The measured total antenna efficiency, η, shows up to

approximately 1.5 dB disagreement compared to the simulated data. Also, the measured

η is greater than 0 dB for some scan angles. The error in the realized gain measurements

is estimated to be approximately ±0.5 dB as per the NSI performance specification for

Cubic’s spherical near field antenna measurement system. Also, the measured directivity,

Dθ(φ = 90◦), is higher than the simulated data by a consistent amount of approximately

1 dB. This is likely due to the fact that microwave absorber was used on the test fixture to

reduce scattering of the backlobe. By absorbing the backlobe, the measured directivity is

artificially high. Therefore, both the measurement error and artificially high directivity are

the likely sources of error in the measured total antenna efficiency. Table 4.3 summarizes

the scan range performance of the array over the frequency range from 4.0 GHz to 5.0

GHz. As expected, the widest scan range occurs near the calibration frequency, 4.6 GHz,

for both the simulated and measured arrays. On either side of design frequency, the 3

dB scan range narrows significantly as the phase relationships between elements deviate

further from their calibrated values. This phase deviation worsens with increasing scan

angle and will be described later.

Realized gain, directivity and total antenna efficiency are plotted over frequency

for the θscan = 0◦ case in Fig. 4.31. The measured gain and efficiency appear to



115

(a) θscan = 0◦

(b) θscan =−30◦

Figure 4.29: Measured 3D normalized radiation patterns for the 16-element hybrid phased array.
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(c) θscan =−60◦

(d) θscan =−70◦

Figure 4.29: Measured 3D normalized radiation patterns for the 16-element hybrid phased array,
continued.
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Figure 4.30: Comparative plot of scanned gain versus scan angle for measured data and computed
from simulated data ( f = 4.6 GHz)

.

Table 4.3: Summary of 16 element hybrid phased array 3 dB scan range.

θ3dB(deg)
f
(GHz)

Computed
(Sim.) Measured

4.0 ±15 ±0
4.1 ±7.5 ±7.5
4.2 ±30 ±15
4.3 ±52 ±45
4.4 ±64 ±59.5
4.5 ±64 ±68
4.6 ±69 ±68
4.7 ±69 ±68
4.8 ±69 ±64
4.9 ±59 ±64
5.0 ±45 ±45
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Figure 4.31: Comparative plot of scanned gain versus frequency for measured data and computed
from simulated data (θscan = 0◦).

oscillate around the simulated value by approximately ±1 dB. In addition to the ±0.5

dB measurement error, these computed quantities are influenced by the assumptions

made about the feed network and how it interacts with the dipole. For example, each

channel was treated separately and did not include any coupling from all the other

channels. Additionally, only the reflection coefficients at the antenna outputs and feed

network inputs were considered. Given the number of devices in the RF chain, each

with some level of impedance mismatch, there are multiple reflections that were not

explicitly considered. The approximate nature of these assumptions are at least in part

responsible for the fluctuations in the measured data. Table 4.4 summarizes the half power

instantaneous bandwidth for the 16 element array at each scan angle. The fluctuations

in the computed realized gain over frequency as seen in Fig. 4.31 are responsible for

the disagreement between simulated and measured 3 dB bandwidth at some scan angles.

These fluctuations are due to the error in the gain computation and approximate nature

of assumptions about the feed network and its interaction with the dipole array. As

discussed in section 4.2, the multiple mode array is essentially a linear phased array
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Table 4.4: Summary of 16 element hybrid phased array 3 dB instantaneous bandwidth.

∆ f3dB(GHz)
θscan
(deg)

Computed
(Sim.) Measured

-70 0.4 0.3
-60 0.4 0.4
-45 0.5 0.3
-30 0.5 0.4
-15 1.0 0.8
0 1.0 1.0
15 0.8 0.4
30 0.7 0.4
45 0.6 0.4
60 0.4 0.4
70 0.4 0.4

of fixed phased linear sub-arrays. Therefore, we can expect some of the same limits

on instantaneous bandwidth that apply to conventional linear arrays. Equation 4.12 is

an approximate measure of instantaneous 3 dB bandwidth that depends on the center

frequency f0, scan angle θscan, and number of array elements N [81]. This equation

applies only to arrays employing phase shifting elements rather than true time delay

(TTD) elements, which can produce inherently wideband scanned array behavior. For

a conventional 16 element array operating near 4.6 GHz, that bandwidth varies from

several GHz near broadside to approximately 300 MHz at θscan = 70◦. The hybrid phased

array instantaneous bandwidth over scan angle is consistent with this analysis.

∆ f3dB = f0 sinθscan

[
1

sin(θscan− 102
N )
− 1

sin(θscan +
102
N )

]
(4.12)
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4.6 Conclusions and Future Study

We have presented a novel approach to beam steering using an array composed of

multiple unique radiating modes. This concept was described first by analysis of a purely

multiple mode array. A hybrid phased array was shown to present an efficient tradeoff

between the scan performance improvement and the design complexity associated with

implementing a multiple radiating mode aperture. The results of the analysis sections

were validated in the fabrication and measurement of a 4 element multiple mode linear

dipole array. This multiple mode array was used as a sub-array in the 16 element hybrid

phased array, which was also fabricated and tested. The significant improvement in scan

range and scanned gain proposed in the analysis sections was verified in the radiation

pattern measurements of the array. Near the design frequency of 4.6 GHz, the boresight

array pattern was shown to have a peak gain of 12.8 dBi, an instantaneous bandwidth

of greater than 1 GHz and a 3 dB scan range of ±68◦. As with most phased array

architectures, the use of multiple radiating modes does have limitations with respect to

implementation complexity and mode bandwidth that limit its range of application. The

ideas presented here are extended in the next chapter to 2 dimensional scanning arrays.
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Chapter 5

Investigations on the use of Multiple

Unique Radiating Modes for 2D Beam

Steering

5.1 Introduction

In the previous chapter, we used Fourier series decomposition to synthesize

desired 1D radiation patterns both from conventional and multiple mode element radiation

patterns. However, many phased array applications require the ability to scan a beam in

both θ and φ. In this chapter, the multiple mode approach to beam steering is extended

to 2D scanning arrays in a manner analogous to the method presented in [82]. Fig. 5.1

illustrates the three 2D array topologies of interest. First, in section 5.2, we develop a

method of 2D beam synthesis by deriving a relationship between the spherical harmonic

coefficients of the composing elements of an array and a desired array pattern. Spherical

harmonic representation is used since it is potentially more compact than the full radiation

pattern data and is convenient for use with other signal processing algorithms [83]. A

122
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(a) Conventional phased array (b) Hybrid phased array. (c) Multiple mode array.

Figure 5.1: Illustration of 2D array topologies as described in this chapter and in order of
increasing of number of unique radiating modes.

novel multiple mode antenna based on our work presented in [66] is developed in

greater detail in section 5.3. Pair wise analysis of the cross-coupling between two

such elements is presented in section 5.4 in order to predict an array geometry likely

to produce maximum gain and optimal input impedance. Based on the analysis, three

array geometries to be simulated and compared are defined in section 5.5. Full-wave

electromagnetic simulation is usd in section 5.6 to show that a hybrid phased array

composed of multiple mode sub-arrays can deliver improved scan performance compared

to two representative conventional planar phased arrays. Finally, a 12 port hybrid phased

array prototype is fabricated and characterized in section 5.7. Good agreement is obtained

between simulated and measured data. All electromagnetic simulations were performed

using Ansys HFSS [42] while MATLAB [41] was used to post-process the data.

5.2 Spherical Harmonics

In [84], the authors present a method of representing arbitrary radiation patterns

in terms of spherical harmonic modes. Using scalar spherical harmonics and vector

coefficients, a radiation pattern can be expressed with arbitrary precision assuming a

sufficient number of modes are used. The authors cite several benefits of this method

including reduction of the data set needed to represent a radiation pattern and ease of
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(a) l = 0, m = 0

(b) l = 1, m =−1 (c) l = 1, m = 0 (d) l = 1, m = 1

(e) l = 2, m =−2 (f) l = 2, m =−1 (g) l = 2, m = 0 (h) l = 2, m = 1 (i) l = 2, m = 2

Figure 5.2: Plots of the first 9 real spherical harmonics modes where the color blue indicates a
negative sign and the color red indicates a positive sign.

data manipulation in signal processing algorithms. The spherical harmonics are a 1

dimensional set of 2 dimensional modes analogous to the Fourier series modes. The

basic equation used to compute the scalar spherical harmonic mode is given equation 5.1

Y m
l (θ,φ) = sqrt

(2l +1)
4π

(l−m)!
(l +m)!

Pm
l (cosθ)exp(imφ) (5.1)

where Pm
l (cosθ) are the associated Legendre functions of the first kind and the indices l

and m are the order and degree of the mode, respectively.

l = 0,1,2, . . . ,(L−1) (5.2a)

m =−l,(−l +1), . . . ,(l−1), l (5.2b)

We will apply a similar method of modal decomposition and synthesis used in [82] to

synthesize a desired radiation pattern from the spherical harmonic coefficients of a given

set of radiating elements.
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5.2.1 Spherical Harmonic Decomposition

Following the derivations in [84] for decomposing a radiation field pattern in

terms of spherical harmonic modes, we can express a desired pattern ~ED(r̂) as

~ED(r̂) =
P

∑
p=1

~apYp(r̂) (5.3)

where ~ap is the set of unknown coefficients, which can be solved for either by using

direct integration or least squares approaches. Similarly, the radiation field pattern of a

given array element is defined as

~Eq(r̂) =
P

∑
p=1

~bpqYp(r̂) (5.4)

where the subscript q denotes the array element number, P is the highest mode number

and~bp are the unknown mode coefficients. For simplicity, the subscripts l and m have

been replaced by a single parameter

p = l2 + l +m+1 (5.5)

There are total of P = (L−1)2 +2(L−1)+1 = L2 possible spherical harmonic modes

determined by the highest mode order L.

5.2.2 Spherical Harmonic Synthesis

As was shown for the 1 dimensional Fourier modes in [82], the desired array

pattern ~ED(r̂) can be expressed in terms of the given set of element patterns ~Eq(r̂).

~ED(r̂) =
N

∑
q=1

cq~Eq(r̂) (5.6)
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Furthermore, the spherical harmonic representation of ~Eq(r̂) can be substituted into

equation 5.6 and the order of the summations rearranged.

