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Abstract

In recent years reflectarray has received more and more attention and it has been

considered as a suitable candidate to replace the traditional reflectors due to its

high-gain, low profile and low cost features. Reflectarray also eliminates the lossy

feed network and costly transmitting and receiving modules when comparing with

phased array antenna. It is desired to implement these functionalities with simple

and effective techniques.

Narrow bandwidth is the main issue which restricts the applications of the

microstrip antennas, including the microstrip reflectarray. A broadband single-

layer reflectarray is introduced as the solutions to the issue of narrow bandwidth.

A combination of two types of element configurations, including (i) ring elements

and (ii) circular patch elements with ring boundary, enlarges the reflection phase

range to more than 360◦ and thus enables the broadband operation of reflectarray.

Blockage effect is another issue with the center-fed reflectarray. Certain obsta-

cles, such as the feed horn, subreflector, and their supports, exist in reflectarray

antennas. When these obstacles are in front of the reflectarray, the reflected wave

is blocked, and the feed’s absorption also weakens the reflected power. An ac-

curate prediction of this blockage effect in reflectarray design is essential. Five

modeling schemes to account for the blockage effects in a reflectarray are de-

scribed and also compared in terms of simulation time and consumed computing

resource. In addition, another reflectarray with mainbeam direction steered 18◦

off broadside is also introduced to mitigate the blockage effect.

Low cross-polarization performance is required for some reflectarray applica-

tions. For example, in dual-polarized weather radar the precipitation detection

xiii



relies on complete isolation of orthogonal components of the fields, and thus neg-

ligible levels of cross-polarized radiation along the beam axis need to be main-

tained. A reflectarray design with suppressed cross-polarization is introduced in

this dissertation. The directions of the surface currents can be changed by cutting

gaps on the double-ring elements, so that the co-polar components of the surface

currents enhance each other while the cross-polar components cancel each other,

and thus a low cross-polarization level can be achieved.

An X/Ku dual-band microstrip reflectarray with cosecant squared shaped

beams has also been developed. The two operation frequency bands, 10 GHz and

15 GHz, are very close to each other. Thus the radiation interference between

the two bands is taken into consideration and design is optimized to suppress

the interference as much as possible. A dual-layer structure with cross-dipoles

on the top layer and double-rings on the lower layer is adopted to suppress the

interband couplings. Moreover, the dual-band elements are arranged in an inter-

leaved manner in order to minimize element blockage. In addition, a phase-only

synthesis technique is also introduced to obtain the two cosecant squared shaped

beams for each operation frequency band.

In summary, this dissertation presents a series of new research developments

for reflectarray antennas. The results should have many applications for the

modern wireless communications and radar systems.

xiv



Chapter 1

Introduction

1.1 Introduction of Antenna

An antenna is defined by Webster’s Dictionary as “a usually metallic device (as

a rod or wire) for radiating or receiving radio waves”. The IEEE Standard Def-

initions of Terms for Antennas defines the antenna as “a means for radiating or

receiving radio waves” [1]. Antennas are essential parts in wireless communica-

tion systems. They have been designed in all kinds of shapes and sizes in many

applications, from civilian systems to military systems, such as personal commu-

nication, mobile base stations, satellite communication and radar detection.

In general, antennas are frequency-dependent devices. Antennas in each ap-

plication mentioned above have their designed operating frequency band. Only

within the specific frequency band, the antenna radiates or receives signals. Many

recent antenna systems require a wide bandwidth or even multi-band operabil-

ity, to enable the transmitting or receiving at different frequencies for a single

antenna design.

The directivity and gain describe an antenna’s capability of radiating power

at a certain direction. The directivity of an antenna has been defined as “the

ratio of the radiation intensity in a given direction from the antenna to the

radiation intensity averaged over all directions” [2]. In reality, the total radiation

power over all directions is not known, or difficult to access. Therefore, a second
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function gain is introduced. The gain G resembles the directivity, except for the

total radiated power that has been replaced by the total accepted power.

In many applications, such as satellite communication or radar detection, a

high gain antenna is desired to focus the radiation energy in some directions and

suppress it in others, in order to maximize the signal at the receiver. Generally,

increasing the illuminated aperture and forming arrays of individual radiators are

the two approaches to achieve high gain antennas. A good design of the antenna

can relax system requirements and improve overall system performance.

1.2 Introduction of Reflectarray

The main focus of this thesis research will be analysis and design of reflectarray

antennas. A reflectarray consists of a planar array of printed radiating elements

and a centered or offset illuminating feed source as shown in Figure 1.1 (a). The

concept of reflectarray came from the operation of the conventional parabolic

reflector. As shown in Figure 1.1 (b), with a feed placed at its focal point, the

reflector antenna utilizes its unique curvature to reflect and form a equi-phase

front plane, where a focused beam or a contour beam can be formed [3]. Simi-

larly, printed radiating elements on a reflectarray surface can be predesigned with

electrical phases, and when the feed antenna spatially illuminates the reflectar-

ray, the elements will re-radiate and scatter the incident field with the specific

electrical phases to form a planar phase front in the far-field distance [4]. In

other words, the curvature design in parabolic reflector is transformed to the pre-

designed phases of all elements on the reflectarray, in order to compensate path

differences between the feed and array surface.
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Figure 1.1: Antenna structures of (a) reflectarray and (b) reflector.
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The reflectarray antenna was first implemented in 1962 by Malech, and its

comprehensive description was published by Berry et al. in 1963 [5, 6]. They

constructed a reflecting surface composed of arrays of elementary antennas, in

order to combine the features of the reflector and array type antennas. Berry

et al. used waveguide with shorted back as the reflectarray elements, and the

required phase shift for each element is achieved by adjusting the position of the

short circuit in the waveguide.

In last 30 years, with the advent of inexpensive, faster and larger-memory com-

puters, efficient software tools, and improved microstrip fabrication techniques,

the reflectarray technology has been experiencing great advancement in terms of

both the type of elements and the analysis methods. The bulky structure of the

waveguide reflectarray was eliminated by the adoption of microstrip elements by

Malagisi in 1978 [7]. In this design, microstrip patches loaded with stubs of var-

ied lengths were used for adjusting the reflection phase, until today this element

type is still a popular design option and is being investigated and improved by

researchers and engineers.

Another reflectarray design was conceived by Phelan in 1977 [8]. This design

used 4-arm spiralphase elements, and switching diodes were introduced in the

spiral elements to control the phase of reflected circularly polarized waves.

The microstrip reflectarrays have many advantages compared to the parabolic

reflectors and electronically scanned phased array antennas. First, the microstrip

reflectarrays have small size, lightweight, compact profile and low cost. Second, it

not only eliminates the loss of the complex feed network in the phased array, but

the transmit/receive modules are also not required and thus the cost is further

lowered.
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In reflectarray, phase control of single element is the key feature of the antenna

design. In the past years, many designs have been developed to achieve more flex-

ible, broadband and reconfigurable phase control. Basically, the elements’ phase

control schemes define the types of reflectarray. In following sections, different

types of reflectarray element design will be introduced. The new features of re-

flectarrays, such as reconfigurable reflectarray and reflectarrays with contoured

or shaped beams will also be discussed in this chapter.

1.3 Types of Reflectarrays

Generally, the reflectarrays can be classified as passive reflectarrays, reconfig-

urable reflectarrays and reflectarrays with shaped beam or multi-beam. However,

this classification is not so distinct and some reflectarrays can be classified into

multiple classes.

1.3.1 Passive Reflectarrays

Most of the initially developed microstrip reflectarrays consisted of only passive

cells. To realize the phase control, different phase shifting mechanisms were

developed, including variable stub length, variable patch size or variable rotation

angle. In a reflectarray with variable stub length, for example, a microstrip

patch antennas are loaded with open-circuit stubs and phase shifting is achieved

by changing the length of the stubs connected to the edge [9]. Aperture coupled

microstrip patch antenna is also used as reflectarray elements, for which the

reflection phase is determined from the length of the open circuited transmission

line at the feed substrate which is coupled between the patch antenna and the

antenna substrate through the aperture on the ground plane [10–12].
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Another common type of passive reflectarray is the reflectarray with variable-

sized microstrip patches. This design utilized varying patch sizes for reflection

phase control, instead of varying stub lengths. Therefore, the spurious radiation

from the microstrip stub can be eliminated in the element design with variable

resonant lengths. The element type of this design can be patches (rectangular or

circular) [13, 14], crossed dipoles [15] or rings [14, 16]. However, the narrowband

performance of the microstrip patch is concerned in variable-sized element design.

In order to overcome the inherent narrowband constraint of microstrip patch an-

tenna, stacked element configuration and multi-layered array configuration were

designed for reflectarray for wideband or dual-band applications [12, 17–20].

Elements with variable rotation angles were also used to introduce phase shift-

ing on circularly polarized reflectarrays. The phase of the co-polarized wave upon

circularly polarized wave incidence is linearly dependent on the element rotation

angles [8]. Different element types, including rotating patches [21], dipoles [22]

and gapped-ring elements [19, 23, 24] were designed to utilize this principles.

1.3.2 Reconfigurable Reflectarray

Recently, the reconfigurable reflectarrays have gained a lot of research interest.

They have the advantage of being able to steer the beam electronically. Sev-

eral techniques, such as varactor diodes, PIN diodes, Micro-electro-mechanical-

systems (MEMS) devices and tunable dielectrics were employed to provide the

phase shifting capability of the array elements. Designs employing the varac-

tor diodes [25–27], PIN diodes switches [28] and the combinations of both [29]

have been proposed in recent years. By loading a microstrip patch with an

6



electronically-controlled varactor, its resonant frequency can be changed, the us-

able frequency range of the patch element can be extended. The resultant fre-

quency agility, when applied to the reflectarray, can be used to change the phase

response of each element, thus the reflectarray can generate steered beams elec-

tronically [26]. A reflectarray with broadband unit cell using double square rings

and four varactors is designed in [30], which exhibits a over 380◦ phase agility

and can scan up to 40◦ off broadside.

According to the reported results of the reconfigurable reflectarray, a reflec-

tarray using Radio Frequency (RF) MEMS technology is believed to be the most

promising solution in terms of large power handling, high linearity and low drive

power consumption [31,32]. To achieve reconfigurability, the reflectarray elements

are loaded with variable MEMS capacitors, and the resonance of such elements

shifts towards lower frequencies with increasing capacitances values. Therefore,

by controlling the MEMS capacitance, the reflection phase of the element at a

given frequency can be dynamically reconfigured. For example, a reflectarray

design reported in [33] provides a range of phase tuning of approximate 190◦.

In order to overcome the limitations of dynamic phase range and bandwidth, a

monolithic MEMS-based reflectarray cell has been developed in [31], which in-

corporates 5-bit digital control, and allows reconfiguration of the reflection phase

over the 360◦ range. However, the design requires ten MEMS devices for one unit

cell, the cost concern shall be taken into account if the design is implemented for

a larger array.

Nematic liquid crystal (LC) and ferroelectric film can also be used as the phase

shifters in a reflectarray, which exploit the voltage controlled dielectric anisotropy

property of the materials [34–36]. Advantages of the phase shifting based on this

LC approach include low cost, simplicity of the biasing arrangement, ease of
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fabrication and integration, and unlike semiconductor devices, no limitation is

imposed on the upper operating frequency [34]. Moreover, the switching speed

is believed to be faster due to the reduction in the physical thickness of the LC

layer [34]. For example, in [34] by applying a low frequency AC bias voltage of

10 V, a 165◦ phase range with a loss of 4.5 - 6.4 dB at 102 GHz and a 130◦ phase

range with a loss of 4.3-7 dB at 130 GHz were obtained. However, to design a

fully operational beam scanning reflectarray, two critical characteristics of this

LC phase shifter need further improvement, including the phase range and the

reflection loss. Besides LC and ferroelectric film, a liquid-tunable unit cell design

was also proposed to realize the phase control operation [37,38]. The structure of

the liquid-tunable unit cell consists of a capillary tube inserted in the substrate

layer, and by moving the liquid metal slugs within the capillary tubes, the phase

response of the unit cell can be tuned.

1.3.3 Shaped Beam and Multi-Beam Reflectarrays

Reflectarrays can also be designed with a shaped beam to cover a predefined

region and they differ from the pencil beam reflectarrays, which only cover specific

areas. In reflectarrays, the amplitude of the reflected field at each element is

determined by the radiation field of the feed antenna. Once the feed source

and the feed location is determined, the amplitude of the reflected field on the

element surface is fixed. Hence, only the phase of the reflective field can be

changed to synthesize a shaped beam. The phase-only synthesis method based

on “Intersection Approach” is used for the contoured beam reflectarray with

a large number of elements for Direct Broadcast Satellite (DSB) applications

[39–41]. A synthesis method that uses the modified Taylor expressions for circular

reflectarray to provide good non-Φ-symmetric patterns is also proposed [42].
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Moreover, the reflectarrays can also be designed to produce simultaneous mul-

tiple beams using single or multiple feeds. A multi-beam functionality for the

DSB application for the coverage of South America and the Florida regions with

one feed was realized in [43]. In [41], a dual-polarization reflectarray with two

independent beams, one for each H or V polarization, was designed to replace a

conventional reflector in a spacing satellite application. The designed reflectarray

can generate a contoured beam for H-polarization for an European coverage, and

a pencil beam for V-polarization to illuminate the East Coast in North Amer-

ica. Another example for multi-beam reflectarray is the one presented in [44],

which uses multiple feeds to generate three simultaneous shaped beam for Local

Multipoint Distribution Service (LMDS) application.

1.4 Dissertation Organization

The contents covered in this dissertation include a single-layer wide band reflec-

tarray, reflectarray performance improvement, including the blockage estimation

and mitigation and the cross-polarization suppression, and a dual-band reflectar-

ray with cosecant squared shaped beam. The rest of the dissertation is organized

as follows.

Chapter 2 presents the design of a broadband, low-cost single-layer reflectar-

ray. The basic operation mechanism of the reflectarray is briefly introduced. The

narrow bandwidth behavior of the microstrip reflectarray is discussed. A novel

method of using two types of elements to increase the reflection phase variation

range is introduced.

In Chapter 3, the blockage effects in a center-fed reflectarray, as a possible

source of higher sidelobe level in Chapter 2, will be studied. The effect of the
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blockage from feed and support structure and the blockage modeling schemes

will first be discussed. The radiation patterns of a center-fed reflectarray using

different modeling schemes will then be compared, especially on the sidelobe level,

beamwidth and cross-polarization level, the three critical measures of antenna

radiation patterns. Moreover, other factors, such as subreflectors and support

struts, is also included to further improve the accuracies of predictions. Finally,

the reflectarray with a tilted main beam is proposed as a solution to mitigate the

blockage effect.