~ED(r̂) =
P

∑
p=1

[
N

∑
q=1

cq~bpq

]
Yp(r̂) (5.7)

A relationship between the spherical harmonic mode coefficients for the desired array

pattern and given element patterns can be derived by equating equation 5.7 to equation

5.3.

~ap =
N

∑
q=1

cq~bpq (5.8)

The summations in equation 5.8 can be expressed as the overdetermined matrix equation

A = B · c (5.9)

where

a = [ax
p,a

y
p,az

p]
T (5.10a)

B = [bx
pq,b

y
pq,bz

pq]
T (5.10b)

c = [cq] (5.10c)

The unknown mode coefficients c can be found by using the least squares approach to

compute the pseudo-inverse of the known spherical harmonics coefficients matrix B.

c = pinv(B) ·a (5.11)
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The matrix equation is shown with more detail in the following equation.


c1

...

cN

= pinv



bx
11 · · · bx

N1
... . . . ...

bx
1P · · · bx

NP

by
11 · · · by

N1
... . . . ...

by
1P · · · by

NP

bz
11 · · · bz

N1
... . . . ...

bz
1P · · · bz

NP





ax
1
...

ax
P

ay
1
...

ay
P

az
1
...

az
P



(5.12)

A more direct method to find the optimal weights c is to project the desired

radiation pattern directly onto the element patterns. This can be accomplished using the

a sample matrix inversion method [85] or by evaluating the inner product between the

desired pattern and the element patterns.

cq =
∫ 2π

0

∫
π

0
~ED(θ,φ) ·~E∗q(θ,φ)sin(θ)dθdφ (5.13)

We have elected to use the spherical harmonics as an intermediate basis for a couple

reasons. Since it is truly an orthonormal basis, it lends itself well to signal processing

manipulation including mode filtering and coordinate transformation. For example,

the spherical harmonics coefficients for a desired beam shape and the collection of

element patterns only need to be computed once. Using well established techniques, the

desired beam can be rotated by an arbitrary set of Euler angles using only its coefficients.

The element weights for the new array pattern orientation are then computed from the

spherical harmonic coefficients alone.
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One issue of concern using this method is the number of spherical harmonic

coefficients needed to simultaneously represent the radiation patterns. In order for these

to be a compact representation, we would like to minimize the number of coefficients

needed. By substituting equations 5.3 and 5.4 into 5.13, we can relate the projection

integral to the spherical harmonic coefficients.

cq =
∫ 2π

0

∫
π

0

P

∑
p=1

~apqYp ·
P

∑
r=1

~b∗rqY ∗r sin(θ)dθdφ (5.14)

=
P

∑
p=1

P

∑
r=1

~apq ·~b∗rq
∫ 2π

0

∫
π

0
YpY ∗r sin(θ)dθdφ (5.15)

Using the orthonormal properties of the spherical harmonics, the final expression for the

element weights is

cq =
P

∑
p=1

~ap ·~b∗pq (5.16)

The value of equation 5.16 is that it clearly shows that the element weight is unaffected if

either the element or array pattern spherical harmonic coefficient is zero. Therefore, it

makes sense to compute these coefficients in a coordinate system that minimizes them for

either the element or array pattern. This detail is important in implementing an efficient

algorithm. Typically, simulations and measurements of radiation patterns are referenced

to the physical center of the array, which often coincides with the apparent phase center

of the array. In this case, both the array pattern and the element phase pattern vary

rapidly with angle requiring a large number of spherical harmonics. If the array pattern

phase is instead translated in phase by~k ·~rq to the phase center of each element, then the

number of modes required to represent an element pattern of moderate gain significantly

decreases as illustrated in Fig. 5.3.

~̃EDq = ~ED exp(−i~k ·~rq) (5.17)
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Figure 5.3: Illustration of the effect of coordinate system location with respect to element and
array radiation patterns on the variation over angle.

As an example, the planar array pictured in 10×10 Fig. 5.4 is used to synthesize

an ideal planar array pattern scanned to 45◦ based on the equation

ED(θ,φ) =
1

NxNy

sin(N
2 ψx)

sin(1
2ψx)

sin(N
2 ψy)

sin(1
2ψy)

(5.18)

where

ψx = kdx [sin(θ)cos(φ)− sin(θSCAN)cos(φSCAN)] (5.19a)

ψy = kdy [sin(θ)sin(φ)− sin(θSCAN)sin(φSCAN)] (5.19b)

A simple cosine element pattern was assumed.

Eq = cos(θ) (5.20)

The distribution of spherical harmonic coefficient amplitudes for the two cases of

coordinate system placement are plotted in Fig. 5.5. The element coefficient amplitudes

were averaged over the collection of elements and normalized to a maximum of 0 dB.
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Figure 5.4: MATLAB depiction of a 10×10 planar array with λ/2 interelement spacing.

(a) Coordinate system at array phase center
(x′,y′,z′→ x,y,z).

(b) Coordinate system at element phase center
(x,y,z→ x′,y′,z′).

Figure 5.5: Plots of spherical harmonic amplitude coefficient power for the two cases of co-
ordinate system placement. Element coefficient power was averaged over the collection of
elements.
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Figure 5.6: Comparison of the convergence of the synthesized pattern to the desired pattern in
terms of the RMS error.

Clearly, relatively few spherical harmonic modes are required when the computations are

centered at the phase center of each element. This improvement is also evident in rapid

decrease of the root mean square (RMS) error of the synthesized pattern as shown in Fig.

5.6. Finally, we plot the synthesized array patterns for both cases of coordinate system

placement assuming only 16 modes are used (L = 4). Clearly, some attention needs to be

paid to the way in which the spherical harmonic coefficients are generated in the interest

of efficiency.

5.3 Radiating Elements

A linearly polarized (LP) monopolar dielectric resonator antenna (DRA) on

square patch antenna was shown to be capable of full hemispherical null steering using

3 independent modes in [66]. Other authors have subsequently proposed variations on

this concept using only 2 independent feed points which requires a continuous range

phase difference between modes [86, 87]. In this section, we describe and characterize a
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(a) Coordinate system at array phase center
(x′,y′,z′→ x,y,z).

(b) Coordinate system at element phase center
(x,y,z→ x′,y′,z′).

Figure 5.7: Plots of the synthesized array patterns assuming a total of 16 spherical harmonic
modes (L = 4).

Table 5.1: Critical design parameters of the monopole on patch antenna sub-array.

Parameter Value Description
hd 60 mil dielectric thickness
w 21 mm patch antenna width
x 3.5 mm patch antenna feed distance from center

hm 14 mm wire monopole height
rm 0.5 mm wire monopole radius
εr 2.2 dielectric relative permittivity

multiple mode sub-array capable of conical beam peak steering and full hemispherical

null steering. The sub-array is a simplified version of our work presented in [66] in that

the monopolar DRA has been removed. The proposed multiple mode sub-array consists

of a wire monopole mounted on top of a single square patch antenna as shown in Fig

5.8. The monopole is single-fed while the patch is excited at two points for steering

along each polarization. Table 5.1 lists the design parameters of the monopole and patch

antenna structures used in simulation. An infinite dielectric was used in the full-wave

electromagnetic Ansys HFSS simulations since this configuration best illustrates the null

and beam peak steering properties of the sub-array.
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The scattering parameters for the given monopole on patch antenna dimensions

are plotted in Fig. 5.9. As expected, the monopole exhibits a wideband -10 dB impedance

match of approximately 22% while the patch antenna is inherently narrowband at 3%.

The maximum in-band mutual coupling (S13) is approximately -20 dB between the patch

feeds (ports 1 and 2) and monopole feed (port 3). Efforts are currently underway to

incorporate a wideband patch antenna in order to achieve an overall wideband multiple

mode response.

Using the orthogonal omnidirectional and two directional modes, both beam and

null steering are achieved through combining of the complex radiated fields. The null

can be steered nearly anywhere in the upper quadrant of the hemisphere by changing the

relative port amplitudes for a given fixed phase relationship between the monopole and

patch modes. The ratios of port amplitudes are defined by

α1 =
|A2|
|A1|

(5.21a)

α2 =

√
|A1|2 + |A2|2
|A3|

(5.21b)

where the port amplitudes are subject to the normalization condition

|A1|2 + |A2|2 + |A3|2 = 1 (5.22)

For given amplitude ratios α1 and α2, the required port amplitudes are

|A1|=
√

1
1+α2

1
− 1

(1+α2
1)(1+α2

2)
(5.23a)

|A2|= α1|A1| (5.23b)
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Figure 5.8: Monopole on square patch radiating element with three feed points. P1 and P2 excite
the square patch along orthogonal polarizations while P3 is used to excite the monopole.

Figure 5.9: Monopole on square patch scattering parameters.
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(a) Scan ratios α1, α2 (b) Scan angles θSCAN , φSCAN

Figure 5.10: Amplitude only scan performance in a single quadrant of the hemisphere for the
monopole on patch sub-array

|A3|=
1

1+α2
2

(5.23c)

Nearly continuous null and beam steering in a single quadrant are shown in Fig. 5.10a

as a function of the ratio of port amplitudes. The beam peak gain is fairly constant

over azimuthal scan angle φSCAN , which is determined by the port amplitude ratio α1.

As the port amplitude ratio α2 is decreased, the beam peak scans in the direction of

increasing elevation angle θSCAN . The peak realized gain decreases from 7.7 dBi to 2.6

dBi as the weights on the higher gain directional modes, A1 and A2, decrease and shift

to the lower gain omnidirectional mode, A3. Over the entire azimuthal and elevation

scan range, the null depth varies between -40 dB and -13.6 dB relative to the beam peak

level. Fig. 5.10b plots the actual scan angle range for both the beam peak and null

using the entire set of port amplitude ratio combinations. The beam peak scan range is

contained within the quadrant defined by 268◦ < φ < 356◦ and 0◦ < θ < 90◦. At any

particular azimuthal scan angle 268◦ < φSCAN < 356◦, the beam peak elevation scan

range is limited to 3◦ < θSCAN < 47◦. However, the null is capable of scanning anywhere

within the quadrant defined by 88◦ < φ < 176◦ and 0◦ < θ < 90◦. In order to achieve

full conical beam peak steering and hemispherical null steering, appropriate phase shifts
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need to be applied between the 3 ports. The scanned beam peak and null can be shifted to

the next quadrant by changing the phase relationship β1 and β2 between the patch modes

and the monopole. Fig.5.11 demonstrates the ability of the steerable null and beam peak

to occupy each of the four quadrants in the upper hemisphere.

β1 = ∠A1−∠A3 (5.24a)

β2 = ∠A2−∠A3 (5.24b)

(a) β1 = 0◦, β2 = 0◦. (b) β1 = 180◦, β2 = 0◦.

(c) β1 = 180◦, β2 = 180◦. (d) β1 = 0◦, β2 = 180◦.

Figure 5.11: Movement of the scanned beam peak and null between quadrants by adjusting the
monopole to patch modes phase β.
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5.4 Element Pair Analysis

Some insight into the expected performance of an array composed of some

combination of patch and/or monopole antennas by considering the interaction between

element pairs. The three arrays considered later in this chapter consist of either patch

antennas or patch and monopole antennas. Therefore, we will compare three cases of

antenna pairs shown in Fig. 5.12 in order to make some predictions about the performance

potential array geometries. The cross-coupling parameter, τ, introduced in [9] was shown

to be critical in determining the maximum possible gain of the array and the optimal

input reflection coefficient.

τ =
∫ 2π

0

∫
π

0
~f (1)(θ,φ) ·~f (2)

∗
(θ,φ)sinθdθdφ (5.25)

We use the notation in [9], where maximum possible gain for a two element array is

proportional to the parameter |S31|.

Gmax ∝ |S31|2max =
1

1+ |τ|
(5.26)

(a) Patch-patch pair. (b) Patch-mono pair. (c) Mono-mono pair.

Figure 5.12: Three different element pairs used in the analysis of cross-coupling versus interele-
ment spacing (d/λ)
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The optimal input match S11, S22 needed to realize the maximum gain is equal to the

coupling between ports S21 and defined in terms of the cross-coupling parameter τ.

S11 =±S21 =

√
1
2
|τ|

1+ |τ|
(5.27)

Using the simulated radiation field patterns for each antenna element from the

previous section, we can generate the cross coupling parameters for the cases shown in

Fig. 5.12. The cross-coupling parameter τ depends on the amount of overlap between

the pair of element radiation patterns and the separation of their phase centers d/λ. As

discussed in [9], the phase center location of an antenna is influenced by the scattering of

adjacent elements and is not necessarily collocated with the physical center. However,

we will make the assumption that the two are collocated for the purposes of this analysis.

Not surprisingly, Fig. 5.13 shows that both pairs of identical elements (patch-patch and

monopole-monopole) have maximum coupling as the interelement spacing decreases to-

ward zero. In contrast, the monopole-patch pair maintains zero coupling when collocated.

That is, the directional patch and omni-directional monopole radiation patterns are indeed

orthogonal. Fig. 5.13 also plots the radiation efficiency parameter |S31|2 showing that the

orthogonal elements have the highest efficiency when collocated. As the monopole-patch

pair approaches half wavelength spacing, the coupling is maximized thereby minimizing

the efficiency. This is an undesired coupling mode that will have some impact on the

array performance. At this same interelement spacing, the monopole-monopole coupling

is at a local minimum leading to highly efficient radiation. The optimal input reflection

coefficient needed to maximize the gain is better than -15 dB at d/λ = 0 and d/λ = 0.5

for the monopole-patch and monopole-monopole pairs, respectively. In comparison, the

optimal input reflection coefficient for the patch-patch pair degrades significantly with

decreasing interelement spacing. These observations are important since the proposed
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Figure 5.13: Plots of coupling, gain and input reflection coefficient parameters for pairs of
elements as indicated in the legend.

hybrid phased array configuration consists of multiple collocated monopole on patch

sub-arrays separated by half-wavelength and therefore consists of all three element pair

types (i.e. patch-patch, patch-monopole and monopole-monopole).

This analysis does not capture the interdependency between the embedded ele-

ment pattern and reflection coefficient. Simulated radiation pattern data for the isolated

elements from the previous section were used here. In practice, these patterns will distort

due to scattering from adjacent elements, which is also a function of element spacing.

This does not invalidate the general conclusion that a monopole on patch multiple mode

sub-array can be arranged to radiate efficiently in a hybrid phased array configuration.

5.5 Array Geometries

The convention used to identify each of the three array types is (m× n× p),

where m is the number of unit cell locations along the x-axis, n is the number of unit
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cell locations along the y-axis and p is the number of feed points at each location. The

simplest of these arrays (2×2×2) consists of 4 patch antennas with λ/2 interelement

spacing as shown in Fig. 5.14b. Two feed points are used to excite each patch antenna

since this enables arbitrarily polarized radiation patterns in any particular scan plane.

Since we are interested in improving the scan range of the array, an obvious approach

is increasing the sampling of the aperture by adding more elements as shown in Fig.

5.14a where the area occupied by the patches (wa×wa) is constant. Our proposed hybrid

phased array architecture (2×2×3) is shown in Fig. 5.14c and is composed of driven

4 monopole and 4 patch antenna elements for a total of 12 feed points. Note that the

half-wavelength spacing between monopole on patch sub-arrays is used as indicated by

the analysis in the previous section. In terms of number of feed points, the hybrid phased

array is greater than the 8 feed point (2× 2× 2) array and less than the 18 feed point

(3×3×2) array.

Coupling between the monopoles and collocated patches is already less then

-20 dB due to the orthogonality of the current distributions induced on the patch by the

monopole and the dominant patch modes. However, currents induced on adjacent patches

due to monopoles which are not collocated are not radially symmetric. Therefore, a

component of these currents is coupled into an adjacent patch port with an efficiency

determined by the angle between the monopole to patch port radius and the polarization

of the patch. As this angle decreases, the coupling increases. The design parameters for

each of the 3 array types under consideration is given in Table 5.2.

5.6 Array Simulation Studies

Each of the arrays described in the preceding section was modeled and simulated

in the commercial full-wave electromagnetic solver, Ansys HFSS. Properties of the
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(a) Patch array (2×2×2) with λ/2 interelement
spacing.

(b) Patch array (3×3×2) with λ/4 interelement
spacing.

(c) Patch and monopole array (2× 2× 3) with
λ/2 interelement spacing.

(d) Perspective view (2×2×3)

Figure 5.14: Three candidate arrays with relevant dimensional parameters labeled.
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Table 5.2: Design parameters for the 3 array types under consideration.

Parameter (2×2×2) (2×2×3) (3×3×2)
hd 60 mil 60 mil 60 mil
wd 267 mm 267 mm 267 mm
wa 267 mm 267 mm 267 mm
εr 2.2 2.2 6.15
wp 21 mm 21 mm 10 mm
dp 33.3 mm 33.3 mm 20.7 mm
x 3.5 mm 3.5 mm 2.0 mm

hm 14.0 mm — —
rm 0.5 mm — —

synthesized array patterns and the overall beam steering performance derived from these

simulations are discussed in this section.

5.6.1 Array Pattern Synthesis

In order to quantify the maximum scanned gain and scan angle for each of the

arrays, we would like to synthesize a desired radiation pattern with constant beamwidth

over all scan angles. An ideal 2D Gaussian beam pulse was chosen as the beam pattern

to be synthesized. For the proposed monopole on patch sub-array, the co-polarized

component of the steered pattern is always Eθ polarized. A Z-axis monopole will not

be helpful in improving Eφ polarized beam characteristics. Therefore, we will restrict

the comparison between arrays to the synthesis of a Eθ polarized Gaussian pulse pattern,

which at (φ = 180◦, θ = 90◦) is defined by

~ED(φ = 180◦,θ = 90◦) = exp
[
(φ−π)2

σφ

]
exp
[
(θ−π/2)2

σθ

]
θ̂ (5.28)

where σφ and σθ are the width of the Gaussian pulse in the φ and θ dimensions, respec-

tively.
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This pattern can be rotated to any location on the sphere while maintaining the

initial polarization properties using the method described in [83]. This approach is useful

since a closed form expression for the desired pattern is not necessary. The method makes

use of the Euler rotation theorem which states that an arbitrary rotation can be expressed

in terms of Euler’s angles α, β and γ. An arbitrary radiation pattern described by E(φ,θ)

can be rotated by the Euler angles by applying the Wigner D-matrix transformation to

the spherical harmonic coefficients of the original pattern. The relationship between the

spherical harmonic coefficients of the original radiation pattern (~ap) and its counterpart

in the rotated coordinate system (~̃ap) as defined by

~E(θ,φ) =
P

∑
p=1

~apYp(θ,φ) (5.29a)

~̃E(θ,φ) =
P

∑
p=1

~̃apYp(θ,φ) (5.29b)

~̃ap =
l

∑
m′=−l

Dlmm′(α,β,γ)~alm′ (5.29c)

where Dlmm′ are defined in terms of the Wigner D-matrix elements [83]. The Wigner

D-matrix elements dlmm′ are defined as

dlmm′ =
√
(l +m′)!(l−m′)!(l +m)!(l−m)!

∑
k
(−1)(m

′−m+k) (cos β

2 )
(2l+m−m′−2k)(sin β

2 )
(m′−m+2k)

k!(l +m− k)!(m′−m+ k)!(l−m′− k)!
(5.30)

where the subscript k is chosen such that the factorial arguments are non-negative or

kmin = max(0,m−m′), kmax = min(l +m, l−m′) (5.31)

Due to the discontinuous nature of a radiation pattern expressed in terms of
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spherical coordinates, the pattern must be converted to Cartesian coordinates. The

transformation described above can be applied to each Cartesian component of the

radiation pattern

~̃E(φ,θ) = Ẽx′ x̂′+ Ẽy′ ŷ′+ Ẽz′ ẑ′ (5.32)

where x̂′, ŷ′ and ẑ′ are the basis vectors of the rotated coordinate system.

The final step is to express the rotated pattern in terms of the original Cartesian

coordinate basis vectors x̂, ŷ and ẑ


Ex

Ey

Ez

= Rz(α)Ry(β)Rz(γ)


Ẽx′

Ẽy′

Ẽz′

 (5.33)

where the rotation matrices are given by

Rz(.) =


cos(.) sin(.) 0

−sin(.) cos(.) 0

0 0 1

 , Ry(.) =


cos(.) 0 −sin(.)

0 1 0

sin(.) 0 cos(.)