In Chapter 4, an effective method for cross-polarization suppression in reflec-

tarray is proposed and investigated. Changing the directions of surface current

on antenna elements is found to be effective on suppressing the cross-polarization

components of the radiated fields. A reflectarray design using gapped double-ring

elements is proposed. With the gapped double-ring design, the surface currents

on the inner ring and outer ring will be enhanced at the co-polarization radiation

direction and also cancel each other at cross-polarization radiation, resulting in

a low cross-polarization level.

Chapter 5 introduces a design of a dual-layer, dual-frequency reflectarray an-

tenna with cosecant squared shaped beams. The designed reflectarray can be

potentially used in Ground-Based Sense and Avoid (GBSAA) radars. The ele-

ment design of each operation frequency will be presented first. The proposed

cross-dipole and double-ring element designs, which are arranged in an inter-

leaved manner, are optimized to minimize the blockage of the incident waves.

Then the coupling effects between the two close operational bands are investi-

gated. The phase-only synthesis method to generate the desired shaped beams

and the implementation for an array design are discussed. Finally, the measured

reflectarray performances are discussed and compared with simulation results.

10



Finally, a summary of the research accomplishments of this dissertation and

recommendations for further studies are provided in Chapter 6.
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Chapter 2

Broadband Low-cost Reflectarray for

Multi-mission Radar Applications

2.1 Introduction

Recently, multi-functional phased array radars (MPAR) has received wide-spread

attention in the radar community. Currently, different types of radars are in op-

eration to provide weather and aircraft surveillance, and each radar type is ded-

icated to a single mission. To continue to provide multiple services and reduce

the cost of radar network, the MPAR project was established since 2003. With

the single network of MPAR, it is possible to reduce the total number of radars

by approximately one-third, which would provide significant long-term cost sav-

ings [45]. Also, the advanced capabilities of the MPAR include the electronic

steering with rapid scanning and adaptable control, which would lead to accu-

rate precipitation estimation, improved weather forecasts as well as enhanced

aircraft surveillance [45, 46].

Cost and complexity of the phased array antennas are one of the biggest

risks when transforming a traditional reflector-dish antenna based radar system

to multi-functional, array antenna based systems. Multiple efforts have been

conducted on the MPAR project, including the cylindrical polarimetric phased-

array radar (CPPAR) developed by the Advanced Radar Research Center of

the University of Oklahoma [47–51]. CPPAR is a small-scale proof of concept
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demonstrator capable of producing polarimetric phased array measurements of

weather. It is a solution for cost-effective risk mitigation for the development of

the future MPAR antenna array system.

For the phased array antenna, the possible configurations include linear ar-

ray, regular planar array, circular and cylindrical array. A linear array operates

with one degree of freedom. The regular planar array usually contains microstrip

feed network, which is complex and lossy. The cylindrical array design [50] used

stacked-patch radiating elements for a wide bandwidth (2.7 - 3.1 GHz). A dual

strip-line series feed with aperture coupling is used to enable the frequency steer-

ing of the elevation beam. Strip-line feeds are also well isolated to achieve < −30

dB cross-polarization levels. Comparing to the dual-polarized phased array an-

tenna with individual transmit/receive (TR) modules, the frequency steering ar-

ray benefits a massive reduction in the cost of the backend electronics. However,

the problem of relying on commutative scanning for azimuth and frequency scan-

ning for elevation cannot be ignored for the multi-missions.

Another possible candidate for future array antenna is the reflectarray an-

tenna. The concept of reflectarray antenna has attracted significant research in-

terest as it offers a potentially alternative solution to both reflector antenna and

traditional antenna arrays. The reflectarray combines some of the best features

of parabolic reflectors and the conventional antenna arrays. It has a low physical

profile and reduced fabrication costs compared to conventional parabolic reflec-

tor as well as the cylindrical array antenna. It also eliminates the complexities

and losses associated with beam-forming networks and expensive TR modules

of phased array antennas [4]. It is also possible to scan the main beam with

phase-synthesized patterns.
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In a reflectarray, the individual elements are designed to scatter the incident

field with a proper phase required to form a planar phase front. The phase con-

trol at each element is achieved by using several methods. One of the favorable

methods is to use variable-sized patches [13], rings [14] or dipoles [52]. Patches

loaded with stub [9] and rings with variable rotation angles [21] are also imple-

mented for phase adjustment. Variable-sized elements are usually preferable in

reflectarray due to simplicity. However, the maximum range of phase variation

that can be achieved is on the order of 330◦ for thickness smaller than a tenth of

wavelength [4]. This intrinsic narrow bandwidth behavior of microstrip element

is the main reason of the narrow bandwidth performance of the reflectarray. An-

other factor limiting the bandwidth performance of a microstrip reflectarray is

the differential spatial phase delay resulting from different path lengths of the

incident rays from the feed to each reflectarray element and is the most restric-

tive in the case of large-sized reflectarrays [53]. Although this can be solved by

stacking double and triple layers of patches of different sizes [12, 18], multi-layer

configurations are costly and difficult to be manufactured. In this chapter, a

broadband low-cost single-layer reflectarray design will be presented and a novel

method of using two types of elements to increase the phase variation range [54]

will be introduced.

2.2 Bandwidth Limitation of Reflectarray

Bandwidth is a fundamental antenna parameter, which describes the range of fre-

quencies within which the antenna can properly radiate or receive energy. Usually

the antenna bandwidth refers to the range of frequencies where the pattern or

gain are within an acceptable value of those at the center frequency [2]. The
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Figure 2.1: 1 dB gain bandwidth of an antenna.

bandwidth is usually expressed as the percentage of the frequency difference over

the center frequency of the bandwidth:















BWnarrowband = fupper−flower

fcenter

BWbroadband = fupper

flower

(2.1)

The 1 dB gain bandwidth is usually used as the standard antenna bandwidth.

It is the frequency bandwidth change when antenna gain drops from peak to -1

dB lower, as depicted in Figure 2.1.

Antennas with a BW of 20% or more are usually referred to as broadband

antennas. Some common types of broadband antennas are bowtie, biconical and

blade dipole antennas. For common horn and spiral antennas, typically the BW

are larger than 100%. Those antennas with a bandwidth greater than 50%

are referred to as ultra-wideband antennas. The microstrip patch antennas are
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notoriously narrowband; the bandwidth of rectanglar microstrip antennas are

typically 3% [53].

A reflectarray is a flat microstrip array antenna that can be mounted onto

the supporting structure with a low cost and without significant additional mass.

While the reflectarray antenna has many advantage over conventional parabolic

reflectors and has already found applications in satellite communications, space

exploration, radar and remote sensing [4], the printed microstrip reflectarray

suffers from one major shortcoming which is their limited bandwidths which are

no match to that of a parabolic reflector. It is often stated that the bandwidth

of a microstrip reflectarray is limited primarily by two factors: the bandwidth of

the microstrip element, and the differential spatial phase delay over the surface

of the flat reflector [4, 6, 18, 53, 55, 56]. Those two factors will be discussed in

following sections, respectively.

2.2.1 Bandwidth Limitation of Microstrip Element

Microstrip antennas have been applied in many communication applications such

as aircraft, satellite and radars. Microstrip antennas have many attractive fea-

tures of low profile, light weight, conformability to planar and nonplanar surfaces,

easy and inexpensive fabrication using modern printed-circuit technology [2,57].

However, one major operational disadvantage of microstrip antennas is their nar-

row bandwidth, which is typically only a fraction of a percent or at most a few

percents. An explanation of the inherent narrow bandwidth behavior of mi-

crostrip antennas is provided by the well known supergain concepts by Chu [58],

which related antenna size to its bandwidth; the microstrip antenna occupies
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(a) (b)

Figure 2.2: The individual S-band, probe-fed microstrip patch antenna element

designs. (a): narrow band element design. (b): stacked two-layer broadband

element design.

less volume (especially when thin substrates are desired for some compact an-

tenna designs) and hence gives less bandwidth comparing to the cavity backed

antennas [59].

Many significant advancements in improving the bandwidth of microstrip an-

tennas have been proposed [60–66], such as using gap-coupled parasitic patches,

as well as stacked two-layer or even three-layer patches. We have designed a

dual-polarization dual-layer broadband microstrip antenna elements for the re-

configurable and scalable TR module for the MPAR concept [48].

For the antenna used in the TR module, two versions of square patch element

are designed and fabricated. One is a narrow band square patch resonating at

2.705 GHz (the operating frequency of a dual-polarized KOUN radar), the other

is a broadband element with circular patch shape, designed for a maximized band-

width in the 2.7-2.9 GHz frequencies. These two antenna elements are shown in

Figure 2.2. Both top and bottom substrate layers are based on RO5880 materials.
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Table 2.1: Dimensions and parameters of the broadband element design

Parameter Definition Value

fc Center frequency 2.705 GHz

ε1 Relative permittivity of the bottom substrate 2.2

ε2 Relative permittivity of the air/foam layer 1.03

ε3 Relative permittivity of the top substrate 2.2

d1 Bottom patch diameter 40.71 mm

d2 Top patch diameter 43.16 mm

p Feed pin offset 16.83 mm

h1 Height of the bottom substrate 3.18 mm

h2 Height of the air/foam layer 6.67 mm

dp Feed pin diameter 1.3 mm

lg substrate length and width 69.53 mm

The top patch is fabricated on RO5880 with 5 mil thickness, while bottom patch

is fabricated on RO5880 with 125 mil thickness. For the broadband element de-

sign, a layer of Styrofoam with custom cut was used between the top layer and

bottom layer to enhance the broadband performance. The configuration of the

broadband element is shown in Figure 2.3 and the parameters and dimensions

are given in Table 2.1.

The measured return loss of the two patch antennas are shown in Figure 2.4

and 2.5, respectively. From the return loss results we can easily calculate the
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(a)

(b)

Figure 2.3: Configuration of the broadband element design. (a) top view. (b)

side view.
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impedance bandwidth of an antenna, which is the power delivered to the an-

tenna greater than or equal to 90% of the available power. When the power

reflection coefficient S11 is -10 dB, it represents 90% of the available power to

the antenna is being sent to antenna, assuming the line impedance matches well

with the generator impedance (usually 50Ω). For the stacked circular patch

antenna, lager than 300 MHz usable frequency range is achieved at the 10 cm

wavelength band of operational weather radars, which corresponds to a fractional

bandwidth 11.11%, while the single layer patch antenna only gives a very narrow

bandwidth about 1.56%. Therefore, by stacking multiple layers space,a multires-

onant behavior is obtained between the layers and the resonant frequency range

is increased. This method has also been applied in reflectarray for bandwidth im-

provement, as demonstrated in [12,18]. The details of this method in reflectarray

will be discussed in later sections of this chapter.

2.2.2 Bandwidth Limitation by Differential Spatial Phase

Delay

The second bandwidth limiting factor is the phase delay caused by the non-

constant path delays at different locations of the reflectarray surface. It is also

called differential spatial phase delay [53]. The biggest differential spatial phase

delay occurs at the edge of the reflectarray. At the design frequency f0, the

differential spatial phase delay ∆S is the electrical path difference between focal

length f and the ray trace S that is incident on the edge at the array plane [53],

∆S = (N + d)λ (2.2)

where N is an integer and d is a fractional number of a free-space wavelength λ.
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Figure 2.4: Measurement results of the narrow band dual-polarized patch an-

tenna. (a) return loss, (b) Voltage Standing Wave Ratio (VSWR).
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Figure 2.5: Measurement results of the broadband stacked patch antenna. (a)

return loss. (b) VSWR.
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Figure 2.6: Geometry for the reflectarray.

Therefore, dλ is the compensated phase in order to obtain a planar wavefront

at the focal plane. The compensation phase can be realized by an appropriate

length of phase delay line attached to the patch. However, when the frequency

changes to f1, the differential spatial phase delay ∆S will also change,

∆S = (N + d)(λ+ ∆λ) (2.3)

Thus, a phase error will occur since the phase delay lines are fixed and the

extra phase delay (N + d)∆λ cannot be compensated in the re-radiated phase

front. Furthermore, the phase error is dependent on the reflectarray dimensions,

mainly the array diameter D and focal length f . The reflectarray geometry is

shown in Figure 2.6.

Let k0 and k1 be the wavenumbers (2π/λ) at the design frequency f0 and

operational frequency f1. Then the phase delays at the edge of the reflectarray,
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relative to the phase at the center of the reflectarray, are given by k0(S − f) at

design frequency f0 and k1(S−f) at operational frequency f1, respectively [55].

The phase error φ at these two frequencies is given as,

φ = k0(S − f) − k1(S − f) = (k0 − k1)(S − f) (2.4)

The maximum effect of this phase error φ is 180◦ induced by the frequency

shift, because the out-of phase radiation from the edge elements will detract from

the overall gain of the reflectarray and the overall efficiency will be reduced. Thus,

when the phase error φ equals to 180◦,

φ = (k0 − k1)(S − f) = π (2.5)

By substituting k = 2π/λ and λ = C/f. into Eq. 2.5,

∆f

f0

=
C

2f0

1

S − f
(2.6)

For the array diameter D, the radial distance S from the feed to the edge of

the reflectarray is given as,

S =

√

(
D

2
)2 + f2 (2.7)

Substituting Eq. 2.7 into Eq. 2.6 results in,

∆f

f0

=
C

2f0D

1
√

1

4
+ ( f

D
)2 − f

D

(2.8)

The total frequency bandwidth is given by,
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BW =
fupper − flower

fcenter

=
(f0 + ∆f) − (f0 − ∆f)

f0

=
2∆f

f0

(2.9)

Assuming a phase error φ = 180◦ at the edge, the bandwidth against focal

ratio f/D for various aperture dimensions is plotted in Figure 2.7. From Figure

2.7, it is observed that the bandwidth limitation is more pronounced when the

aperture dimension of reflectarray increases as large as 50λ. The bandwidth

is about 15% for a focal ratio f/D in the range of 0.6 to 1.0, which is the

typical f/D used in practical reflectarrays [55]. Especially, when the dimension

of reflectarray increases to 100λ or even higher, the bandwidth can hardly raise

above 20% even for reflectarrays with larger f/D. Moreover, it is also seen that
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a larger f/D ratio improves the bandwidth, possibly due to better illumination

efficiency and spill efficiency.