 (5.34)

Fig. 5.15 plots the polarimetric patterns for the desired Gaussian pulse at several different

scan angles in θ. As expected, the pattern is entirely polarized in the Eθ direction at

θ = 90◦ and maintains this polarization at the beam peak as the beam is rotated in

elevation angle. Also as expected, the Eφ polarization grows as the pattern approaches

the pole along the Z-axis. The important point here is that beamwidth and polarization at

the beam peak remain constant as the beam is scanned over the sphere thereby providing

a good test pattern for the three arrays to synthesize.

The coefficients of each of the three arrays were separately optimized to synthesize

the desired beam shown in Fig. 5.15c according to the method described in section 5.2.2.
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(a) φ = 90◦,θ = 0◦ (b) φ = 90◦,θ = 30◦

(c) φ = 90◦,θ = 60◦ (d) φ = 90◦,θ = 90◦

Figure 5.15: Polarimetric plots of the normalized desired pattern for different elevation scan
angles.
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In this case, the desired beam peak is located at φ = 90◦ and θ = 60◦. The conventional

array (2×2×2) of patch antennas is capable of scanning the co-polarized component

of the normalized radiation pattern Gθ to a maximum elevation angle of θSCAN = 28◦ as

shown in Fig. 5.16b. A grating lobe only 4.4 dB below the main lobe is also clearly visible

located 180◦ away in azimuth with respect to the beam peak. This array also suffers

from relatively high cross-polarization near the beam peak in comparison to the desired

pattern. Fig. 5.16c demonstrates that scan performance improvement is possible using the

proposed hybrid phased array (2×2×3) with both patch and monopole radiating modes.

The maximum elevation scan angle has increased to θSCAN = 45◦ while maintaining low

sidelobe and cross-polarization levels. Perhaps not surprisingly so, the conventional

patch antenna array (3×3×2) provides the best ability to synthesize the desired pattern,

at least when looking at normalized data. However, this higher directivity and slightly

wider scan range is due to oversampling the aperture with more closely spaced elements.

In doing so, mutual coupling between patch antenna elements is much greater and will

decrease the total efficiency and therefore scanned gain of the array.

5.6.2 Scan Performance

In this section, each of the three arrays will be compared in terms of four scan

performance metrics. The first two parameters, peak gain GT and the 3 dB elevation scan

range θ3dB, describe the ability of each array to accurately and efficiently synthesize an

array pattern over a range of scan angles. The second set of parameters, sidelobe (SLL)

and cross-polarization (Eφ/Eθ) levels, describe the ability of each array to spatially filter

signals polarized parallel to the scan plane. Furthermore, all of these parameters are

characterized in two scan planes defined by φSCAN = 0◦ and φSCAN = 45◦. The scan plane

defined by φSCAN = 45◦ is often called the D-plane as it is diagonal to the square lattice

geometry of all three arrays. It should be noted that the φSCAN = 0◦ and φSCAN = 90◦
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(a) Desired (b) Conventional (2×2×2)

(c) Multiple mode (2×2×3) (d) Conventional (3×3×2)

Figure 5.16: Polarimetric plots of the normalized desired pattern (φ = 90◦,θ = 60◦) and synthe-
sized radiation patterns for the three candidate arrays.
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scan plane performances are identical given the 90◦ rotational symmetry of the radiating

elements and their feed points.

Both GT and θ3dB can be derived from the data plotted in Fig. 5.17. The simplest

conventional array (2× 2× 2) has the least scan range in both scan planes although

it maintains the highest scanned total efficiency of all three arrays. The lower total

efficiency demonstrated by the hybrid phased array (2× 2× 3) is due to the coupling

between the monopoles and adjacent patches and monopoles. It was discussed in section

5.3 that coupling between the monopole and the collocated patch was less than -20 dB

due the radial currents induced on the patch which do not couple efficiently to the patch

modes. The currents induced by the monopole on adjacent patch antennas are no longer

radial with respect to the patch center and therefore couple more efficiently to the patch

modes leading to reduced efficiency. Mutual coupling effects are even more detrimental

for the conventional array (3×3×2). Although this array has the highest directivity over

the widest scan range, the scanned gain of this array is the lowest of the three arrays. For

all three arrays, the maximum scan range is improved in the φSCAN = 45◦ diagonal to the

array lattice.

Fig. 5.18 plots the sidelobe and cross-polarization levels for all three arrays under

consideration. Although the simplest conventional patch array (2× 2× 2) shows the

lowest initial SLL, it quickly rises with scan angle until reaching a maximum of -1.5

dB in the φ = 0◦ plane and -6.7 dB in the φ = 45◦ plane at the respective maximum

scan angles. This is due to the fact that the sidelobe is actually a grating lobe for a 2

element array at half-wavelength spacing. In contrast, the oversampled conventional array

(3×3×2) pushes this grating lobe out of the visible region and demonstrates the lowest

SLL of all three arrays over its respective 3 dB scan range. Our proposed hybrid phased

array (2×2×3) shows similarly low SLL since the omnidirectional monopole patterns

are weighted in such a way to add constructively with the main lobe and destructively
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(a) φSCAN = 0◦ scan plane

(b) φSCAN = 45◦ scan plane

Figure 5.17: Plots of the scanned peak gain (GT ), peak directivity (DT ) and total efficiency (η)
for each array versus elevation scan angle (θSCAN).
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Table 5.3: Summary of scan performance parameters for each of the three arrays.

(a) φSCAN = 0◦ scan plane

Parameter (2×2×2) (2×2×3) (3×3×2) Unit
GT 11.7 12.5 9.4 dBi

θ3dB 32 50 37 deg
SLLmax -1.5 -6.7 -10.5 dB
Eφ/Eθ -19.4 -23.1 -23.1 dB

(b) φSCAN = 45◦ scan plane

Parameter (2×2×2) (2×2×3) (3×3×2) Unit
GT 11.7 12.5 9.4 dBi

θ3dB 42 49 41 deg
SLLmax -4.8 -9.6 -15.3 dB
Eφ/Eθ -19.7 -24.1 -24.1 dB

with the grating lobe generated by the patches. All three arrays show reasonably low

cross-polarization levels over their respective scan ranges although the hybrid (2×2×3)

and oversampled conventional (3×3×2) arrays show superior performance.

A summary of the four scan performance parameters for all three arrays is

presented in Table 5.3. Of the three arrays, the hybrid phased array (2×2×3) shows

the highest peak gain, widest 3 dB scan range, excellent polarization discrimination and

reasonable sidelobe levels. This performance is not free and in fact comes at the cost of

a 50% increase in number of feed points compared to the simplest conventional array

(2×2×2). However, the hybrid phased array requires 33% fewer feed points than the

oversampled conventional array (3×3×2). Additionally, the hybrid phased array is not

planar and requires up to a quarter wave increase in height over the conventional patch

arrays.
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(a) φSCAN = 0◦ scan plane

(b) φSCAN = 45◦ scan plane

Figure 5.18: Plots of the maximum side lobe level (SLL) and cross-polarization (Eφ/Eθ) for each
array versus elevation scan angle (θSCAN).
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Figure 5.19: Fully fabricated multiple mode monopole on patch array (2×2×3).

5.7 Fabrication and Measurement

A prototype of the hybrid phased array composed of monopole on patch antenna

sub-arrays was fabricated as shown in Fig. 5.19. The system architecture is very similar

to the one shown in Fig. 4.20 with the dipole array replaced by the monopole on patch

array. In this prototype, only three active feeds boards were required to accommodate a

total of 12 receive channels. We used the same method of GUI assisted serial control to

set the states of the 24 programmable phase shifting and amplitude attenuation devices.

5.7.1 Feed Network

The monopole and patch antenna elements were connectorized on a lower 30

mil FR4 panel. This interface board shown in Fig. 5.20 contains 50 Ω grounded CPW

transmission lines used to increase the spacing between the feed points of each sub-array
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Figure 5.20: Connectorized passive interface board to the monopole on patch array (2×2×3).

in order to make room for the surface mount SMA connectors. The interface board was

then connected to three of the active feed boards previously described in section 4.5.2

using length matched 6 inch coaxial cables. A four way Wilkinson power combiner

combined the three active feed outputs. The fourth input of the Wilkinson combiner was

terminated in a 50 Ω load.

5.7.2 Aperture

The hybrid phased array aperture shown in Fig. 5.19 was tested with the con-

nectorized interface board to verify the scattering parameters. Fig. 5.22 plots the output

reflection coefficients for one of the multiple mode sub-arrays (ports 1, 2 and 3). Given

the 90◦ rotational symmetry of the array, the other sub-arrays can be expected to and

were verified to have similar performance. There is slight detuning of the measured

patch ports, S22 and S33, with respect to the simulated data. This 35 MHz (8%) deviation

in center frequency is likely due to manufacturing tolerances of the dielectric substrate

material properties such as permittivity, loss tangent and physical dimension. There

are a number of other likely sources of fabrication error including the unknown air
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Figure 5.21: Monopole on patch hybrid phased array aperture (2×2×3).

gap between interface FR4 board and Rogers 5880 antenna substrate and milling error

of the transmission line structures and patches. Although the monopoles are matched

over the same bandwidth (4 to 5 GHz), there is some difference between the simulated

and measured matching levels. The monopoles were cut by hand with a tolerance of

approximately ±0.5 mm. Deviation in the actual monopole dimension can influence the

matching level both through the properties of the monopole itself and its level of coupling

to adjacent structures.

Coupling scattering parameters between unique pairs of antenna ports are plotted

in Fig. 5.23. Only unique pairs of ports are considered given the 90◦ rotational symmetry

of the array. Fig. 5.23a compares the simulated and measured coupling between unique

pairs of ports that include the monopole port 1. Coupling between unique patch antenna

port pairs including the patch port 3 are plotted in Fig. 5.23b. Both sets of scattering

parameters demonstrate reasonable good agreement between the simulated and measured

hybrid phased arrays. More importantly, the predictions from the element pair analysis

in section 5.4 are visible in the data. For example, coupling between the monopole and

collocated patch ports (S13) is at a minimum at the patch resonance. In contrast, coupling
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Figure 5.22: Element reflection coefficients for ports 1, 2 and 3.

between the monopole and the patch port located 0.5λ away (S15) is maximized at the

patch resonance. Also, co-polarized patch ports located 0.5λ away (S53 and S11,3) exhibit

maximum coupling at the patch resonance and have the largest coupling of the data

shown in Fig. 5.23b. The interaction between monopoles (S14 and S17) is an interesting

exception to the element pair analysis. Both of these coupling coefficients are among the

largest over the matching bandwidth of the monopoles. This illustrates the deficiency in

the element pair analysis which does not consider the effects of mutual coupling on the

radiation patterns. The effect of scattering from one monopole on the radiation pattern

of the other is interdependent with the mutual impedance between them. In any case,

the coupling coefficient between monopoles is less than -15 dB within the overlapping

matching bandwidth of monopole and patch antennas.

5.7.3 Array Calibration

The array calibration procedure used is identical to the one presented in section

4.5.3. High level calibration tasks are reiterated here as a reminder and are as follows:

(1) measure the 12 embedded element patterns, (2) compute the optimal element weights



156

(a) Unique pairs of ports including monopole port 1.

(b) Unique pairs of patch ports inlcuding port 3.

Figure 5.23: Plots of the unique measured and simulated coupling scattering parameters taking
into account the 90◦ rotational symmetry of the array.
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Figure 5.24: Amplitude and phase of the element weights for a broadside beam polarized in the
φ = 0◦ plane.

needed to synthesize a desired beam, (3) apply the weights to the array and measure the

resulting array radiation patterns and (4) compute the realized gain using the measured

radiation patterns and the scattering parameters of the antennas and feed network. As an

example, the element weights are plotted in Fig. 5.24 for the case of a desired broadside

beam polarized in the φ = 0◦ plane. Element weights computed from either simulated or

measured embedded element patterns show similar behavior. As expected, the 4 patch

ports polarized in the φ = 0◦ plane (3, 5, 9 and 11) are the dominant contributors to the

array radiation pattern. There is a 180◦ phase shift between the pairs of element weights

(3,5) and (9,11) due to the physical 180◦ symmetry between these ports as seen in Fig.

5.20. The cross-polarized patch ports (2, 6, 8 and 12) contribute the least power. Due to

the distortion of the monopole radiation patterns by scattering from adjacent monopoles,

the patterns do not have a deep null in the broadside direction. Therefore, a small amount

of power is also contributed from these ports (1, 4, 7 and 10).

Plots of the 3D array radiation patterns for four scan angles are shown in Fig.
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5.25. The beam peak is shown scanning from broadside (θSCAN = 0◦) to the widest scan

angle of θSCAN = 50◦ in two scan planes.

(a) (θ = 0◦, φ = 0◦) (b) (θ = 40◦, φ = 0◦)

(c) (θ = 50◦, φ = 0◦) (d) (θ = 50◦, φ = 45◦)

Figure 5.25: Plots of the measured 3D normalized radiation patterns for the hybrid phased array
of monopole on patch antenna sub-arrays.

5.7.4 Scan Performance

After the completion of all calibration measurements, the data was processed in

MATLAB to characterize the scan performance of the array over angle and frequency.

Peak realized gain, peak directivity and total efficiency are plotted versus scan angle

in Fig. 5.26. The array is clearly shown scanning to 50◦ in both scan planes with less

than 3 dB of scan loss. The measured total efficiency is consistently less than simulated



159

data most likely due to difference in the assumed and actual loss tangent of the substrate

materials used. Peak realized gain, peak directivity and total efficiency of the array are

plotted against frequency in Fig. 5.27. Within the overlapping matching bandwidth

of the 12 antenna elements, there is reasonably good agreement between the measured

and simulated data. In contrast to the simulated data, the measured data for both scan

planes shows a reduction in the total efficiency and realized gain on either side of the

peak. Interestingly, the measured directivity does not follow this trend and agrees with

simulation quite well over the entire band. There may be higher order interactions in the

feed network due to multiple reflections caused by the mismatch presented by the antenna

outside its matching bandwidth. This would manifest itself as a frequency dependent

variation consistent with the variation observed in the measured data.

5.8 Conclusions and Future Study

In this chapter, we discussed a synthesis method for 3D beam patterns using

spherical harmonic coefficients. The relationship was derived between the spherical

harmonic representation of the given set of element patterns and the desired array pattern.

The monopole on patch multiple mode antenna element was introduced and characterized

in terms of its null and beam steering capabilities. A pair wise analysis was used to

predict the maximum gain and optimal impedance match of an array consisting of some

combination of monopole and/or patch antenna pairs. Three different 2D scanning

arrays consisting of these pairs were used to synthesize a desired beam pattern using the

spherical harmonic synthesis method. The conventional patch antenna array (2×2×2),

hybrid phased array (2× 2× 3) and conventional oversampled array (3× 3× 2) were

compared on the basis of how well each was able to synthesize a desired beam with Eθ

polarization. The desired Gaussian pulse beam was rotated along two scan planes in such
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(a) φSCAN = 0◦ scan plane

(b) φSCAN = 45◦ scan plane

Figure 5.26: Plots of the measured scanned peak gain (GT ), peak directivity (DT ) and total
efficiency (η) versus scan angle for the hybrid phased array composed of monopole on patch
antenna sub-arrays.
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(a) φSCAN = 0◦ scan plane

(b) φSCAN = 45◦ scan plane

Figure 5.27: Plots of the measured scanned peak gain (GT ), peak directivity (DT ) and total
efficiency (η) versus frequency for the hybrid phased array composed of monopole on patch
antenna sub-arrays.
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a way as to preserve the beamwidth and polarization properties of the array. Four scan

performance parameters were considered in which the hybrid phased array consisting of

multiple mode sub-arrays demonstrated significant improvement over the conventional

(2×2×2) array. Finally, a prototype of the hybrid phased array was constructed and

characterized. Measured data validated the improved scan range and efficiency predicted

by the analysis and simulation of this novel array. Application of this multiple mode

concept to more general 2D scanning arrays with wider bandwidth are topics of further

research.
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Chapter 6

Conclusions and Future Study

We have presented several chapters detailing our original contribution to the field

of antenna element design and array beam steering performance. We have made every

effort to give proper context to our work and credit to our peers by citing directly and

indirectly related research as available in the published literature. The concept of antenna

apertures supporting multiple radiating modes is in itself not a novel concept. However,

mention of the application of such apertures to the improvement of phased array beam

steering in the literature is limited. To our knowledge, there are previously no examples

of experimental protoypes. We were careful to distinguish the application of orthogonal

modes formed at the aperture from those formed in a feed network (i.e. Butler matrix

feed). Any improvement to phased array beam steering was presented with respect to

a common baseline approach and in the context of other available methods. No claim

was made that our approach is ”the best”, rather our philosophy is that the best approach

must be selected based on the specific application at hand. In most examples of our work,

we were able to fabricate and measure prototypes in addition to analysis and simulation

in order to validate claimed benefits to our approach.

163
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6.1 Summary of Work

We introduced a total of four novel antenna element designs in this dissertation.

Three of these designs were capable of pattern reconfiguration using multiple radiating

modes. In one case, conical beam peak and full hemispherical null steering were achieved

while maintaining CP for a satellite receive application. The two remaining antenna

designs were used as multiple mode sub-arrays implemented in a hybrid phased array.

Scan performance improvement was shown both for a 1 dimensional scanning linear

array and 2 dimensional scanning planar array with respect to reference conventional

arrays. We provided extensive analysis to provide insight into the expected behavior for

these novel antennas and arrays. However, the majority of the original work presented

herein is in the design and implementation of these.

6.2 Future Work

It is an open question with respect to our work whether a multiple mode array can

be designed to operate over a wide bandwidth. Key to answering this question is finding

elements supporting higher order modes with significant bandwidth. The work presented

in [35] indicates that the theory of characteristic modes can be used to design radiating

element geometries and feed configurations that are optimized for pattern stability over

wide bandwidths. We would like to use this approach to synthesize a set of optimized

apertures from a given set of desired radiation mode patterns. Particular attention will

also be given to the impact on increased implementation complexity required to realize

benefits in performance using the multiple mode approach.



Appendix A

MATLAB Code

A.1 Fourier Synthesis

1 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

2 % PURPOSE:

3 % This function uses a 1D radiation pattern cut to synthesize a

4 % desired beam pattern.

5 % ---------------------------------------------------------------

6 % INPUT PARAMETERS:

7 % 1. mode_pattern(m,t) = complex radiation pattern data for m

8 % elements in t directions (theta)

9 % 2. AF_desired(t) = complex radiation pattern data to be

10 % synthesized in t directions

11 % 3. theta(t) = array of elevation angles

12 % 4. M = the number of different element patterns

13 % used

14 % 5. N = the number of fourier coefficients used

15 % in the synthesis.
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16 % ----------------------------------------------------------

17 % OUTPUT PARAMETERS:

18 % 1. Mm(m,2) = two column matrix containg the magnitude

19 % (col 1) and phase (col 2) coefficients for M elements.

20 % 2. Am(m) = array of complex coefficients for M

21 % elements.

22 % 3. AF_fourier(t) = the synthesized complex radiation

23 % pattern.

24 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

26 function [Mm, Am, AF_fourier] =...

27 fourier_synth(mode_pattern , AF_desired , theta , d_off , M, N)

29 % CONSTANTS

30 rad2deg = 180/pi;

31 deg2rad = 1/rad2deg;

32 dtheta = theta(2)-theta(1);

34 % FOURIER ANALYSIS

35 for n = 1:N

36 for m = 1:M

37 % ELEMENT FOURIER COEFFICIENTS

38 a(m,n) = 1/pi*sum(mode_pattern(m,:)...

39 .*cos((n-1)*theta*deg2rad)...

40 .*exp(1i*2*pi*d_off*cos(theta*deg2rad))...

41 *dtheta*deg2rad);

42 b(m,n) = 1/pi*sum(mode_pattern(m,:)...

43 .*sin((n-1)*theta*deg2rad)...

44 .*exp(1i*2*pi*d_off*cos(theta*deg2rad))...

45 *dtheta*deg2rad);
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47 end

48 % DESIRED PATTERN FOURIER COEFFICIENTS

49 ap(n) = 1/pi*sum(AF_desired.*cos((n-1)*theta*deg2rad)...

50 *dtheta*deg2rad);

51 bp(n) = 1/pi*sum(AF_desired.*sin((n-1)*theta*deg2rad)...