2.3 Broadband, Single Layer Element Design

From the discussion in section 2.2, we understand that the microstrip reflectar-

ray has an inherent bandwidth limitation. This results in the maximum range of

phase variation of a single layer reflectarray element that can be achieved is on the

order of 330◦ for thickness smaller than a tenth of wavelength [4]. Moreover, due

to the narrow band behavior of microstrip patches, the reflection phase curves

can be highly nonlinear, which makes the reflectarray sensitive to manufacture

tolerance. To design a reflectarray, the phase of the reflected wave should have a

progressive variation over the whole aperture surface, which implies that phases

in a whole range from 0 to 360◦ should be used for the reflection coefficient. This

can be solved by stacking double and triple layers of patches of different sizes, as

in [12, 18]. By stacking several layers, a multi resonant behavior is obtained and

the phase range can be serval times of 360◦, and using thicker dielectric substrate

a smoother and more linear phase variation can be obtained [18, 53]. However,

one drawback of the multi-layer structure is the increased cost and complicated

assembly. For example, for the single layer and dual layer microstrip patch ele-

ments designed for the Configurable Phased Array Demonstrator (CPAD) at the

University of Oklahoma [48], the cost of element fabrication and assembly was

doubled when replace the single layer element with a dual layer one.

In this chapter, a broadband low-cost reflectarray is designed to achieve a

better linear behavior of the phase versus size in a range wider than 360◦. The

low-cost feature is achieved by adopting a single layer reflectarray configuration.
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(a)

 

(b)

Figure 2.8: Two types of element configurations, (a) ring and (b) circular patch

with ring boundary (ring-patch).

Moreover, different from traditional single layer reflectarray, in this design the

reflectarray elements are composed of two different types of realizations, which

are ring and circular patch with a ring boundary. The element configuration of

circular patch with a ring boundary is referred to as ring-patch element, com-

paring to the element with only a single ring. The inner radius of the ring and

the radius of the circular patch are changed respectively to compensate for the

spatial phase delay. A Ku-band reflectarray was designed to demonstrate the

proposed technology.

Considerations focus on a Ku-band single-layer reflectarray elements with

two different configurations aimed for operation at 13.325 GHz. The elements

are arranged in a square unit cell with periodicity of L = 12.5 mm, which is

equivalent to 0.55 wavelength (λ) at 13.325 GHz. The element configurations are

shown in Figure 2.8. Both types of elements are assumed to be printed on a thin

dielectric substrate RT/Duroid 5880 with εr = 2.2, and thickness h = 1.575 mm.
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An air/foam layer of εr = 1 with thickness t = 8 mm is inserted between the

substrate and the ground plane to enhance the linearity of the phase curve.

It is known that phase of the reflected wave varies with the resonant length of

the elements. In the proposed element configurations, the inner radius r1 of the

ring and the radius r2 of the circular patch are changed respectively to generate

the phase curve. In Figure 2.8 (a), the outer radius a of ring is fixed at 6 mm,

and the inner radius r1 varies from 0.1 mm to 5.9 mm. In Figure 2.8 (b), the

outer radius b of ring boundary is fixed at 6 mm with a width 0.2 mm, while the

radius r2 of the circular patch varies from 0.1 mm to 5.8 mm. The dimensions

and parameters of the elements design are also summerized in Table 2.2.

Table 2.2: Dimensions and parameters of the reflectarray

Parameter Value

Frequency 13.325 GHz

Unit cell size L 12.5 mm (0.55λ)

Substrate RO5880 height h 1.57 mm

Air/foam layer height t 8 mm

Ring outer radius a 6 mm

Ring inner radius r1 0.1 mm → 5.9 mm

Boundary radius b 6 mm

Circular patch radius r2 0.1 mm → 5.8 mm

The analysis and design of reflectarray is based on the use of reflection phase

of the single element with a certain geometrical parameter change. Thus, the

28



accurate characterization of the individual element’s reflection phase is very im-

portant. To obtain the reflection phase, the reflective element can be analyzed

as an isolated element or in an array environment. The isolated element analysis

is valid when the distance between the edges of the adjacent patches is larger

than 0.25λ, also assuming the array elements spacing is larger than 0.6λ. In this

scenario, it was stated that the mutual coupling between the elements can be

neglected [67, 68]. This assumption is very common in elements with attached

stubs and elements with different rotation angles [9, 68, 69], where the element

dimension is fixed while only the stub lengths or angles of element rotation are

varied to generate different reflection phases.

However, the effect of mutual coupling can be stronger for variable sized

elements, because that sometimes the separation between the patches is small. In

this case, the reflection phase can be calculated by considering an infinite periodic

array model, where the mutual coupling between elements can be automatically

taken into account [6]. The infinite periodic array model is an array structure

with repeated geometry, defined by a unit cell and a uniform periodic spacing. It

is extensively used in the applications such as array antennas, frequency selective

surfaces (FSS) and meta-materials. Furthermore, by applying Floquet’s theorem,

the infinite periodic array model can be reduced to only one unit cell with a

Floquet incident wave [70,71], which makes the characterization very efficient, as

well as being accurate [72].

The reflection phase of the unit cell of the infinite periodic array model can

be obtained by performing waveguide simulation (WGS). The WGS method is

elaborated in details in [73]. In the WGS method, the reflection phase is calcu-

lated based on the reflection coefficient of the plane wave incident normally on

the unit cell, and this reflection coefficient is equal to the reflection coefficient of
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Figure 2.9: Unit cell waveguide simulation (WGS) approach.

the fundamental TEM mode incident on the multilayer structure (including air,

foam, substrate and metal patch) in a waveguide environment. When applying

WGS approach, one pair of unit cell boundaries are set to E-wall, while another

pair of boundaries are set to H-wall. Then a plane wave is incident onto the

microstrip patches as the excitation. The reflected phase is then computed from

the reflection coefficient at the top patch surface. One example of the unit cell

with WGS approach is shown in Figure 2.9.

Ansoft HFSS is used for the reflection phase characterization of the unit cell,

and the obtained phase curves are illustrated in Figure 2.10. It can be observed

that variable-sized ring covers a phase range from −132◦ to 188◦ and the variable-

sized ring-patch element can generate a phase range from 188◦ to 230◦. In total,

the combination of these two element configurations can provide at least a 360◦

phase range, which is sufficient for reflectarray application. Furthermore, the
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Figure 2.10: Reflection phase of the unit cells at normal incidence.

phases are approximately a linear function of the element sizes for both config-

urations. Gentle phase variation and wide phase range are important to reduce

the manufacturing errors and improve the operating frequency band of the re-

flectarray.

In the presented design with WGS approach, the elements reflection phase

was estimated by considering the normal wave incidence, where an additional

assumption was applied that the phase response is independent of the angle of

incidence of the impinging wave. This assumption is valid for the central elements

of a center-fed reflectarray, where the incident angles are not too far from normal

incidence. It has been shown in reference [74] that the phase variation is small

for a incident angle less than 40◦. If the incident angle is greater than 40◦,

the phase change may go up to 50◦ for an incidence angle of 60◦, where the

approximated reflection phases of normal wave incidence may not be applicable

[74]. As the reflectarray in this design uses two types of element configurations,
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Figure 2.11: Simulated reflection phase curves on the designed unit cell using

WGS and MS methods are compared.

it is worthwhile to test this assumption for these new conditions. Thus, the

reflection phases with different angle of incident wave on the unit cell should be

calculated.

Due to the fact that the WGS method does not offer flexibility of setting

an arbitrary angle of incidence, another method which affords master and slave

(MS) boundaries and Floquet Ports to simulate the unit cell in an periodic array

environment was used. In this method, any oblique incident angle can be used

for the Floquet Ports. This method is here referred to as MS method.

In order to validate this method, the reflection phase curves with normal

incident wave on the designed unit cell using both WGS and MS methods are

simulated and compared in Figure 2.11. It can be seen that for both ring and
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ring-patch elements, the WGS and MS methods have a very good agreement on

the reflection phase curves.

Figure 2.12 shows the reflection coefficient phase curves for the designed ring

and ring-patch unit cells for different incidence angles. As seen in Figure 2.12

(a), the reflection coefficient phase deviates from the case of normal incidence

mostly around the resonance size of the ring in the range 3.5 mm to 4.5 mm.

The maximum phase deviation in this range is about 50◦ when incidence angle

θinc = 40◦. For the phase curves of the ring-patch unit cell in Figure 2.12 (b), the

maximum phase deviation is only about 10◦ when incident wave becomes oblique

to θinc = 40◦. For the remaining size variation ranges other than the resonant

size, the phase deviation reduces quickly and can be neglected for both element

configurations. So the simulation result indicates that the normal incidence,

either in WGS or MS simulations, can provide a reasonable approximation for

the reflection coefficient phase for the incidence angles θinc up to 40◦ for the

designed element configurations.

2.4 Antenna Array Design

In the previous section, the reflection phase curves of the reflectarray elements are

characterized. In this section, a circular reflectarray of diameterD = 305 mm with

a center feed horn is demonstrated. The dimensions of the reflectarray elements

are determined based on the reflection phase curves generated in the previous

section. Three steps in the reflectarray design will be discussed, including the horn

pattern characterization, reflectarray efficiency estimation and array aperture

phase distribution.
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Figure 2.12: Simulated reflection phase curves for different incidence angle

(θinc = 0◦) and 40◦ on (a) ring element and (b) ring-patch element, respec-

tively.
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Figure 2.13: The coordinate system used in the reflectarray design. The YOZ

plane and XOZ plane are treated as H -plane and E -plane, respectively.

2.4.1 Horn Pattern Characterization

First a standard horn antenna has been selected for feed, and the center-fed

scheme is used for the reflection design concept demonstration. A standard horn

antenna ATM 75-442-6 from ATM Inc. is used as the feed and its pattern has

been modeled as a cosq(θ) function. Figure 2.13 shows the coordinate system

of a center-fed reflectarray adopted in this design. Here the YOZ plane and

XOZ plane are treated as H -plane and E -plane, respectively. Since the feed is

a pyramidal horn, the patterns in E-plane and H-plane are not the same. So

different q values are estimated in each plane and an averaged value is used in

the model. The simulated horn patterns are shown in Figure 2.14. The calculated

q factor at 13.325 GHz is chosen to be (30+26)/2=28.
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Figure 2.14: Simulated feed horn pattern and the cosq(θ) with different q values,

(a) E -plane and (b) H -plane patterns.
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2.4.2 Reflectarray Efficiency

Similar to the conventional reflector design, the feed position f is optimized

to achieve the maximum aperture efficiency. As Huang stated in [4], a good

geometry design, primarily the focal length to array dimension ratio f/D, will

yield good reflectarray efficiency. The aperture efficiency ηa is a measure of how

effective a reflectarray is for receiving the energy of an incident electromagnetic

wave from the feed horn. It is defined as the product of the illumination (ηI) and

spillover (ηs) efficiencies: ηa = ηI × ηs. For reflector and reflectarray antenna,

usually the aperture fields get weaker towards the edge of the reflector panel,

which is the edge illumination effect [75]. The illumination efficiency is the ratio of

the electric field at the edge and at the center of the reflectarray. The illumination

efficiency for a center-fed reflectarray can be obtained using following equation

[76]:

ηI =
[((1− cosq+1 θe)/(q + 1)) + ((1− cosq θe)/q)]

2

2 tan2 θe[(1− cos2q+1 θe)/(2q + 1)]
(2.10)

The spillover efficiency ηs represents the fraction of the power of the feed horn

that actually gets reflected by the reflectarray. It is the ratio of the received power

of the reflector and the total power of the feed horn. When the spillover efficiency

ηs is not 100%, it means some power from the feed horn “spills over” the edge of

the reflectarray and is lost. The spillover efficiency ηs can be obtained [76],

ηs = 1− cos2q+1 θe (2.11)

where θe is half of the subtend angle from the feed to the reflectarray aperture.

As shown in Figure 2.15, when f/D increases, the spillover efficiency decreases
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Figure 2.15: Efficiencies versus f/D ratio.

but the illumination efficiency increases. In this design, f/D = 1.5 is chosen for

the selected horn antenna considering the tradeoff between ηs and ηi and also the

antenna setup size. It is worth noting that in practice, additional efficiency terms

must be introduced, such as those due to cross polarization or to partial aperture

blockage by the feed horn. For example, Figure 2.15 shows the best aperture

efficiency is 77% at f/D = 1.5, however, taking into account other losses, the

aperture efficiency of a practical reflectarray is typically of the order of 50% to

60%.

2.4.3 Reflectarray Phase Distribution

To form a focused beam in a given direction, the phase shift must be introduced

at each element on the reflectarray. Considering the coordinate system in Figure
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Figure 2.16: Reflectarray geometry.

2.13 and the reflectarray geometry in Figure 2.16, this distributions over the

reflectarray plane are computed by applying the following formula [4]:

Φm,n = k0(d− (x cos φb + y sinφb) sin θb) (2.12)

where (x, y) are the coordinates of the elementm,n, and d is the distance from the

center of elementm,n to the central point of the feed aperture. The desired beam

direction is defined by φb and θb, which are the spherical coordinates with origin

at the center of the array. Figure 2.17 shows the required phase-shift on the

designed circular reflectarray with feed horn centered, which produces a pencil

beam in normal direction. Then the configurations and sizes of each element can

be determined based on the phase curves given in Figure 2.10.
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ray.

2.5 Antenna Array Simulation

Full-wave electromagnetic simulations on this 424-element reflectarray are car-

ried out using the Integral Equation Solver in CST Studio® [77]. The Integral

Equation Solver of CST is usually used for far-field and radar cross section (RCS)

computation for electrically large structures ( dimension > 10λ). The Integral

Equation Solver is based on the multilevel fast multi-pole method (MLFMM) [78],

which enables an optimal complexity in memory and simulation time.

In the MLFMM, the mesh is subdivided into groups with a fixed dimension,

typically no smaller than 0.3λ, and the interaction between groups is calculated in
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Figure 2.18: The comparison of obtained reflection phase curves between HFSS

and CST.

a recursive scheme. The complexity of the MLFMM is O(NlogN), where N is the

number of unknowns, while the conventional method of moments (MoM) solver

has a complexity of O(N2), which requires a large computational cost [79–81].

In section 2.3, a combination of ring and ring-patch elements has been used to

achieve a wider reflection phase range > 360◦. The reflection phases of both ele-

ment configurations were obtained using the WGS and MS approaches in HFSS.

When introducing the phase shift on the elements according to the phase curves

obtained in HFSS and simulating the far-field performance of the array in CST,

it is worthwhile to test the consistency of the two simulation tools regarding to

the phase curves. The ring element in Figure 2.8 (a) was also simulated using the

WGS approach in CST with a normal incident wave to generate the reflection
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phase curve, and it is compared with the results obtained from HFSS in Figure

2.18.

It can be seen that, for the case of normal incident wave, there is a good

agreement on the obtained phase curves between the two simulation tools. Due

to that HFSS has a better efficiency on calculating the reflection phase at a single

frequency, while CST usually calculates the reflection coefficients in a frequency

range instead of a single frequency point, in this design the HFSS was adopted to

calculate the reflection phase of the proposed elements at the center frequency

13.325 GHz.

In order to simulate the far field pattern of the reflectarray, the radiation

pattern of the feed horn is calculated first, from which the incident filed on the

reflectarray is found by using far field source in Integral Equation Solver of CST.

This approach is referred to as the data-link approach. By using this data-

link approach in Integral Solver rather than simulating both the feed horn and

reflectarray simultaneously in Time Domain Solver, the computing efficiency is

significantly increased.

This simulation is accomplished on a computer of 8 cores CPU (2 GHz) and

32 GB RAM. It takes about 5 hours for the simulation using a regular surface

mesh density. The calculated far field patterns in H -plane and E -plane are shown

in Figure 2.19. It is noted the data-link approach, which separates the horn and

reflectarray during calculation, can not account for the blockage of the feed horn,

especially for a center-fed reflectarray with the mainbeam directing at broadside.

It only gives acceptable results on and near the broadside for the mainbeam.

To investigate the blockage effects, the radiation pattern of the reflectarray

in the data-link simulation is here set as the incident field on the passive horn

reversely, and then the far field is calculated again. This approach, which gives a
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Figure 2.19: Simulated normalized radiation pattern at 13.325 GHz.
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rough approximation of the contribution of center blockage on the calculated far

field, is here referred to as blockage approach in Figure 2.19. It can be seen that

a sidelobe appears at θ = 10◦ for both H -plane and E -plane patterns, due to the

blockage of the center-fed horn.

Furthermore, the blocking obstacle (feed horn), will also scatter fields back

toward the reflectarray panel and thus cause multiple reflections. It is laborious

and will cost huge computation resources to predict such effects accurately. Only

a simple scenario is considered here to account for the single reflection, which

uses the radiation pattern result in the blockage as the far field source on the

reflectarray. This approach is referred to as reflection method. In the simulation

results, the sidelobe level is increased significantly and the main beam is also

broadened slightly due to the center blockage and multiple reflections.

It is believed that one cause of the higher sidelobe level is that some radiation

energy supposed to form the main beam is blocked by the center-feed horn, and

thus scatters from the main beam direction and contributes the higher sidelobe.

The sidelobe behavior of the reflectarray is also caused by the sidelobes of the

radiation pattern of the feed horn, such as the horn patterns shown in Figure 2.14,

where its specular reflection on the reflectarray surface contributes the sidelobe

of the reflectarray.

Another reason of the “noisy” sidelobe is perhaps the result of element phase

errors (variation) shown in Figure 2.12. In the array simulation, element phase

curve is determined using normal incidence, with the assumption that the re-

flection phase deviates not much when the incident angle becomes oblique up

to θinc = 40◦. Nevertheless, the phase errors induced by oblique incidences on

the element will probably result in radiation energy scattering from main beam

direction and increasing the sidelobes of the radiation pattern.
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Figure 2.20: Fabricated broadband single layer reflectarray.

2.6 Antenna Array Measurements

The prototype reflectarray is shown in Figure 2.20, which has 424 elements in

total. Measurements of the reflectarray are conducted in the anechoic chamber

at University of Oklahoma with the range of 6 meters. Only the measurement

for E-plane cut was carried out. The photo of the antenna setting for E-plane

measurement is shown in Figure 2.21.

In the measurement the feed horn of the reflectarray was set as the transmit

antenna, while the reflected beam from the reflectarray was received by a standard

horn at the other end of the anechoic chamber. The normalized radiation patterns

at 13.325 GHz are given in Figure 2.22. By comparing the results in Figure 2.22,
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Figure 2.21: Reflectarray measurement setup for E-plane cut.

we see that the measured half power beamwidth (HPBW) of the main beam

is 4◦, which is in good agreement with the simulation. The cross-polarization

level is -27.2 dB near the main beam region and below -30 dB outside. However

there are some discrepancies in the co-polarization sidelobes. As explained in the

previous simulation section, the center feed blockage and multi-reflection effect

mainly contribute to this increased side lobe levels. To accurately predict the

performance of the reflectarray with a center-fed horn, the blockage from the

feed horn and the support structure should be taken into account carefully. In

the next chapter, the blockage effect will be investigated and a reflectarray with

tilted beam will also be presented to mitigate the blockage from the center-fed

horn.
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Figure 2.22: Measured normalized radiation patterns at 13.325 GHz.

2.7 Conclusion

Reflectarray shows many advantages over both traditional reflector antenna and

phased array antenna. A single layer Ku-band microstrip reflectarray constituted

by two different types of elements for larger phase range has been developed with

main beam pointing at broadside. The feed and reflector of this antenna has

been designed with full wave EM solving tools. The measured results of the re-

flectarray show good agreements with the simulation on main beam width and

cross-polarization levels. A slightly side lobe level increase occurs in measure-

ments due to the center feed blockage and multiple reflections on this relatively

small-sized reflectarray. In the next chapter, study will be provided to improve

the accuracy of the feed blockage prediction in a center-fed reflectarray.
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Chapter 3

Analysis of Blockage Effects in a Center-fed

Reflectarray

3.1 Introduction

In Chapter 2, a broadband low-cost reflectarray antenna design was presented. A

combination of two types of element configuration is adopted in the reflectarray

design to give a reflection phase range > 360◦. For proof of concept, a reflectar-

ray with a diameter of 305 mm and 424 elements was fabricated and measured.

For simplicity, a symmetrical reflectarray structure and a center-fed scheme was

adopted in the reflectarray design. However, certain obstacles, such as the feed

horn, subreflector, and their supports, still exist. When these obstacles present in

front of the reflectarray, a portion of reflected wave is blocked, and the feed’s ab-

sorption weakens the reflected power. For example, in Chapter 2, the simulation

approaches, including the blockage and reflection approaches, only predicted the

beam width accurately, but lacked accuracy on the estimation of sidelobe level

and cross-polarization level. Thus, an accurate prediction of blockage effect in

reflectarray design should be further developed.

Blockage effect has been well-documented for conventional parabolic reflector

antennas [82–84]. For reflectarrays, blockage effect is similar while has unique

characteristics. First, many blockage effect analyses for dish antennas are based

on asymptotic methods such as ray-tracing and physical optics, which may not
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be sufficient for reflectarrays. Second, the construction of array elements can be

complicated and beam-tilting needs precise modeling at the level of each individ-

ual patched element. Therefore, better modeling and accuracies are needed, and

simulation technique is more demanding for reflectarrays. In this chapter, several

methods are introduced, and comparisons among these methods are presented in

terms of modeling the blockage effects, accuracies, and efficiencies [85]. For a

realistic example, the reflectarray design in Chapter 2 with a standard horn feed

was used for the study, and this antenna was simulated using the MLFMM ap-

proach in the CST Studio, including both the array and the feed, to provide an

accurate reference radiation pattern prediction. The blockage of the reflectarray

is further suppressed by using a support structure of wood material (dielectric

constant εr ≈ 1.4) instead of acrylic plastic (dielectric constant εr ≈ 3.9). Fur-

thermore, another reflectarray with mainbeam direction steered 18◦ off broadside

is also presented. These arrays have been fabricated and measured to verify the

calculated results.

3.2 Analysis Of Blockage Effects

In this section, five modeling schemes to account for the blockage effects in a

reflectarray are described. The five schemes are illustrated in Figure 3.1 and

described in more detail in following Sections.

3.2.1 Zero Blockage

When analyzing center-fed reflectarray antennas, treating the feed and the reflec-

tarray separately is convenient. First, the radiation pattern of the feed antenna

is calculated by simply using a time domain solver by CST. Then, the radiation
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Figure 3.1: Different schemes for modeling blockage effects in a reflectarray.
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pattern of the feed is set as the incident field on the reflectarray, and the radiation

pattern of the reflectarray is found via the MLFMM method and far-field source

function. As shown in Figure 3.1 (a), this method uses the radiation pattern

rather than the physical horn as the feed, therefore, the blockage effect is not

included in the calculation. This approach is referred to as zero blockage (ZB).

3.2.2 Data-link Blockage

In this scheme, the obtained radiation pattern of the reflectarray using the zero

blockage method is first set as the incident field on the passive feed horn, and

then the far-field radiation pattern is calculated. This method, which gives a

rough approximation of blockage on and near the main beam direction, is shown

in Figure 3.1 (b) and is referred to as data-link blockage (DLB).

3.2.3 Reflectarray-located Blockage

One common way to analyze the blockage in reflector antenna is to use the null-

field hypothesis where an aperture field with the same amplitude as the unblocked

field obtained in the zero blockage method is within the blocked area, but it is 180◦

out-of-phase as the blocking effect so that the two fields extinguish each other [82].

For a reflectarray, an alternative approach to improve the null-field hypothesis

using the observation-point-dependent shadows [83]. As shown in Figure 3.1 (c),

the first step of this approach is to calculate the shadow of the horn aperture on

the reflectarray surface and then remove those elements located in the shadow

area on the reflectarray. The reflectarray is then simulated with the remaining

elements to include the blockage. This approach is called the reflectarray-located

blockage (RLB) herein. Notably, this approach is not very accurate off the main
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axis because the blocking feed is actually located at a certain distance in front of

the reflectarray, not on the surface of it [84].

3.2.4 Obstacle-located Blockage

Another approach to improve the accuracy of simulation is to regard the feed as

a smooth plane of conducting metal with the radiation pattern of the feed added

in front of this metal sheet as the far-field source. Then, together with the metal

sheet, the reflectarray is simulated as a whole structure. This approach is referred

to as obstacle-located blockage (OLB). It is illustrated in Figure 3.1 (d).

3.2.5 Integrated Blockage

Finally, in order to determine which of the three schemes in Figure 3.1 (b) through

(d) is the most accurate, the radiation pattern of the complete antenna structure

with both the feed and the reflectarray is calculated using a full-wave solver in

CST. The effect of center blockage and even multiple reflections (i.e., mutual

coupling) between the feed and the array are implicitly included in this method.

This approach is shown in Figure 3.1 (e) and is referred to as integrated blockage

(IB).

3.3 Simulation and Measurement Results

This section describes the analysis of the different simulation approaches using

the Ku-band reflectarray with a standard-gain horn designed in chapter 2. The

reflectarray uses a combination of two types of element configuration to achieve a

wider than 360◦ reflection phase range. The antenna array has a diameter of 13.6

λ and focal length of 20.3 λ. The fabricated planar array and the measurement
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Figure 3.2: Simulation results of antenna radiation patterns at 13.325 GHz in

E-plane. Calculated zero blockage, data-link blockage and integrated blockage

radiation patterns.

setup are shown in Figure 2.2. Herein, the plane of the support strut is defined

as the E-plane both in the simulations and measurements.

First, the calculated zero blockage and data-link blockage radiation patterns

in the E-plane cut are shown in Figure 3.2. The integrated blockage radiation

pattern, which incorporates the blockage effects more accurately, is also plotted

in Figure 3.2 for comparison. As observed in Figure 3.2, the reflectarray in the

zero blockage simulation scheme generates a good radiation pattern with a narrow

beamwidth, low sidelobe levels (SLLs), and a very low cross-polar level. This is

due to the fact that no blockage is assumed in the zero blockage simulation.

Next, the pre-obtained radiation pattern of the reflectarray is added onto a

passive horn, and then the re-radiation pattern is calculated. In Figure 3.2, we

can see from the data-link blockage simulation results that the front-placed horn
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Figure 3.3: Simulation results of antenna radiation patterns at 13.325 GHz in

E-plane. Calculated reflectarray-located blockage, obstacle-located blockage and

integrated blockage radiation patterns.

causes large increases on the sidelobe levels and the cross-polar levels, and the

beamwidth is also broadened by about 1◦. This is because the reflected energy

from the reflectarray is partially scattered by the feed horn. It convinces us

that we must consider the blockage impact when designing a reflectarray with a

relatively small size.

The calculated radiation patterns using the reflectarray-located blockage and

obstacle-located blockage schemes are shown in Figure 3.3. By removing the el-

ements located in the shadow area of the horn aperture on the reflectarray sur-

face, the reflectarray-located blockage method can provide a quick prediction of

the blockage effect. From these results, we can see that the reflectarray-located

blockage radiation pattern has a slightly wider beamwidth than the integrated

blockage result. Also in Figure 3.3, the small discrepancy on the SLLs between
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Figure 3.4: Test setup of the reflectarray with a wood and acrylic structure.

the reflectarray-located blockage and integrated blockage results is probably due

to the fact that in the RLB method, the removed elements break the phase in-

tegrity of the reflectarray. In other words, this RLB method provides a simple

approach through the analysis of the array instead of the whole structure. On

the other hand, the interactions between the horn and the array, such as the

multi-reflections and the energy absorption by the horn, are ignored.

Next, both the array and the horn are considered in the simulation of the

obstacle-located blockage scheme. In contrast to the integrated blockage method,

the active horn is replaced by a simple metal sheet with same area as the horn

aperture and a far-field source, which is the pre-obtained radiation pattern of the

feed horn. In the OLB simulation result in Figure 3.3, the radiation pattern has

a similar beamwidth as the IB result, and we can also see improved agreement

on the SLLs with the IB result despite the slight difference (less than 1 dB) that

can still be observed.
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Both the feed horn and the array are included in the IB simulation. For

the actual measurement setup, however, a support structure must be used to

locate the feed horn at the designed (i.e., center-fed or offset-fed) position in

front of the array. This support structure may also cause additional blockage and

multiple reflections depending on the material used and the shape of the strut.

In order to include the blockage from the support structure, the IB simulation

must be carried out with the entire structure, including the support strut, which

is shown in Figure 3.4. An acrylic material was used for the support strut in the

experiment, and the dielectric constant of acrylic was assumed to be εr = 3.9

at Ku band. In order to reduce the blockage from the support struct of acrylic

material, two wood bars were used in front of the array to hold the feed horn,

since the dielectric constant of wood (εr = 1.4) is lower than the acrylic.

The calculated radiation pattern including the support strut is herein referred

to as IB+strut and is plotted in Figure 3.5. By comparing the IB and IB+strut

results, we can see that the added support strut causes a slightly broadened

beamwidth and additional sidelobes emerging around ±20◦ and ±40◦ in the ra-

diation pattern.

To verify the accuracy of the simulations, the reflectarray was then fabricated

and measured in a far-field anechoic chamber at the University of Oklahoma. In

the measurements, a standard horn in Ku band was used as the source antenna

and then the receiving patterns of the test reflectarray antenna were measured.

The measured antenna pattern in the E-plane cut is shown in Figure 3.5. Through

comparisons between the IB, the IB+strut, and the measurement results, we can

see that both the calculated IB and IB+strut simulations are in good agreement

with the measured results near the broadside direction in terms of the beamwidth

and the major SLLs. Moreover, observations indicate that the IB+strut result
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Figure 3.5: Simulations and measurements of antenna radiation patterns at

13.325 GHz in E-plane. Calculated integrated blockage, integrated blockage with

strut and the measured radiation patterns.

more closely matches the measurement results at those areas off the broadside

direction.