52 *dtheta*deg2rad);

54 end

56 ap(1) = ap(1)/2;

57 bp(1) = 0;

58 y = [ap bp];

60 a(:,1) = a(:,1)/2;

61 b(:,1) = 0;

63 % FOURIER SYNTHESIS: LEAST SQUARES FIT OF THE MODE COEFFICIENTS

64 Mab = [a b];

65 Am = conj(Mab'\y');

66 Mm = [abs(Am).ˆ2/max(abs(Am).ˆ2) round(angle(Am)*rad2deg)];

68 % BUILD MATRICES FROM COEFFICIENTS

69 n = 0:N-1;

70 [n theta_M] = meshgrid(n,theta);

71 [ap theta_M] = meshgrid(ap,theta);

72 [bp theta_M] = meshgrid(bp,theta);

74 % CONSTRUCT THE SYNTHESIZED PATTERN

75 AF_fourier = sum(ap.*cos(n.*theta_M*deg2rad)...

76 + bp.*sin(n.*theta_M*deg2rad),2);
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78 % OUTPUT COEFFICIENTS

79 [theta_M Am] = meshgrid(theta , Am);
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A.2 1D Beamforming Example

1 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

2 % PURPOSE:

3 % This code computes the 2D and 3D radiation patterns for hybrid

4 % phased arrays at a particular scan angle.

5 % ----------------------------------------------------------

6 % IMPORTANT PARAMETERS:

7 % 1. Ne = [] array of number of elements in the sub-array

8 % 2. Na = [] array number of sub-arrays in the hybrid array

9 % 3. M = total number of array element (M = Ne(i1)*Na(i1))

10 % 4. theta = 2D elevation angle array

11 % 5. T and P = 3D theta and phi matrices for 3D patterns only

12 % 4. see other "simulation parameters" and "array parameters"

13 % below

14 % 5. mm_mode_pattern(M,theta) = the 2D complex radiation pattern

15 % for each of M elements

16 % 6. mm_mode_pattern_3d(M,T,P) = the 3D complex radiation pattern

17 % for each of M elements

18 % 7. AF_desired(theta) = the desired radiation pattern , can be

19 % either a pulse or sinc() function

20 % 8. Am_mm(i1,m) = the complex coefficients generated for all M

21 % elements and for each choice of Ne and Na

22 % 9. AF_mm(M,theta) = the complex synthesized radiation pattern

23 % over angle theta for each choice of Ne and Na

24 % 10. MSE_mm_curve(i1,theta) = the RMS error between the

25 % synthesized radiation pattern and the desired pattern

26 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

28 clc;
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29 clear all;

30 close all;

32 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

33 % SETUP FIGURE PARAMETERS

34 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

35 fontsize = 14;

36 linewidth = 2;

37 markersize = 8;

38 linecolor = [[1,0,0];[0,0,1];[0,0,0];...

39 [1,0.5 ,0];[0.5 0 1];[1,0,0];...

40 [0,0,1];[0,0,0];[1,0.5 ,0];...

41 [0.5 0 1];[1,0,0];[0,0,1];...

42 [0,0,0];[1,0.5 ,0];[0.5 0 1];...

43 [1,0,0];[0,0,1];[0,0,0];...

44 [1,0.5 ,0];[0.5 0 1]];

45 markercolor = linecolor;

46 markersize = 10;

47 linestyle = [' -' '--' '-.'...

48 ' :' ' -' '--'...

49 '-.' ' :' ' -'...

50 '--' '-.' ' :'];

51 markershape = ['s' 'o' '<'...

52 '+' 'x' 's'...

53 'o' '<' '+'...

54 'x' 's' 'o'...

55 '<' '+' 'x'];

56 markerspace = 10;

58 fig_w = 560;

59 fig_h = 237;
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61 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

62 % CONSTANTS

63 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

64 rad2deg = 180/pi;

65 deg2rad = 1/rad2deg;

67 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

68 % SIMULATION PARAMETERS

69 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

70 k = 2*pi; % wave number

71 N = 128; % number of fourier expansion modes

72 ts = 45; % scan angle

74 beam_type = 0; % 0 = sinc function , 1 = pulse function

75 beam_width_deg = 1; % width of desired beam (for pulse only)

76 sll_depth = -1000; % depth of sidelobes (for pulse only)

78 theta = -89:1:89; % theta array for 2D patterns

79 p = 0:2:360; % phi array for 3D patterns

80 t = 0:0.5:86; % theta array for 3D patterns

81 [P T] = meshgrid(p, t); % phi, theta matrices for 3D

82 % arrays

84 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

85 % ARRAY PARAMETERS

86 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

87 Ne = [1 2 4 8 16]; % number of sub-array elements

88 Na = [16 8 4 2 1]; % number of sub-arrays

89 Mi = Na.*Ne; % total number of elements

90 Nd = 16; % number of conventional dipole elements
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92 d_cv = 0.5; % conventional array element spacing

93 d_d = 0.5; % desired array pattern element spacing

94 d_eps = 0.475; % equivalent multiple mode dipole spacing

95 h = 0.1; % z-distance between multiple mode dipoles

97 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

98 % MAIN LOOP

99 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

100 for i1 = 1:length(Mi);

101 display([num2str(Ne(i1)) 'X' num2str(Na(i1)) ' array\n'])

103 M = Mi(i1); % number of multimodes

104 d_mm = Ne(i1)*d_cv; % spacing between sub-arrays

105 theta_scan = ts;

106 dtheta = theta(2) - theta(1);

107 theta_scan_diff = abs(theta - theta_scan);

108 theta_scan_ind = find(theta_scan_diff ==...

109 min(theta_scan_diff));

111 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

112 % COMPUTE MULTIPLE MODE PATTERNS

113 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

114 % 2D PATTERNS

115 % COMPUTE Y-DIRECTED LAMBDA/2 DIPOLE ELEMENT PATTERN

116 psi_z = k*h/2*cos(theta*deg2rad);

117 FD = (cos(2*pi*d_eps/2*cos(theta*deg2rad+pi/2))...

118 -cos(2*pi*d_eps/2))./sin(theta*deg2rad+pi/2);

119 nan_ind = find(isinf(FD));

120 FD(nan_ind) = 0;

121 mm_mode_pattern = zeros(M,length(theta));
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123 % COMPUTE ALL MULTIPLE MODE DIPOLE ELEMENT PATTERNS

124 c = 1;

125 for q = 1:Na(i1)

126 for m = 1:Ne(i1)

127 mm_mode_pattern(c,:) = zeros(1,length(theta));

128 if m > 1

129 for r = 1:m

130 mm_mode_pattern(c,:) = mm_mode_pattern(c,:)...

131 + (-1)ˆ(r+1).*exp(1i*((m-(2*r-1))...

132 *(k*d_eps/2*sin(theta*deg2rad))))...

133 .*FD.*exp(1i*(m-1)*psi_z);

134 end

135 else

136 mm_mode_pattern(c,:) = FD.*exp(1i*(m-1)*psi_z);

137 end

138 mm_mode_pattern(c,:) = exp(1i*(q - ((Na(i1)+1)/2))...

139 *(k*d_mm*sin(theta*deg2rad))).*...

140 mm_mode_pattern(c,:);

141 mm_mode_pattern(c,:) = mm_mode_pattern(c,:)...

142 /max(abs(mm_mode_pattern(c,:)));

143 c = c + 1;

144 end

145 end

147 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

148 % CREATE 3D PATTERNS

149 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

150 % COMPUTE Y-DIRECTED LAMBDA/2 DIPOLE ELEMENT PATTERN

151 psi_z_3d = k*h/2*cos(T*deg2rad);

152 FD_3d = (cos(2*pi*d_eps/2*cos(T*deg2rad+pi/2))...
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153 -cos(2*pi*d_eps/2))./sin(T*deg2rad+pi/2);

154 nan_ind = find(isinf(FD_3d));

155 FD_3d(nan_ind) = 0;

156 mm_mode_pattern_3d = zeros(M,length(t),length(p));

158 % COMPUTE ALL MULTIPLE MODE DIPOLE ELEMENT PATTERNS

159 c = 1;

160 for q = 1:Na(i1)

161 for m = 1:Ne(i1)

162 if M > 1

163 for r = 1:m

164 mm_mode_pattern_3d(c,:,:) =...

165 mm_mode_pattern_3d(c,:,:)...

166 + reshape((-1)ˆ(r+1).*...

167 exp(1i*((m-(2*r-1))...

168 .*(k*d_eps/2*sin(T*deg2rad).*...

169 cos(P*deg2rad)))).*FD_3d.*...

170 exp(1i*(m-1)*psi_z_3d),...

171 [1,length(t), length(p)]);%;

172 end

173 else

174 mm_mode_pattern_3d(c,:,:) =...

175 FD_3d.*exp(1i*(m-1)*psi_z_3d);

176 end

177 mm_mode_pattern_3d(c,:,:) =...

178 reshape(exp(1i*(q - ((Na(i1)+1)/2)).*k*d_mm...

179 *sin(T*deg2rad).*cos(P*deg2rad)),...

180 [1,length(t), length(p)]).*,...

181 mm_mode_pattern_3d(c,:,:);

182 mm_mode_pattern_3d(c,:,:) =...

183 reshape(mm_mode_pattern_3d(c,:,:),size(T));
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184 mm_mode_pattern_3d(c,:,:) =...

185 mm_mode_pattern_3d(c,:,:)...

186 /max(max(abs(mm_mode_pattern_3d(c,:,:))));

187 c = c + 1;

189 end

190 end

192 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

193 % GENERATE DESIRED PATTERN

194 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

195 if beam_type == 0

196 % SINC FUNCTION

197 psi_d = k*d_d*sin(theta*deg2rad)...