The simulations were accomplished on a computer with an 8-core CPU (2

GHz) and 32 GB RAM. Key parameters of the simulation, the measurement

results, and the time and peak memory consumption comparisons are summarized

in Table 3.1. Note that the DLB computation was based on the assumption that

the ZB radiation pattern of the reflectarray was already obtained as a far-field

source. In Table II, we see that as the blockage analysis schemes become more

complex, the simulation time increases accordingly, and the calculated radiation

patterns are also closer to the measurement results. For the proposed DLB,

RLB, and OLB schemes, the DLB method consumes the least computational

resources (i.e., time and memory) and provides a rough prediction of the radiation
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Table 3.1: Summary of the simulation and measurement results

BW (◦) SLLs (dB) X-pol. (dB) Simu. time (h)

ZB 5 -17.26 -17.52 -45.59 7

DLB 5.95 -11.52 -11.5 -36.94 7+0.1

RLB 5.4 -12.38 -12.48 -45.75 12.3

OLB 5.2 -11.22 -11.32 -42.22 11.4

IB 4.7 -10.55 -10.27 -47.47 22

IB+strut 5 -9.89 -9.75 -49.46 76.8

Meas. 4.2 -9.35 -9.16 -33.91 -

properties. The OLB method generates the most accurate prediction while using

relatively more computational resources. As the support strut of the reflectarray

also has blockage impact on the radiation patterns, especially in the area off the

mainbeam direction, the proposed schemes of DLB, RLB, and OLB can be further

improved if the support structure is included at the cost of increased computing

time.

In summary, a tradeoff occurs between the accuracy and efficiency of simulat-

ing the far-field radiation patterns of a reflectarray. Using DLB, RLB, and OLB

schemes, the performance of the reflectarray can be estimated quite accurately

near the main beam direction with much lower requirements on computational

resources as compared to full-wave simulation of the entire structure.
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Figure 3.6: Required phase distribution on the designed reflectarray with a tilted

beam at 18◦.

3.4 Reflectarray with Tilted Main Beam

Although the main focus of this communication is to characterize the blockage

effect for a reflectarray, how to reduce the feed blockage effects is also a natural

follow-on question. As one of the solutions, the blockage can be mitigated by

tilting the main beam certain degrees off broadside, depending on the aperture

size of the feed horn and the focal length. To illustrate, another reflectarray

antenna is designed with tilted beam at 18◦ to minimize the blockage from the

center-fed horn. This reflectarray adopts the same array size and focal length as

the broadside reflectarray.
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(a) Zero blockage (b) Data-link blockage

Figure 3.7: Prototype of the designed reflectarray with a tilted beam at 18◦, (a)

front view and (b) side view.

For a reflectarray with tilted main beam, the desired beam direction is set to

θb = 18◦ and the phase distribution can be obtained using Equation 2.12. The

calculated phase distribution for the reflectarray with a tilted beam is shown in

Figure 3.6.

A prototype of the beam tilting reflectarray is shown in Figure 3.7. An air

layer is introduced by using the nylon spacers between the substrate layer and

the metal ground plane, and the array panel is then affixed onto the ground plane

with plastic screws fastened through the spacers at the edge.

Also from Figure 3.7 (a) we can see that the majority of the elements are

ring element, which can generate a phase range from −132◦ to 188◦ via varying

the ring radius. The ring-patch elements are used in the area where the required

phase is in the range from 188◦ to 230◦. The ring-patch elements are used as

a complementary design besides the ring element in order to achieve a broader

phase range.

60



−80 −60 −40 −20 0 20 40 60 80
−60

−50

−40

−30

−20

−10

0

 θ [deg]

 N
or

m
al

iz
ed

 R
ad

ia
tio

n 
P

at
te

rn
s 

[d
B

]

 

 
Simu. (co)
Simu. (x)
Meas. (co)
Meas. (x)

(a)

−80 −60 −40 −20 0 20 40 60 80
−60

−50

−40

−30

−20

−10

0

θ [deg]

N
or

m
al

iz
ed

 R
ad

ia
tio

n 
P

at
te

rn
s 

[d
B

]

 

 
Simu. (co)
Simu. (x)
Meas. (co)
Meas. (x)

(b)

Figure 3.8: Simulated and measured radiation patterns of the reflectarray with a

tilted beam at 18◦ at (a) 12.5 GHz, (b) 13.325 GHz.
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The simulation and measurement results of this reflectarray, including the ra-

diation patterns at different frequencies for the E-pane, are shown in Figure 3.8

and Figure 3.9. The data-link approach is used in the simulations for efficient

computation. In Figure 3.8 and Figure 3.9, it can be observed that the measure-

ment results are in good agreement with the simulations at different frequencies.

The blockage effect from the center-fed horn is avoided, and the performance of

the reflectarray can be predicted accurately and efficiently using the DLB ap-

proach.

The measured wideband gain of the reflectarray is also shown in Figure 3.10.

The designed reflectarray has a good wideband gain performance from 12.5 GHz

to 14 GHz.

−80 −60 −40 −20 0 20 40 60 80
−60

−50

−40

−30

−20

−10

0

 θ [deg]

 N
or

m
al

iz
ed

 R
ad

ia
tio

n 
P

at
te

rn
s 

[d
B

]

 

 
Simu. (co)
Simu. (x)
Meas. (co)
Meas. (x)

Figure 3.9: Simulated and measured radiation patterns of the reflectarray with a

tilted beam at 18◦ at 13.5 GHz.
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Figure 3.10: Measured wideband gain of the reflectarray with a tilted beam at

18◦.

3.5 Conclusion

Radiation beam blockage is a challenge to reflectarray designs and it is more

difficult to analyze than parabolic dish antennas. The radiation patterns of a

center-fed reflectarray using different modeling schemes are compared. The ra-

diation patterns, including the blockage from the feed horn, can be predicted

efficiently and accurately via DLB, RLD, and OLB methods despite the differ-

ences in simulation time and required computer memories. Other factors, such

as subreflectors and support struts, can also be included to further improve the

accuracies of predictions. In addition, the reflectarray with a tilted main beam

is suggested as a solution to mitigate the blockage effect. For this example, the

measurement results are in good agreements with the simulated results using the

DLB approach.
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Chapter 4

A Reflectarray Design with Reduced

Cross-Polarization for Polarimetric Radar

4.1 Introduction

The reflectarray combines some of the best features of parabolic reflectors and

the conventional antenna arrays, such as low physical profile and low fabrication

cost. It also eliminates the losses associated with beam-forming networks and

expensive TR modules of phased array antennas. Those make reflectarray a

possible candidate for weather radar applications.

As discussed in Section 1.3.1, reflectarrays have various forms of elements to

achieve a planar phase front. Some element examples are shown in Figure 4.1. In

Figure 4.1 (a), the variable-length phase delay lines attached on the microstrip

patches can provide different compensation for the phase delays over the paths

from the illuminating feed [86]. Another way is to use variable-sized patches,

dipoles, or rings such that elements can have different scattering impedances and

thus different phases to compensate for the different feed-path delays [13,52,87].

Moreover, elements with different angular rotations can also be used to compen-

sate for the feed path-length differences for circularly polarized reflectarray [21].

In the three types of reflectarrays, the reflectarrays with variable-sized ele-

ments exhibit superior cross-polarization performance, due to the reduction of

leakage radiation from the phase delay lines shown in Figure 4.1 (a) [4]. This has
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(a) (b)

(c) (d)

Figure 4.1: Various reflectarray elements, (a) identical patches with variable-

length phase delay lines, (b) variable-sized dipoles or rings, (c) variable-sized

square patches or circular patches, (d) variable angular rotations. [4]
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made this type of reflectarray antenna a promising choice for the application of

precipitation detection in weather radar.

The most important polarimetric variables of weather measurements include

the differential reflectivity ZDR, co-polar correlation coefficient magnitude ρhv,

and specific differential phase KDP , etc. [88]. These polarimetric variables repre-

sent differences in the amplitude and phase of the horizontally (H) and vertically

(V) polarized backscatter from hydrometeors.

Due to the scatterer’s axis ratio, the H-pol and V-pol backscatter differences

are usually very small. For instance, the axis ratio of typical oblate rain drops is

not too different from unity. Therefore, good accuracy in measurement is required

to provide meaningful information for hydrometeor classification (i.e., rain, snow,

hail, etc.) and quantitative estimation of precipitation fall rates [89].

To meet the accuracy requirement, a dual-polarized mode of operation is

being adopted extensively for weather detection. Moreover, the precipitation

observation dual-polarized measurements relies on complete isolation of orthog-

onal components of the fields, and negligible levels of cross-polarized radiation

along the beam axis need to be maintained (i.e., more than 40 dB below the

co-polarization peak) [89]. Zrnic indicated in [90] that if the cross-pol level of an

antenna is 40 dB below the co-pol peak, and if the SHV data collection mode

(Simultaneously energizing the H and V antenna ports on transmit, and simul-

taneously receiving H and V backscatter radiation) is used (i.e., the mode used

by the WSR-88D), it is shown that the differential reflectivity ZDR bias can be

about ±0.35 dB for rain rates R 6 10 mm/h.

In this chapter, an effective method for cross-polarization suppression in re-

flectarray using the gapped double-ring elements is proposed. With the gapped

double-ring design, the surface currents on the inner ring and outer ring will be
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enhanced at the co-polarization radiation direction and also cancel each other at

cross-polarization radiation, so the cross-polarization level is suppressed [91, 92].

Measurement results of the new design show 10 dB reduction in cross-polarization

level at the broadside direction at 13.325 GHz by cutting gaps on the double-ring

elements. The measured cross-polarization level of this new design is about -44

dB at broadside and less than -33 dB in all other directions.

Figure 4.2: Coordinate systems for cross polarization definitions. Radiation

source is in the x− y plane.
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4.2 Definitions of Cross-Polarization

The term of cross-polarization arises because an antenna is never 100% polarized

in a single mode (linear, circular, etc) [93]. In addition to the polarization mode

it is designed to operate, every antenna has a radiation leakage in the perpen-

dicular (or orthogonal) polarization direction. Hence, two radiation patterns of

an antenna are present simultaneously, including the co-polarization (or desired

polarization component) radiation pattern and the cross-polarization radiation

pattern (the perpendicular polarization to the desired polarization).

In other words, co-polarization represents the polarization the antenna is in-

tended to radiate or receive while cross-polarization represents the polarization

orthogonal to the co-polarization [2]. Three different definitions of cross polar-

izations given so far by Ludwig in [94] are briefly presented below. This will be

done by deriving unit vectors ûref and ûcross, where ûref represents the reference

polarization (which is usually the co-polarization) of electric field E and ûcross

represents the cross polarization of E.

The first definition is referred to as Ludwig-1 : in a rectangular coordinate

system, the two polarizations are the projections of the electric field vector onto

the two Cartesian unit vectors x̂ and ŷ lying in the aperture plane. One unit

vector is taken as the direction of the reference polarization, for example, y axis

in Figure 4.2, and another as the direction of cross polarization, which is the x

axis in Figure 4.2.










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
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



û
(1)
ref = ŷ

û
(1)
cross = x̂

(4.1)
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The second definition is referred to as Ludwig-2 : in a spherical coordinate

system as shown in Figure 4.2, the two polarizations are the projections of the

electric field vector onto the two spherical unit vectors given by [94]:































û
(2)
ref = sinφ cos θθ̂+cos φφ̂√

1−sin θ2 sinφ2

û
(2)
cross =

cos φθ̂−sinφ cos θφ̂√
1−sin θ2 sinφ2

(4.2)

The third definition is referred to as Ludwig-3 : the reference and cross polar-

ization are defined as the fields in measurement when antenna patterns are taken

in the common manner.
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

û
(3)
ref = sinφθ̂ + cosφφ̂

û
(3)
cross = cos φθ̂ − sin φφ̂

(4.3)

The use of Ludwig-1 definition is limited for most of the antenna applications,

since the far-field radiation pattern of an antenna is tangential to a spherical sur-

face. Definitions Ludwig-2 and Ludwig-3 involve unit vectors tangent to a sphere

so they are appropriate for the case of primary or secondary fields [94]. The

presented cross polarization definitions are primarily defined for either electric,

magnetic dipole or horn antennas, and different polarization definitions have their

corresponding optimal sources. The Ludwig-3 definition corresponds to the stan-

dard antenna measurement practice and is ideal for testing feed horn antennas

or small aperture antennas [94, 95], but the Ludwig-3 is not optimal for electric

and magnetic dipoles [96]. At the same time, the Ludwig-2 definition is optimal
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for H-field aperture source and not appropriate for pyramidal or corrugated horn

antennas [94].

For the design presented in this Chapter, we used Ludwig-2 definition for

the calculation of cross-polarization in the simulation and measurement. For a

X-polarized antenna oriented in the X-Y plane, as shown in Figure 2.13, the co-

polarization component is Eφ and the cross-polarization component is Eθ. For a

Y-polarization antenna oriented in the X-Y plane, the co-polarization component

is Eθ and the cross-polarization component is Eφ [97].

Recently, several designs have been proposed to reduce the cross-polarization

in reflectarrays [98–101]. In [98], a reflectarray with microstrip patches and delay

lines was designed, and by arranging the delay lines in a mirror-symmetric con-

figuration, the cross-polarization is reduced at the direction of the main beam.

In [99], the farfield cross-polarization is further suppressed by employing the mir-

ror symmetry configuration in all adjacent elements; that is, each element is the

immediate mirror of its neighboring elements in both x and y directions. In this

way, the radiated fields of the elements would eliminate the farfield cross-polar

component, since the directions of currents responsible for cross-polarization are

all opposite and thus may cancel each other out. However, one drawback of patch

elements with tuning stubs is the possibly degraded cross-polarization perfor-

mance due to the radiation leakage from the microstrip stubs, which contributes

to the cross-polarization field. Also, the elements with stubs have more power

loss than the variable size elements. In [100,101], it is demonstrated that through

synthesis of unit cell dimensions to produce a cancellation of cross-polar reflective

field in which maximum cross-polarization is achieved. This approach requires a

more sophisticated synthesis of reflective cells and much finer control of all field

components in both phase and magnitude.

70



a

a

t h

patch

substrate
air/foam

ground

w

Figure 4.3: Double-ring element configuration for lower cross-polarization.

In this work, a more effective method for cross-polarization suppression in

reflectarray using the gapped double-ring elements is proposed. With the gapped

double-ring design, the surface currents on the inner ring and outer ring will be

enhanced at the co-polarization radiation direction and also cancel each other at

cross-polarization radiation, so the cross-polarization level is suppressed.

4.3 Element Design

A variable-sized ring configuration is adopted for the element design, and different

reflection phases are achieved by varying the ring dimensions. The configuration

of the double-ring element is shown in Figure 4.3. The ring element design

eliminates the need for tuning stubs for phase variation, and thus the leakage

radiation associated with the microstrip stubs is mitigated. A double-ring element

configuration is used to extend the reflection phase range. Since a double resonant
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Table 4.1: Dimensions and parameters of the low cross-polarization double-ring

reflectarray.

Parameter Value

Center Frequency 13.325 GHz

Unit cell size a 12.6 mm

Substrate RO5880 height t 1.575 mm

Air/foam layer height h 1 mm

Radius of inner ring r1 1.7 mm → 2.7 mm

Inner to outer ring radius ratio I/O 0.7

Radius of outer ring r2 r1/(I/O)

response can be obtained from the concentric rings, a much larger phase range will

be generated than that of a single-ring element, and thus a broadband frequency

operation can be achieved [16, 102].

The reflectarray unit cell was designed at center frequency of 13.325 GHz.

The unit cell has a size a = 12.6 mm. The radius of the inner ring r1 is changed

to generate the variable phases. Rogers RO5880 laminate with εr = 2.2 and

thickness t = 1.575 mm is used as the substrate. An air/foam layer with thickness

h = 1 mm is inserted between the substrate layer and the ground plane to enhance

the linearity of the phase curve [24]. The dimensions and parameters of the

element design are given in Table 4.1.

Figure 4.4 shows the simulated reflection phase responses for normal incidence

of plane wave obtained by CST Studio®. The reflection phases of the element

are determined by performing the WGS method on the unit cell. The resonant
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Figure 4.4: Simulated reflection phases of the double-ring element.
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responses between the concentric rings provide a wide phase range which exceeds

390◦, which is sufficient for reflectarray design.

In the early design stage, the ratio of the inner and outer ring radiuses (I/O),

r1 and r2 in Figure 4.3, was selected to be 0.6, 0.7 and 0.8 for the non-gapped

double-ring element in the simulations. The phase curves for each ratio I/O were

calculated, respectively, as shown in Figure 4.5. The unit cell with a ring radius

ratio I/O of 0.7 shows a better linearity of phase variation and also a broad

phase range over the other two I/O ratios, when the inner ring radius r1 is varied

between 1.7 mm and 2.7 mm. Thus, I/O = 0.7 was adopted in the design for

the non-gapped double-ring elements.

4.4 Surface Current Simulation

In either reflectarray or phased array antennas, one of the contributors to the

cross-polarization is the leakage radiation of the surface current components.

Methods for cancelling the cross-polar components of electric fields were devel-

oped for reflectarray with the incorporation of mirror arrangements of the array

elements [98]. In this design, the surface currents of the elements in an ar-

ray configuration were also simulated to investigate their contributions to cross-

polarization radiation.

Extensive simulations of smaller reflectarrays of non-gapped double-ring el-

ements were carried out in CST. Figure 4.6 (a) shows the simulated surface

currents for a typical configuration, and the co-polar and cross-polar components

are illustrated in Fig 4.6 (b), where Co-polar components are shown in red-color

arrows, and cross-polar components are shown in green-color arrows. We can

see that the directions of the surface currents on the inner ring and outer ring
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(a)

PBC

(b)

Figure 4.6: Simulated surface currents of the non-gapped double-ring elements

with periodic boundary conditions (PBC), (a) Surface currents on the 2 × 2

double-ring elements. (b) Illustration of the Co-polar and Cross-polar compo-

nents of (a).
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for each individual element are inverse. For a single element, on the outer ring

the two cross-polar components on the left side have inverse directions compared

with the two cross-polar components on the right half; thus, such cross-polar

components will cancel each other. In the following discussion, the cancellation

inside one element will be referred as emphself-cancellation, and the cancellation

between adjacent elements will be referred as mutual-cancellation. Moreover, if

the components combine constructively inside or between the elements, it can be

referred as self-construction or mutual-construction.

From Figure 4.6 (b) we can see that for cross-polar components the self-

cancellation exists on both inner ring and outer ring of a single element. Moreover,

the mutual-cancellations of the cross-polar components between the neighboring

elements can be clearly observed. This mutual-cancellation is also helpful for

the cross-polarization suppression. Thus, the simulation results indicate that the

cross-polar components would cancel each other inside and between the elements.

In regard to the co-polar components, which have the same direction as the

incident electric field Einc, a mutual-construction can be observed between the

elements. However, the co-polar components inside a single element are reverse

between the inner ring and outer ring. This results in some self-cancellation

of the co-polar components, which will degrade cross-polarization performance.

To suppress the cross-polarization radiation, further improvement on the element

design is necessary, to achieve not only a self/mutual-construction on the co-polar

components but also a simultaneous self/mutual-cancellation on the cross-polar

components.
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(a) (b) (c)

Figure 4.7: Gaps are cut on the rings to change the directions of surface currents,

(a) gaps are cut on the outer ring only, (b) gaps are cut on both the inner and

outer rings and (c) two pairs of gaps are cut on both the inner and outer rings.

4.5 Cross-Polarization Suppression Using Gapped

Ring Elements

By cutting gaps on the double-ring element, the surface currents’ directions can

be reversed on the rings. Different element configurations, as shown in Figure

4.7, were tried in simulations, including elements with a single gap, a pair of gaps

and multiple gaps cut on either the inner ring or outer ring or both. Modeling

results indicate that the configuration with a pair of gaps cut on both the inner

ring and outer ring, as shown in Figure 4.7 (b), is the most optimal configuration

for the cross-polar components’ cancellation of the surface currents.

To verify this, the reflection phase responses of the unit cell with gapped

double-ring configuration were first simulated. A gap size W = 0.2 mm was

adopted in the design. The reflection phases from a normal incident plane wave

are plotted in Figure 4.4. When the inner ring radius is varied between 1.4 mm

and 4.2 mm, the phase range covers about 350◦. Although the phase range is
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smaller than that of the non-gapped double-ring element, it is still acceptable for

the reflectarray design. Moreover, the ratio of the inner and outer ring radiuses

(I/O) is varied in the simulation and the I/O effect on the phase curve is shown

in Figure 4.5. A ring radius ratio I/O = 0.8 was adopted in the gapped double-

ring element due to the better phase linearity than the unit cell with I/O =

0.7.

The surface currents of a 2-by-2 reflectarray using the gapped double-ring

elements were also simulated, which are shown in Figure 4.8 (a), and the co-

polar and cross-polar components of the surface currents are given in Figure 4.8

(b). We can observe that with a pair of gaps cut on the double-ring element, the

surface currents on the inner ring are reversed compared to that in Figure 4.6 (a),

and thus have the same direction as on the outer ring. In Figure 4.8 (b), we can

see that the cross-polar components would still cancel each other both inside and

between the elements. Furthermore, the co-polar components for a single element

are converted to have the same direction. Thus a self/mutual-construction on

the co-polar components and also a simultaneous self/mutual-cancellation on the

cross-polar components are achieved on the new design.

The radiation patterns of this 2-by-2 reflectarray using the original non-

gapped double-ring and new gapped double-ring elements were also simulated

and compared to study the cross-polarization suppression performance. Since

the simulation of a big reflectarray with hundreds of elements costs computing

time as well as computer resources, it is necessary to take a preliminary study on a

small scale array. The radiation patterns of the 2-by-2 reflectarray are compared

in Figure 4.9. It is clearly shown in Figure 4.9 that, with the gaps cut on the

double-ring elements, cross-polarization nulls show up at and around broadside

(θ = 0◦). The cross-polarization level is successfully suppressed by using the new
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(a)

PBC

(b)

Figure 4.8: Simulated surface currents of the new gapped double-ring elements

with PBC, (a) Surface currents on the 2 × 2 gapped double-ring elements. (b)

Illustration of the Co-polar and Cross-polar components of (b).
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gapped double-ring elements design. It is worth noting that the new elements

design has a little bit degradation on the beamwidth and SLLs, possibly induced

by the discontinuous surface currents due to the gaps cut on the elements.

4.6 Reflectarray Design Example

To demonstrate the performance of cross-polar suppression using the gapped

double-ring elements, two full-size circular reflectarrays with a diameter D =

305 mm were designed with non-gapped and gapped double-ring elements, and

both simulation and measurement results were compared. An optimized focal

point f/D = 1.5 is chosen for the feed horn, considering both maximum aperture

efficiency and antenna setup size. Both of the reflectarrays use center-fed horns

and are designed for broadside radiation. The reason for the choice of center-

fed method was to keep a symmetric antenna structure, which could simply the

designs and be helpful for cross-polarization reduction. The cross-polarization

suppression using gapped elements would also apply to offset-fed reflectarrays.

In the presented design, the dimensions of all elements are calculated based

on the phase curve with a normal incidence, with the assumption that the phase

curves of a single layer unit cell are similar to those of the normal incidence when

the scan angles are in the range not exceeding 30◦ to 40◦ [74]. Nevertheless, this

assumption was also verified on the reflection phases for squint incident angles.

Figure 4.5 also shows the phases curves for incident angles of θinc = 10◦ and 18◦

off broadside direction for both gapped and non-gapped element configurations.

Note that θinc = 18◦ is the largest incident angle for the elements on the edge in

the presented design. As seen in Figure 4.5, for the whole range of the inner ring

radius r1, the maximum phase deviation is about 15◦, which indicates that the
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Figure 4.9: Comparison of the simulated radiation patterns of the 2 by 2 reflec-

tarrays with non-gapped and gapped double-ring elements, (a) H-plane patterns

and (b) E-plane patterns.
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phase responses of the normal incidence can provide a reasonable estimation for

the presented design.

Full-wave electromagnetic simulations on the 24-by-24 reflectarrays were car-

ried out using the Integral Equation Solver of CST. The simulated farfield radi-

ation patterns of the reflectarrays are shown in Figure 4.10. It can be observed

that, with the non-gapped double-ring elements, the cross-polarization level of

the farfield radiation pattern is -41.2 dB at broadside for both H plane and E

plane cuts, in comparison the reflectarray design with gapped double-ring ele-

ments shows much lower cross-polarization level -52 dB for both H plane and E

plane cuts, attributed to the cancellation of the cross-polar components in radi-

ation. Generally, the simulation shows 11 dB reduction in the cross-polarization

level of the radiation pattern at and around broadside. The simulated results

for other antenna parameters are summarized in Table 4.2, from which we can

also see there are some tradeoffs with the new design, such as the gain loss, the

broadened beamwidth and slightly higher SLL. Those tradeoffs are probably due

to the discontinuities of the surface currents and the radiation leakage from the

gaps cut on the elements. With further gap optimization, such as by controlling

gap dimensions or by connecting a line between two edges of the gap, we possibly

can make adjustments to these tradeoffs.

The two reflectarrays were also fabricated so that the simulation results can

be verified. Figure 4.11 shows the reflectarray panel with gapped double-ring

elements. The h = 1 mm air gap between substrate and the ground is realized

using nylon screws and pads. The reflectarrays were assembled with a support

structure, which ensures the position of the feed horn and the reflectarray panel.
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Figure 4.10: Simulated farfield patterns of the 24 by 24 reflectarrays with non-

gapped and gapped double ring elements, (a) H-plane and (b) E-plane.
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Table 4.2: Simulated cross-polarization level of the two reflectarrays with non-

gapped and gapped double ring elements.

H plane Conventional design (dB) New design (dB) Improvement(dB)

Broadside -41 -52 -11

Highest -30 -46 -16

E plane Conventional design (dB) New design (dB) Improvement (dB)

Broadside -41.2 -52 -10.8

Highest -28.6 -46.6 -18

Figure 4.11: Fabricated reflectarray with gapped double-ring elements.
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The antenna radiation pattern measurement was carried out in the anechoic

chamber at the University of Oklahoma. The measured farfield radiation patterns

at 13.325 GHz are given in Figure 4.12.

The measured cross-polarization levels of the new design are slightly higher

than the simulated ones but much less than the prior-art designs. It can be

seen that the prior-art design with the non-gapped double-ring elements has

a cross-polarization level of -37.3 dB below the co-polar peak at broadside for

H plane cut and -32.8 dB for E plane cut, while with the new design using

gapped double-ring elements, the cross-polarization level at broadside is reduced

to -47.1 dB for H plane cut and -43.7 dB for E plane cut. Furthermore, the

antenna cross-polarization level is below -33 dB for the entire azimuth angle

ranges (−90◦ < θ < 90◦) for both H and E plane cuts. Note that the measured

results also show a performance tradeoff of the higher SLL and slightly broadened

beamwidth, which is similar to the observation in simulated results. The aperture

efficiency of the non-gapped double-ring array is 46.07% at 13.325 GHz, while

with the gapped double-ring the efficiency dropped to 38.32%. Lower aperture

efficiency on the gapped-double ring array is probably due to the larger size

variation of the elements, especially for those elements on the edge. It may be

also attributed to the surface currents discontinuity and the consequent radiation

leakage from the gaps cut on the elements. By further optimizing the gap sizes,

the gain and efficiency can be improved.

The cross-polarization level of the two antennas were also measured at dif-

ferent frequencies from 12.2 GHz to 14.4 GHz and the measured E-plane results

are compared in Figure 4.13. The improvements of cross-polarization level are

evident for the new design. The reduction of the cross-polarization level varies
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Figure 4.12: Measured farfield radiation patterns of the 24 by 24 reflectarrays

with non-gapped and gapped double ring elements, (a) H-plane patterns and (b)

E-plane patterns.
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Figure 4.13: Measured normalized cross-polarization level at broadside direction

(E-plane).

between of 5.3 dB at 14 GHz and 15.9 dB at 12.3 GHz. Besides the cross-

polarization reduction, the measured broadband results also show performance

tradeoffs of the higher SLL and slightly broadened beamwidth, which are similar

to the observation in simulated results.

Two factors may cause the slight discrepancy of the cross-polarization levels

between the simulated and measurement results. First, in the simulation, the

feed horn is simulated separately with the array of the reflectarray, and then

the obtained radiation pattern of the feed horn is added as an incident field on

the reflectarray. By using the incident field instead of the physical horn as the

feed source, the calculation efficiency is largely increased. However, the blockage

effects from the feed horn and antenna support strut, which will affect the cross-

polar level in measurements, are not included in the simulations. Second, the
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cross-polarization level is also affected by the alignment condition between the

antenna under test (AUT) and the source antenna in the measurements.