198 - k*d_d*sin(theta_scan*deg2rad);

199 AF_desired = 1/Nd*sin(Nd/2*psi_d)./sin(1/2*psi_d).*FD;

200 AF_ind = find(isnan(AF_desired));

201 if AF_ind > 1 & AF_ind < length(AF_desired)

202 AF_desired(AF_ind) =...

203 (AF_desired(AF_ind -1)+ AF_desired(AF_ind +1))/2;

204 elseif AF_ind == 1

205 AF_desired(AF_ind) = AF_desired(AF_ind+1)

206 elseif AF_ind == length(AF_desired)

207 AF_desired(AF_ind) = AF_desired(AF_ind -1)

208 end

209 AF_desired = AF_desired/max(abs(AF_desired));

210 else

211 % PULSE FUNCTION

212 AF_desired = ones(size(theta ))*10ˆ( sll_depth /20);

213 beam_width = round(beam_width_deg/dtheta);

214 theta_diff = abs(theta_scan - theta); % main lobe
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215 theta_ind = find(theta_diff == min(theta_diff));

216 AF_desired = circshift(AF_desired , [0, theta_ind]);

218 n2 = theta_ind;

219 n1 = round(n2 - beam_width /2);

220 n3 = theta_ind;

221 n4 = round(n3 + beam_width /2);

223 if n1< 1

224 n1 = n1 + length(theta);

225 n2 = length(theta);

226 n3 = 1;

227 end

228 if n4 > length(theta)

229 n2 = length(theta);

230 n3 = 1;

231 n4 = n4 - length(theta);

232 end

234 AF_desired(n1:n2) = 1;

235 AF_desired(n3:n4) = 1;

236 end

238 %%%%%%%%%%%%%%%%%%%%%%%%%%%

239 % FOURIER SYNTHESIS:

240 % COMPUTE REQUIRED COMPLEX COEFFICIENTS

241 %%%%%%%%%%%%%%%%%%%%%%%%%%%

242 % MULTIPLE MODE ARRAY

243 [Mm_mm , Am_mm , AF_fourier] =...

244 fourier_synth(mm_mode_pattern , AF_desired , theta ,...

245 0, M, N);
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246 AF_mm(i1 ,:) = sum(Am_mm.*mm_mode_pattern);

248 % COMPUTE RMS ERROR

249 MSE_mm_curve(i1 ,:) = ...

250 (abs(AF_desired).ˆ2 - abs(AF_mm(i1 ,:)).ˆ2)./...

251 abs(AF_desired);

252 AF_mm_max = max(abs(AF_mm(i1 ,:)));

253 max_ind = find(abs(AF_mm(i1 ,:)) == AF_mm_max);

254 T_max(i1) = theta(max_ind);

256 % COMPUTE THE 3D PATTERN AND DIRECTIVITY

257 array_pattern = zeros(size(T));

258 for c = 1:M

259 array_pattern = reshape(Am_mm(c,1)...

260 .*mm_mode_pattern_3d(c,:,:),size(T)) + array_pattern;

261 end

262 array_pattern = array_pattern./(max(max(abs(array_pattern ))));

263 max_ind = find(array_pattern == max(max(array_pattern )));

264 T_max(i1) = T(max_ind (1));

265 P_max(i1) = P(max_ind (1));

266 D(i1) = pattern_directivity(abs(array_pattern), P, T);

268 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%

269 % PLOT NORMALIZED PATTERNS

270 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%

272 if length(Mi) >1

273 figure(10)

274 if i1 ≤ 1

275 subplot(2,1,1)

276 plot(theta , 20*log10(abs(AF_desired(i1,:)))',...
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277 'linestyle', linestyle((2*i1 -1):(2*i1)),...

278 'color', linecolor(i1,:),'linewidth',linewidth)

279 hold on;

280 ylabel('Norm. Rad. Pattern (dB)','fontsize',...

281 fontsize ,'fontname','times');

282 set(gca,'fontsize',fontsize ,'fontname','times',...

283 'linewidth',linewidth , 'xticklabel','')

284 axis([-90 90 -30 0])

285 end

286 subplot(2,1,1)

287 plot(theta , 20*log10(abs(AF_mm(i1,:)))'...

288 - 20*log10(max(abs(AF_mm(i1 ,:)))),...

289 linestyle((2*i1+1):(2*i1+2)), 'color',...

290 linecolor(i1+1,:),'linewidth',linewidth)

291 hold on;

292 ylabel('Norm. Rad. Pattern (dB)','fontsize',...

293 fontsize ,'fontname','times');

294 set(gca,'fontsize',fontsize ,'fontname','times',...

295 'linewidth',linewidth , 'xticklabel','')

296 axis([-90 90 -40 0])

297 subplot(2,1,2)

298 plot(repmat(theta ,[length(Mi),1])',...

299 10*log10(MSE_mm_curve(i1,:))',...

300 linestyle((2*i1+1):(2*i1+2)), 'color',...

301 linecolor(i1+1,:),'linewidth',linewidth)

302 hold on;

303 xlabel('Elevation (deg)','fontsize',...

304 fontsize ,'fontname','times');

305 ylabel('Error (dB)','fontsize',fontsize ,...

306 'fontname','times');

307 set(gca,'fontsize',fontsize ,'fontname',...
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308 'times','linewidth',linewidth)

309 axis([-90 90 -40 10])

310 end

311 end

314 figure(10)

315 if length(Mi) > 1

316 legend(['Desired (' num2str(Nd) ' feeds)'],...

317 [num2str(Mi(1)) ' modes'],[num2str(Mi(2)) ' modes'],...

318 [num2str(Mi(3)) ' modes'])

319 end
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A.3 Spherical Harmonic Synthesis

1 function [AF_sph_x AF_sph_y AF_sph_z...

2 AF_mm_x AF_mm_y AF_mm_z] =...

3 spherical_synth(T, P, L, N_modes ,...

4 mm_mode_pattern , AF_desired)

6 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

7 % SETUP COORDINATE SYSTEM

8 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

9 deg2rad = pi/180;

10 rad2deg = 1/deg2rad;

12 T_pol = T;

13 P_pol = P;

15 theta = T_pol(:,1);

16 phi = P_pol(1,:);

17 dphi = P(1,2) - P(1,1);

18 dtheta = T(2,1) - T(1,1);

20 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

21 % PRECOMPUTE SPHERICAL HARMONICS

22 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

23 B = zeros(Lˆ2+2*L+1, length(T_pol(:)));

24 for l = 0:L-1

25 for m = -l:l

26 if m<0

27 Yml = shlib_Yml(l, abs(m),...

28 T_pol(:), P_pol(:));
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29 Yml = (-1)ˆm*conj(Yml);

30 else

31 Yml = shlib_Yml(l, m,...

32 T_pol(:), P_pol(:));

33 end

34 indx = lˆ2 + l + m+1;

35 B(indx ,:) = Yml;

36 end

37 end

40 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

41 % COMPUTE SPHERICAL HARMONIC ANALYSIS

42 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

43 %% SPHERICAL HARMONIC COEFFICIENTS

44 %% integrate over the mm_mode_patterns to compute

45 %% the cofficients

46 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

47 for d = 1:indx

48 for n = 1:N_modes

49 % compute multimode SPH coefficients

50 a_mm_x(n,d) = sum(sum(reshape(...

51 mm_mode_pattern(n,1:length(theta),:),...

52 size(T_pol)).*conj(reshape((B(d,:)),...

53 size(T_pol))).*sin(T_pol)*dphi...

54 *dtheta*deg2rad ˆ2));

55 % compute multimode SPH coefficients

56 a_mm_y(n,d) = sum(sum(reshape(...

57 mm_mode_pattern(n,length(theta) +...

58 1:2*length(theta),:),size(T_pol))...

59 .*conj(reshape((B(d,:)),size(T_pol)))...
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60 .*sin(T_pol)*dphi*dtheta*deg2rad ˆ2));

61 % compute multimode SPH coefficients

62 a_mm_z(n,d) = sum(sum(reshape(...

63 mm_mode_pattern(n,2*length(theta) +...

64 1:3*length(theta),:),size(T_pol))...

65 .*conj(reshape((B(d,:)),size(T_pol)))...

66 .*sin(T_pol)*dphi*dtheta*deg2rad ˆ2));

67 end

68 % compute desired pattern SPH coefficients

69 a_ds_x(d) = sum(sum(AF_desired(1:length(theta),:)...

70 .*conj(reshape((B(d,:)),size(T_pol)))...

71 .*sin(T_pol)*dphi*dtheta*deg2radˆ2));

72 % compute desired pattern SPH coefficients

73 a_ds_y(d) = sum(sum(AF_desired(length(theta) +...

74 1:2*length(theta),:).*conj(reshape((B(d,:)),...

75 size(T_pol))).*sin(T_pol)*dphi*dtheta*deg2radˆ2));

76 % compute desired pattern SPH coefficients

77 a_ds_z(d) = sum(sum(AF_desired(2*length(theta) +...

78 1:3*length(theta),:).*conj(reshape((B(d,:)),...

79 size(T_pol))).*sin(T_pol)*dphi*dtheta*deg2radˆ2));

80 end

82 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

83 % COMPUTE SPHERICAL HARMONIC SYNTHESIS

84 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

85 %% Least Squares fit of the mode coefficents

86 Mab = [a_mm_x a_mm_y a_mm_z];

87 y = [a_ds_x a_ds_y a_ds_z];

88 Am_mm_x = conj(Mab'\y');

90 AF_sph_x = zeros(size(T));
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91 AF_sph_y = zeros(size(T));

92 AF_sph_z = zeros(size(T));

93 AF_mm_x = zeros(size(T));

94 AF_mm_y = zeros(size(T));

95 AF_mm_z = zeros(size(T));

98 for n = 1:N_modes

100 element_pattern_x = reshape(mm_mode_pattern...

101 (n,1:length(theta),:),size(T));

102 element_pattern_y = reshape(mm_mode_pattern...

103 (n,length(theta)+1:2* length(theta),:),size(T));

104 element_pattern_z = reshape(mm_mode_pattern...

105 (n,2*length(theta)+1:3* length(theta),:),size(T));

107 [E_t E_p E_r] = xyz2tpr(T, P, element_pattern_x ,...

108 element_pattern_y , element_pattern_z);

110 % reconstruct the multiple mode patterns from SPH

111 AF_mm_x = AF_mm_x + (Am_mm_x(n))...

112 *element_pattern_x;

113 AF_mm_y = AF_mm_y + (Am_mm_x(n))...

114 *element_pattern_y;

115 AF_mm_z = AF_mm_z + (Am_mm_x(n))...

116 *element_pattern_z;

118 end

120 % reconstruct the desired array pattern from SPH

121 for d = 1:indx
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122 AF_sph_x = AF_sph_x + a_ds_x(d)...

123 *reshape(B(d,:),size(T));

124 AF_sph_y = AF_sph_y + a_ds_y(d)...

125 *reshape(B(d,:),size(T));

126 AF_sph_z = AF_sph_z + a_ds_z(d)...

127 *reshape(B(d,:),size(T));

128 end



185

A.4 2D Beamforming Example

1 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

2 % PURPOSE:

3 % This code uses Spherical Harmonic basis functions to analyze

4 % element radiation patterns and synthesize desired array

5 % radiation patterns.