4.7 Conclusion

This chapter presents the investigation results of a novel reflectarray design us-

ing gapped double-ring elements for cross-polarization suppression. To suppress

cross-polarization radiation, gaps are cut on the double-ring elements to change

the directions of the surface currents, so the co-polar components enhance each

other and the cross-polar components cancel each other, and thus a low cross-

polarization level can be achieved. Even though there are some tradeoffs for the

gain and SLLs, measurement results for the two reflectarray antennas show a 10

dB reduction in cross-polarization level at the broadside direction at 13.325 GHz

and > 5.3 dB reduction through the frequency band from 12.2 GHz to 14.4 GHz.
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Chapter 5

An X/Ku Dual-band Reflectarray Design with

Cosecant Squared Shaped Beam

5.1 Introduction

A reflectarray antenna is a well-known antenna type whose history can be traced

back to the 1970s; it has been used in NASAs space-borne systems [8, 76]. The

multi-beam, electronic scanning of a reflectarray can be achieved with good beam

pattern properties and polarimetric isolations [34, 103]. However, compared to

the reflector antenna, one of the most severe drawbacks of a reflectarray is the

narrower bandwidth performance. As discussed in Section 2.2, the bandwidth

of reflectarray is limited by both the narrow bandwidth behavior of microstrip

elements and the different spatial phase delays in a large aperture.

To overcome this problem, several broadband or multi-bands reflectarrays

have been developed, one example is an X/Ka bands reflectarray developed by

JPL in [104], in which the Ka-band variable rectangular patches layer were put

on bottom and X-band variable crossed-dipoles above them. However, when

extending single-band and single-layer reflectarray to dual-band and dual-layer

reflectarray, one difficulty is the interactions between the layers cannot be pre-

dicted accurately and the effect of the interactions on array performance can

only be determined empirically [104]. It also shows that the Ka-band patches
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had negligible impact on X-band performance, while the X-band caused a 1.8 dB

reduction in Ka-band gain [104].

Another example is a dual-layer, C/Ka dual frequency reflectarray developed

in [19], in which a dual frequency, dual-layer circularly polarized reflectarray using

microstrip ring elements of variable rotation angles was designed. The single-layer

Ka-band and dual-layer Ka-band (with the existence of a C-band layer) were both

measured and presented. An aperture efficiency loss and a higher sidelobe level

were observed for the Ka-band in a dual-layer environment, comparing to the

single-layer Ka-band performance which has no interference/scattering from the

top layer C-band elements. Other recent designs of the dual-band reflectarray

include an array-fed Ku/Ka dual-band reflectarray [20] and a single layer dual-

band reflectarray using multi open loop elements [105].

The goal of this chapter is to design a shaped beam reflectarray to realize a

dual-band operation at 10 GHz (X-band) and 15 GHz (Ku-band) for potential

GBSAA radar applications [106]. Since the two operation frequency bands are

fairly close to each other, the radiation interference between the two bands must

be taken into consideration and design should be optimized to suppress the in-

terference as much as possible. In the unit cell design, microstrip cross-dipoles

and double-rings are chosen as the X-band and Ku-band elements, respectively.

A dual-layer structure with cross-dipoles on the top layer and double-rings on

the lower layer is adopted to suppress the interband couplings. Moreover, the

dual-band elements are arranged in an interleaved manner in order to minimize

element blockage: one cross-dipole element is put at the center of the unit cell

on the top layer, while on the lower layer four double-ring elements are placed at

the four quadrants, separated by the cross-dipole, respectively. Furthermore, the

coupling effects on the reflection phase response are also investigated, and the
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unit cell designs are carefully tuned in the simulations to suppress the coupling

effects.

In addition, a phase-only synthesis technique is also developed to generate two

cosecant squared shaped beams for each operation frequency band. One typical

application of cosecant squared beam pattern is the air and coastal surveillance

radars, where a fan beam with a shape proportional to the square of the cosecant

of the elevation angle is achieved for the surveillance coverage. Traditionally, a

cosecant squared beam pattern can be achieved by a deformation of a parabolic

reflector, usually through fine tuning of the reflection surface, such as with a lower

bending of the top part of the reflector. However, the design and manufacture

of the reflector are fairly complicated and costly. In this chapter, a reflectarray

design has been demonstrated to fulfill the required shaped beam. With a beam

synthesis process, the phase distributions for the cosecant squared beams are

obtained and realized through size variations of the reflectarray elements. The

reflectarray can be easily manufactured with the modern PCB technology, making

the antenna low-profile and low-cost.

This chapter starts with cross-dipole and double-ring element designs, which

are arranged in an interleaved manner to minimize the blockage of the incident

waves. Then the coupling effects of the elements between the two close oper-

ational bands are investigated. The phase-only synthesis method to generate

the desired shaped beams and the implementation into an array design are also

discussed. Finally, the measured reflectarray performances are discussed and

compared with simulated results.
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5.2 Unit Cell Design

The reflectarray unit cell is shown in Figure 5.1 (a) with its dimensions shown in

Figure 5.1 (b). The reflectarray unit cell has a dual-layer configuration with the

X-band layer on top of the Ku-band layer to support dual-frequency operation.

The reflectarray unit cell consists of two different types of elements. Double-ring

elements are used for the Ku-band to achieve a wider range of reflection phase

variation. Since a double resonant response can be obtained from the concentric

rings, a much larger phase range will be generated than that of a single-ring

element. The cross-dipole elements are used on the top layer of the unit cell for

the X-band, because they use less metallization than patch elements and can be

seen as transparent to the bottom layer elements at the Ku-band. Thus, this

allows more incident energy to pass between the layers.

Moreover, to further reduce the elements blockage from the top layer, as shown

in Figure 5.1, the X-band cross-dipole is placed at the center of the unit cell on

the top layer, while on the second layer four Ku-band double-ring elements are

put on the four quadrants separated by the cross-dipole, respectively. This so-

called interleaved element arrangement between the layers can help minimize the

blockage of the incident wave and reduce the element interaction between the two

frequency bands as well.

The X-band element is designed at a center frequency of 10 GHz, while the

operation frequency of the Ku-band element is 15 GHz. As shown in Figure

5.1 (b), the X-band cross-dipole has a size of 18.3 mm, which is about 0.61λ at

10 GHz. The Ku-band double-ring has a size of 9.15 mm, corresponding to a

0.46λ at 15 GHz. The length l of the cross-dipole elements and the inner ring

radius r1 of the double-ring elements are adjusted to obtain the reflection phases,
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(a)

(b)

Figure 5.1: Schematic and geometry of the dual-band reflectarray unit cell.
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Table 5.1: Dimensions and parameters of the X-band and Ka-band unit cell

design

Parameter Definition Value

fX X-band operation frequency 10 GHz

lX X-band unit cell dimension 18.3 mm

l X-band cross-dipole length 1 mm → 9 mm

wX X-band cross-dipole width 0.3 mm

εr Relative permittivity of the substrate 2.2

ε2 Relative permittivity of the air/foam layer 1.03

h1 Height of the RO5880 substrate 1.575 mm

h2 Height of the air/foam layer 1 mm

fKu Ku-band operation frequency 15 GHz

lKu Ku-band unit cell dimension 9.15 mm

r1 Double-ring inner ring radius 0.8 mm → 1.9 mm

r1/r2 Inner and outer ring radius ratio 0.7

wKu Ku-band double-ring width 0.3 mm

respectively. Ring width and cross-dipole width are both 0.3 mm. A ring radius

ratio r1/r2 = 0.7 is adopted for the double-ring elements because our simulations

showed it has a better linearity of phase variation and also a broader phase range

over other ratios. The substrate used for both layers was RO5880 with εr = 2.2

and 1.575 mm in thickness. The dual-layer is placed 1 mm above the ground with

the aid of foam in order to enhance the linearity of the phase variation curves.

The dimensions of the dual-band unit cell are summarized in Table 5.1.
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5.3 Coupling Effects

The element configurations for dual-frequency operation has been introduced in

the previous section. In order design a fully functional reflectarray with dual-

band operation, especially for two close frequencies as in the presented design,

it is necessary to examine the coupling effects between the two bands. Since the

two types of elements are assembled together, their coupling effects will change

the performance of the antenna. Besides the aforementioned interleaved element

arrangement between the two layers, the EM coupling effects are also investigated

in the simulations, including the surface currents and reflection phase variations.

First, the surface currents of the dual-band unit cell in Figure 5.1 (a) were

simulated at 10 GHz and 15 GHz, respectively. The simulations were carried out

in CST Microwave Studio® [77]. The simulated surface current densities of the

dual-band dual-layer unit cell at different frequencies are depicted in Figure 5.2.

From Figure 5.2 (a) it can be clearly observed that, the currents are concentrated

on the cross-dipole on the top layer at the X-band (10 GHz), while at the Ku-

band (15 GHz) the currents flow dominantly on the double-ring elements, as

shown in Figure 5.2 (b). In fact, the reflection field are radiated from the surface

currents on the patches array and most of the radiation power should be coupled

to the currents on them. Therefore, both cross-dipole elements and double-ring

elements can generate a dominant surface current at their respective operation

frequencies, indicating a possibly low coupling effects.

In order to further study the interference between the dual frequency bands,

the reflection phase responses of the dual-band elements were also examined. Two

cases were considered for each frequency band: (1) single band elements alone,

and (2) two band elements together. First, for the case of X-band cross-dipole
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(a)

(b)

Figure 5.2: The surface current density on the dual-band reflectarray unit cell,

(a) at 10 GHz and (b) at 15 GHz.

96



Figure 5.3: The unit cell of the Ku-band double ring are simulated at 15 GHz

with presence of X-band cross-dipole.

with presence of the Ku-band double rings, the unit cell in Figure 5.1 (a) were

used in the simulation, in which the periodic boundaries were applied to emulate

the unit cell in an array environment. Second, for the Ku-band double ring with

presence of the X-band cross-dipole, the unit cell shown in Figure 5.3 was used

in the simulation, due to the fact that only half part of the X-band cross-dipole

are presented for a single double ring unit cell.

Figure 5.4 shows the simulated phase responses for those scenarios. We can

clearly see the change of the phase variations, due to the induced parasitic effects

from the preset elements of different bands.
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First, for the Ku-band double ring, with the X-band cross-dipole on the top

layer, the reflection phases become larger than that without the cross-dipole,

where the maximum phase difference is about 20◦.

Second, for the X-band cross-dipole, the reflection phase difference between

with Ku-band layer and without Ku-band layer can be as large as around 80◦.

Since the phase responses of elements in a single band are prone to shifts when

combining with elements from another frequency band, it becomes necessary to

include the elements of another band into the unit cell simulation when charac-

terizing the phase variations.

To calculate the reflection phase of the elements of one frequency band (re-

ferred to as main frequency) with the presence of another frequency band element

(referred to as coupling frequency), the dimension of the elements of the main

frequency will be varied and the dimension of the elements of coupling frequency

needs to be fixed. To find an optimal pre-configured size for the coupling elements

in the unit cell, different dimensions are tested in the simulations.

Figure 5.5 shows the reflection phase curves with several dimension changes on

the coupling elements. In Figure 5.5, different cross-dipole lengths from 4 mm to

7 mm are tested in the Ku-band unit cell simulations. We can see that the varied

dimensions of the coupling elements have little impact on the reflection phases of

the elements of main frequency. Thus for simulation efficiency, it may be safe to

fix the dimension of the coupling elements while only varying the dimensions of

the element of the operational band. In our simulations, to obtain the reflection

phase curves, the inner radius of the double-ring is set to 1.7 mm for the X-band

simulations, while the length of the cross-dipole is set to 5.5 mm for the Ku-band

simulations.
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Figure 5.4: Simulated reflection phases of the (a) X-band cross-dipole element at

10 GHz and (b) Ku-band double-ring element at 15 GHz.
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Figure 5.5: With presence of X-band cross-dipole of different dipole lengths, the

reflection phases of the Ku-band double ring are simulated at 15 GHz.

5.4 Beam Synthesis

5.4.1 Phase-Only Synthesis of Reflectarray

As discussed in Chapter 1, a reflectarray is an array of non-interconnected radi-

ating elements, and the desired radiated field of the reflectarray comes from the

reflection of the field emitted by a feed on the array elements which has proper

phases to form the desired wave front. Hence, the synthesis of radiation patterns

from reflectarrays can be reduced to a phase-only control problem: an excitation

correction mechanism is required to compensate the different path delays between

every element and the feed in order to achieve the desired radiation pattern, while

the amplitude of each element is fixed in accordance with the feeding element and

the geometry of the antenna.
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In the case of linear arrays, different simple methods have been developed

to find the phase excitation when the amplitude is fixed [107, 108], although its

extension to a planar array with increased number of elements becomes more

difficult. Concerning the synthesis of reflectarray with pencil beams, several con-

tributions have been carried out [109,110]. In [109], the method of approximation

programming (MAP) is used to determine the optimum excitation phases which

minimize the sidelobe level for a 32-element, uniformly excited double-ring circu-

lar array. On the other hand, in [110], a numerical search procedure to minimize

the expression for the pattern sidelobe level with respect to the element phases

is applied to both linear and circular arrays with rectangular grid and uniform

excitations. Also in [110], a more powerful analytical synthesis algorithm is pre-

sented for use on very large arrays since the numerical search technique for the

minimization of the sidelobe level is computationally impractical. This algorithm

was applied to very large circular arrays with more than 10,000 elements.

With regard to contoured-beam patterns in reflectarray, some simple ana-

lytical techniques have been developed. In [111], a phase-only method for the

synthesis of aperture phase distribution for apertures with arbitrary shape and

amplitude distribution is reported. The phase distribution is determined by mod-

eling the aperture as a combination of parallel strips with specific linear-phase

distributions. Also in [112], a biquadratic programming method is formulated

with variable-phase and constant amplitude distributions. This method is re-

strictive since it requires the optimization function to be expressed as a ratio of

Hermitian quadratic forms, although it shows more rapid convergence character-

istics than prior-art methods.

Several numerical techniques of phase-only synthesis have been successfully

applied to large reflectarrays with shaped-beams. Some are based on the iterative
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optimization of a functional defined as a cost function by perturbations of zeros

of a pre-fixed pattern [113], or by adjusting two phases per iteration through a

bi-coordinated method [114]. Also, by slightly changing the excitation phases in

a linear approximation, which can be determined by the least-squares method,

the excitation phases can be obtained after iterations [115]. An alternative for

reducing the number of optimization variables was proposed in [116], where only

a small representative set of beam directions of the coverage patterns is taken

into account as the minimax goal. This method is particularly appropriate for

the synthesis of coverage patterns for satellite communications, where the beam

directions are desired at a set of service locations [116]. Furthermore, the synthe-

sis problem is formulated as an intersections finding problem, where the actual

radiating properties of the antenna and the performance required by the antenna

are seen as a system [117]. Different applications of the intersections finding

approach have been provided in [118–120].