6 % -------------------------------------------------------------

7 % USER DEFINED PARAMETERS:

8 % Nx = number of elements in x-direction

9 % Ny = number of elements in y-direction

10 % dx = interelement spacing in x-direction

11 % in wavelengths

12 % dy = interelement spacing in y-direction

13 % in wavelengths

14 % N_mm = number of unique multiple modes

15 % L = number of spherical harmonic modes

16 % el_type = element pattern type

17 % theta_scan = theta scan angle [ts(1), ts(2), ..., ts(n)]

18 % phi_scan = phi scan angle [ps(1), ps(2), ..., ps(n)]

19 % beam_bw = beam width properties [tbw(1), pbw(1), ...

20 % tbw(2), pbw(2), ...

21 % tbw(n), pbw(n)]

22 %

23 % IMPORTANT VARIABLES

24 % T = matrix of theta angles

25 % P = matrix of phi angles

26 % AF_desired = matrix containing desired complex array

27 % pattern , size = size(T).

28 %
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29 % mm_mode_pattern = matrices containing desired complex

30 % element patterns , size = N_mmXsize(T)

31 %

32 % [AF_sph_x AF_sph_y AF_sph_z] = matrices containing

33 % Cartesian complex desired pattern reconstructed from

34 % spherical harmonic coefficients ,

35 % size = [size(T), size(T), size(T)]

36 %

37 % [AF_mm_x AF_mm_y AF_mm_z] = matrices containing

38 % Cartesian complex desired pattern reconstructed

39 % from mm_mode_pattern element patterns ,

40 % size = [size(T), size(T), size(T)]

41 %

42 % DEPENDENT FUNCTIONS

43 % % load desired array pattern

44 % load_desired_planar_pattern(beam_bw , beam_pos , T, P)

45 %

46 % % load element pattern

47 % load_element_pattern_rev2(el_type , N_modes ,...

48 % T, P, Nx, Ny, dx, dy, N_mm);

49 %

50 % % perform spherical decomposition and synthesis

51 % spherical_synth(T, P, L, N_modes ,...

52 % mm_mode_pattern , AF_desired);

53 %

54 % % convert Cartesian matrices to spherical

55 % xyz2tpr(T, P, AF_mm_x , AF_mm_y , AF_mm_z);

56 %

57 % % compute directivity of radiation pattern

58 % pattern_directivity (20*log10(abs(AF_mm)),P,T)

59 %
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60 %

61 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

63 clc;

64 clear all;

65 close all;

67 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

68 % PLOT PARAMETERS

69 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

70 fontsize = 14;

71 linewidth = 2;

73 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

74 % CONSTANTS

75 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

76 rad2deg = 180/pi;

77 deg2rad = 1/rad2deg;

78 k = 2*pi;

80 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

81 % USER DEFINED PARAMETERS

82 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

83 Nx = 2; % number of elements in x-direction

84 Ny = 2; % number of elements in y-direction

85 dx = 0.5; % interelement spacing in x-direction in

86 % wavelengths

87 dy = 0.5; % interelement spacing in y-direction in

88 % wavelengths

89 N_mm = 3; % number of unique multiple modes

90 L = 30; % number of spherical harmonic modes
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91 el_type = 'hfmp'; % element pattern type

92 N_modes = N_mm*Nx*Ny; % total number of modes

94 % define beam scan properties

95 theta_scan = 60; % theta scan angle

96 phi_scan = 180; % phi scan angle

97 beam_bw = [10, 10]; % beam width properties

98 % [theta_bw , phi_bw]

100 % initialize spherical coordinate system

101 dtheta = 4;

102 theta = dtheta:dtheta:(90-dtheta);

103 dphi = 4;

104 phi = dphi:dphi:(360-dtheta);

105 Nt = length(theta);

106 Np = length(phi);

107 [P T] = meshgrid(phi*deg2rad ,theta*deg2rad);

109 for ts = 1:length(theta_scan)

110 for ps = 1:length(phi_scan)

112 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

113 % INITIALIZE RADIATION PATTERNS

114 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

115 % beam steering parameters

116 beam_pos = [phi_scan(ps), theta_scan(ts)];

118 % load desired array pattern

119 AF_desired = load_desired_planar_pattern ...

120 (beam_bw , beam_pos , T, P);
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122 % load element radiation patterns

123 mm_mode_pattern = load_element_pattern_rev2 ...

124 (el_type , N_modes , T, P, Nx, Ny, dx,...

125 dy, N_mm);

127 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

128 % SPHERICAL HARMONIC ANALYSIS AND SYNTHESIS

129 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

130 [AF_sph_x AF_sph_y AF_sph_z...

131 AF_mm_x AF_mm_y AF_mm_z] = ...

132 spherical_synth(T, P, L, N_modes ,...

133 mm_mode_pattern , AF_desired);

135 % convert cartesian into spherical coordinates

136 %% reconstructed desired pattern from

137 %% multiple mode elements

138 [AF_mm_t AF_mm_p AF_mm_r] = xyz2tpr...

139 (T, P, AF_mm_x , AF_mm_y , AF_mm_z);

141 % find any NaN values and set them to zero

142 AF_mm = sqrt(abs(AF_mm_p).ˆ2 + abs(AF_mm_t).ˆ2);

143 nan_ind = find(isnan(AF_mm));

144 AF_mm(nan_ind) = 0;

146 %% reconstructed desired pattern from SPH

147 [AF_sph_t AF_sph_p AF_sph_r] = xyz2tpr(T, P,...

148 AF_sph_x , AF_sph_y , AF_sph_z);

149 AF_sph = sqrt(abs(AF_sph_t).ˆ2 + abs(AF_sph_p).ˆ2);

151 %% desired patterm

152 [AF_desired_t AF_desired_p AF_desired_r] =...
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153 xyz2tpr(T, P, AF_desired(1:length(theta),:),...

154 AF_desired(length(theta)+1:2* length(theta),:),...

155 AF_desired(2*length(theta)+1:3* length(theta),:));

156 AF_desired = sqrt(abs(AF_desired_p).ˆ2 +...

157 abs(AF_desired_t).ˆ2);

158 AF_desired = AF_desired/max(max(abs(AF_desired )));

159 AF_sph = AF_sph/max(max(abs(AF_sph)));

160 AF_mm = AF_mm/max(max(abs(AF_mm)));

162 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

163 % COMPUTE ARRAY PATTERN PROPERTIES

164 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

165 %% peak directivity

166 D_peak(ps,ts) = pattern_directivity...

167 (20*log10(abs(AF_mm)),P,T)

168 peak_ind = find(20*log10(abs(AF_mm)) ==...

169 max(max(20*log10(abs(AF_mm)))));

170 ts_peak(ps,ts) = T(peak_ind (1));

171 ps_peak(ps,ts) = P(peak_ind (1));

173 end

174 end

176 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

177 % WRITE ARRAY PATTERN PROPERTIES TO FILE

178 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

179 csvwrite([num2str(Nx) 'x' num2str(Ny) 'x'...

180 num2str(N_mm) '_scan.csv'],...

181 [D_peak; ts_peak; ps_peak]);

183 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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184 % 3D DIRECTIVITY PLOTS

185 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

186 figure

187 imagesc(theta_scan ,phi_scan ,D_peak ',[10 20])

188 title([el_type ' (' num2str(Nx) '\times'...

189 num2str(Ny) ')'],'fontsize',fontsize ,...

190 'fontname','times')

191 c = colorbar

192 set(get(c,'ylabel'), 'string','D (dB)',...

193 'fontsize', fontsize , 'fontname',...

194 'times','linewidth',linewidth)

195 set(c,'linewidth',linewidth)

196 xlabel('\phi (deg)','fontsize',fontsize ,...

197 'fontname','times')

198 ylabel('\theta (deg)','fontsize',fontsize ,...

199 'fontname','times')

200 set(gca, 'linewidth',linewidth ,'fontsize',...

201 fontsize ,'fontname','times')

204 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

205 % 3D PATTERN PLOTS

206 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

207 %% desired array pattern

208 figure

209 imagesc(phi,theta ,20*log10(abs(AF_desired))...

210 ,[-30 0])

211 title('Desired','fontsize',fontsize ,...

212 'fontname','times')

213 c = colorbar

214 set(get(c,'ylabel'), 'string','D (dB)',...
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215 'fontsize', fontsize , 'fontname',...

216 'times','linewidth',linewidth)

217 set(c,'linewidth',linewidth)

218 xlabel('Elevation Scan Angle (deg)',...

219 'fontsize',fontsize ,'fontname','times')

220 ylabel('Number of Modes','fontsize',...

221 fontsize ,'fontname','times')

222 set(gca, 'linewidth',linewidth ,'fontsize',...

223 fontsize ,'fontname','times')

225 %% reconstructed array pattern from SPH

226 figure

227 imagesc(phi,theta ,20*log10(abs(AF_sph)),...

228 [-30 0])

229 title('Sph Harm','fontsize',fontsize ,...

230 'fontname','times')

231 c = colorbar

232 set(get(c,'ylabel'), 'string','D (dB)',...

233 'fontsize', fontsize , 'fontname',...

234 'times','linewidth',linewidth)

235 set(c,'linewidth',linewidth)

236 xlabel('Elevation Scan Angle (deg)',...

237 'fontsize',fontsize ,'fontname','times')

238 ylabel('Number of Modes','fontsize',...

239 fontsize ,'fontname','times')

240 set(gca, 'linewidth',linewidth ,'fontsize',...

241 fontsize ,'fontname','times')

243 %% reconstructed array pattern from

244 %% multiple mode elements

245 figure
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246 imagesc(phi,theta ,20*log10(abs(AF_mm)),...[-30 0])

247 title('Multiple Mode','fontsize',fontsize ,...

248 'fontname','times')

249 c = colorbar

250 set(get(c,'ylabel'), 'string','D (dB)',...

251 'fontsize', fontsize , 'fontname',...

252 'times','linewidth',linewidth)

253 set(c,'linewidth',linewidth)

254 xlabel('Elevation Scan Angle (deg)',...

255 'fontsize',fontsize ,'fontname','times')

256 ylabel('Number of Modes','fontsize',fontsize ,'fontname','times')

257 set(gca, 'linewidth',linewidth ,'fontsize',...

258 fontsize ,'fontname','times')
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Schematic Diagrams

B.1 4-Channel Active Feed Board
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