A shaped beam reflectarray for DBS applications has already been manufac-

tured [121]. The phase synthesis is obtained from the previously designed shaped-

reflector that produces the desired beam shape, which is generated through a

commercial reflector design software. Then, ray tracing can be used to determine

the necessary reflection phases of the reflectarray elements to duplicate the same

radiating aperture phase distribution as was synthesized for the shaped-reflector

antenna. In this way, a progressive phase shift is generated in addition to the

phase required to shape the main beam and no additional phase shift is needed

to scan the beam in the desired direction. Nevertheless, a reliable and efficient

synthesis method with no dependence on reflectors is desirable.
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5.4.2 An Analytical Technique for Cosecant Squared Beam

Shaping

In this section the reflection phases of reflectarray elements are synthesized in

order to fulfill the desired squared cosecant beam pattern in elevation. An ana-

lytical phase-only synthesis technique described in [122,123] is applied to obtain

the linear phase distributions for the elevation shaped beam. For an array with a

length of 2L and a wavelength of λ, the derivative of phase distribution is given

by [122]

φ′(x) =
2πL

λ

1

1
u0

+ [ 1
u1

− 1
u0

]
∫
x

−1
A2(x)dx

∫
1

−1
A2(x)dx

(5.1)

where A(x) is the amplitude distribution, and u0, u1 are used to define the cose-

cant squared shape. The phase function φ(x) required for any amplitude distribu-

tion A(x) can be obtained from a numerical solution of the differential equation

5.1. With u = sinθ, the pattern function can be found by

E(u) =

∫ 1

−1

A(x)ej(
2πL

λ
ux−φ(x))dx (5.2)

To realize a shaped beam, a circular reflector surface with a diameter D = 305

mm is defined. The double-layer array has 15×15 cross-dipole elements operating

at 10 GHz on the top layer and 32×32 double-ring elements operating at 15 GHz

on the lower layer. First, the linear phase distribution for the desired shaped beam

was calculated. With a pre-defined u0=0.05 for X-band squared cosecant beam

and u0=0.15 for Ku-band cosecant squared beam, the linear phase distributions

φ(x)/(2πL/λ) and synthesized pattern E(u) were calculated using equations 5.1
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and 5.2 for the linear arrays, including a 15×1 array at 10 GHz and a 32×1 array

at 15 GHz, are shown in Figure 5.6 and Figure 5.7, respectively.

After obtaining the linear phase distribution of a shaped beam, the array

phase distribution over the reflectarray surface to produce a collimated beam at

broadside direction are computed by applying the following formula:

Φm,n = k0(d− (x cos φb + y sinφb) sin θb) (5.3)

where (x, y) are the coordinates of the elementm,n, and d is the distance from the

center of elementm,n to the central point of the feed aperture. The desired beam

direction is defined by φb and θb, which are the spherical coordinates with origins

at the center of the array. Here we are interested in the surface phase distribution

for broadside radiation, so φb = θb = 0◦.

5.5 Array Design and Simulation

Once the linear phase distribution for the shaped beam and the surface phase

distribution of the circular array for a broadside beam have been determined, the

actual reflectarray phase distribution to shape a squared cosecant beam can be

obtained by adding the linear phase distribution onto each row of the array phase

distribution. Figure 5.8 shows the required phase distributions on the circular

reflectarray with a center-fed horn to generate two squared cosecant beams at 10

GHz and 15 GHz, respectively. The feed position (focal length f ) is optimized

as f/D=1.5 for the selected horn antenna considering both aperture efficiency

and antenna setup size.

After the reflection phase required at each reflectarray element has been de-

termined, the dimensions of each element on both layers have to be adjusted
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Figure 5.6: Synthesized phase distribution and pattern for the X-band 15×1

linear array.
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Figure 5.7: Synthesized phase distribution and pattern for the Ku-band 32×1

linear array.
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Figure 5.8: Required phase distributions on the dual-layer reflectarray to generate

the desired cosecant squared shaped beam for (a) X-band cross-dipole array (b)

Ku-band double-ring array.
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accordingly based on the phase-size relation. The top view of the dual-layer re-

flectarray modeled in CST is shown in Figure 5.9, in which the top substrate

layer is set to transparent in order to show the array topology on both layers.

Full-wave electromagnetic simulations on this dual-layer reflectarray at both

10 GHz and 15 GHz are carried out by using the Integral Equation Solver in

CST. The radiation pattern of the feed horn is first calculated, from which the

incident field on the reflectarray is found by using the far field source in the solver.

Note that both the top layer array and the lower layer array are included in the

simulation at 10 GHz and 15 GHz, since in section 5.3 the unit cell design has

been optimized based on the dual-layer configuration considering the coupling

effects suppression.

The simulated results of the dual-layer reflectarray are shown in Figure 5.10.

We can see that the reflectarray can generate a better cosecant squared shaped

beam at Ku-band because for the same aperture size the Ku-band array has 812

elements whereas the X-band array only has 185 elements. Figure 5.11 shows

the simulated 3D pattern of the shaped beam, in which we can clearly see the

synthesized cosecant squared beam shape in X-Z plane.

5.6 Array Measurements

5.6.1 X-Band Measurement Results for the Dual-Layer

Reflectarray

The measurement results of the fabricated dual-layer reflectarray antenna are

discussed in this section. A 0.31-m diameter X-band reflectarray is fabricated

on the top layer using 185 cross-dipole elements. Then 812 double-ring elements
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Figure 5.9: Dual-layer reflectarray topology.

operating at Ku-band are fabricated on the lower layer substrate over a 1 mm-

thick air gap backed by a ground conductor. The breakdowns of each layer of the

prototype reflectarray are presented in Figure 5.12. A linearly polarized standard

horn is used as the feed antenna. The feed horn is mounted at 458 mm (f/D =

1.5) above the reflectarray through a support arm structure.

The measurements were performed in the anechoic chamber at the University

of Oklahoma. During the tests the reflectarray was mounted on a positioning

system consisting of an azimuth rotary stage. A linearly polarized standard horn

was used as the transmit antenna. Figure 5.13 (a) shows the measured E-plane

109



−150 −100 −50 0 50 100 150
−60

−50

−40

−30

−20

−10

0

 θ [deg]

 N
or

m
al

iz
ed

 R
ad

ia
tio

n 
P

at
te

rn
s 

[d
B

]

 

 

co−pol
x−pol

(a)

−150 −100 −50 0 50 100 150
−60

−50

−40

−30

−20

−10

0

 θ [deg]

 N
or

m
al

iz
ed

 R
ad

ia
tio

n 
P

at
te

rn
s 

[d
B

]

 

 

co−pol
x−pol

(b)

Figure 5.10: Simulated radiation patterns of the dual-layer reflectarray at (a)

X-band and (b) Ku-band.
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Figure 5.11: Simulated 3D cosecant squared shaped beam of the dual-layer re-

flectarray at Ku-band.

Figure 5.12: Photograph of the dual-layer prototype reflectarray.
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far-field radiation patterns at 10 GHz, which is also compared with the simulated

results. A good agreement between the measurement and simulation results can

be observed, except for a higher side lobe level, which may be caused by the

blockage of the mounting strut of the feed horn. In the simulation we directly

used the calculated radiation pattern of the feed horn as the source, instead of

including the feed horn and the associated support strut in the simulation. This

simulation method can largely improve the simulation efficiency and enable the

simulation of the complete reflectarray structure with standard PC resources,

while with a tradeoff on the prediction of the side lobe levels and the cross-pol

levels [85].

The far-field radiation pattern of the reflectarray is also measured across a

frequency band from 10 GHz to 11 GHz. Figure 5.13 (b) shows the measured

radiation patterns at different frequencies. At 10 GHz and 11 GHz similar ra-

diation patterns are observed, except for a slight increase in side lobe levels as

frequency increases.

5.6.2 Ku-Band Measurement Results for the Dual-Layer

Reflectarray

The measured results at Ku-band are shown in Figure 5.14. Figure 5.14 (a)

plots the measurement results at 15 GHz, compared to the simulated patterns.

At 15 GHz the main beam is at θ = 20◦ away from broadside and has a width

of 9.7◦. The side lobe level is about -14 dB and the cross-polarization level is

-45 dB, down from a peak at θ = 20◦. This indicates a low interband element

coupling due to the carefully optimized element design between the dual-layers.

As can be seen in the figure, the measured and simulated results at 15 GHz are
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Figure 5.13: Measured radiation patterns at X-band for the dual-layer reflectar-

ray, (a) at 10 GHz and (b) wide band performance.
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Figure 5.14: Measured radiation patterns at Ku-band for the dual-layer reflec-

tarray, (a) at 15 GHz and (b) wide band performance.
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in fairly good agreement, especially concerning the positions and widths of the

main lobes, while the slightly higher side lobe can be attributed to the effects of

the supporting structures of the antenna in the anechoic chamber. Figure 5.14

(b) shows the broadband radiation patterns measured at 14 GHz and 14.5 GHz,

compared to the beam pattern at center frequency of 15 GHz. The reflectarray

maintains similar radiation patterns over the frequency ranges from 14 to 15 GHz.

5.7 Conclusion

In this chapter, a dual-layer dual-frequency reflectarray antenna with cosecant

squared shaped beams is presented. The two operation frequencies, 10 GHz and

15 GHz are in a close frequency range. To suppress the interband coupling of

the dual-band elements, cross-dipole and double-ring elements are designed and

optimized for both operating frequencies. The phase-only beam synthesis tech-

nique for the cosecant squared beams is also discussed. The reflectarray antenna

has been manufactured and tested, and the measured radiation patterns are in

good agreement with theoretical expectations and simulation results. These re-

sults demonstrate the capability of reflectarrays to generate simultaneous shaped

beams at two close frequency bands.
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Chapter 6

Conclusions

6.1 Summary

This dissertation covers the design concepts of a single-layer broadband reflectar-

ray and a dual-band reflectarray with cosecant squared shaped beams, techniques

to predict and mitigate the blockage effect in reflectarray, as well as the methods

to suppress cross-polarization level in reflectarray designs.

In Chapter 2, a single-layer, low cost broadband reflectarray has been devel-

oped. The reflectarray uses two types of elements, microstrip ring and microstrip

patch with ring boundary, to increase the reflection phase variation range. In the

proposed element configurations, the inner radius of the ring and the radius of

the circular patch are changed respectively to generate the phase curve. It shows

that the variable-sized ring generates a phase range from −132o to 188o and the

variable-sized ring-patch element covers a phase range from 188o to 230o. The

combination of these two element configurations can provide at least 360o phase

range, which supports a broadband operation of the reflectarray. Furthermore,

the phases are approximately a linear function of size of the elements for both

configurations, which is important to reduce the manufacturing errors.

In reflectarray, the center feed blockage and multi-reflection effect mainly con-

tribute to the increased side lobe levels. To accurately predict the performance

of the reflectarray with a center-fed horn, the blockage from the feed horn and

the support structure need to be taken into account carefully. In Chapter 3, the
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blockage effect is investigated and a reflectarray with a tilted beam is proposed

to mitigate the blockage from the center-fed horn. Several modeling methods

are introduced, such as (i) re-radiating the reflectarray pattern on the passive

feed horn, (ii) removing the elements at the shadow area on the reflectarray sur-

face, and (iii) regarding the feed as a smooth plane of conducting metal with the

radiation pattern of the feed added in front of this metal sheet as the far-field

source. Comparisons among these methods are presented in terms of modeling

the blockage effects, accuracies, and efficiencies. The method (i) consumes the

least computational resources (i.e., time and memory) and provides a rough pre-

diction of the radiation properties. The method (iii) generates the most accurate

prediction while using relatively more computational resources.

To mitigate the blockage effects from the center-fed horn, another reflectarray

antenna is designed with a tilted beam of 18◦. This reflectarray adopts the same

array size and focal length as the broadside reflectarray. It is observed that the

measurement results are in good agreement with the simulations. The blockage

effect from the center-fed horn is avoided, and the performance of the reflectarray

can be predicted accurately and efficiently using the method (i). The reflectarray

also shows a good wideband performance from 12.5 GHz to 14 GHz.

Low cross-polarization, which is a desired characteristic of dual-polarization

weather observation, is discussed in Chapter 4. An effective method for cross-

polarization suppression in reflectarray using the gapped double-ring elements

is proposed. With the gapped double-ring design, the surface currents on the

inner ring and outer ring will be enhanced at the co-polarization radiation di-

rection and also cancel each other at cross-polarization radiation, so the cross-

polarization level is suppressed. Measurement results of the new design show 10

dB reduction in cross-polarization level at the broadside direction at 13.325 GHz
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by cutting gaps on the double-ring elements. The measured cross-polarization

level of this new design is about -44 dB at broadside and less than -33 dB in all

other directions.

Finally, a dual-layer dual-frequency reflectarray antenna with cosecant squared

shaped beams is developed in Chapter 5. The two operation frequencies are in a

close frequency range, 10 GHz and 15GHz, respectively. To suppress the inter-

band coupling of the dual-band elements, cross-dipole and double-ring elements

were designed and optimized coherently for both operating frequencies. An X-

band cross-dipole is placed at the center of the unit cell on the top layer, while on

the second layer four Ku-band double-ring elements are put on the four quadrants

separated by the cross-dipole, respectively. This so-called interleaved element ar-

rangement between the layers can help minimize the blockage of the incident

wave and reduce the element interaction between the two frequency bands as

well. The phase-only beam synthesis technique for the squared cosecant beams

was also discussed. The measurement results demonstrate the capability of re-

flectarrays to generate simultaneous shaped beams at two very close frequency

bands.

6.2 Recommendations for Future Research

Reconfigurability of reflectarray is becoming more and more important for many

applications, and research in beam scanning reflectarray is very active. Tradition-

ally, scannable reflectarrays have been designed by incorporating electronically

tunable elements into the unit cells of the periodic structures. Examples of this

include embedding varactor diodes and RF MEMS switches in traditional re-

flectarrays. By changing the state of these varactors and switches, the phase
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response of a reflectarray element can be electronically tuned. While electronic

tuning has many benefits, they suffer from several disadvantages, especially the

limited range of the phase responses, complicated design and high cost, especially

for applications where large antennas are required. Further research are needed

to develop simple, low cost and precise beam steering reconfigurable cells.

A liquid-tunable unit cell, suitable for reconfigurable reflectarrays, is recom-

mended to achieve wider bandwidth and phase range. This technique is based

on introducing capillary tubes filled with liquid metal slugs into the topology of

the reflectarray. By moving the liquid metal slugs within the capillary tubes, the

phase response can be tuned. The unit cell can be designed and the simulation

of the liquid-tunable unit cell may be performed in HFSS.

The proposed reconfigurable reflectarray unit cell design is shown in Figure

6.1. A tube is inserted into the substrate of the unit cell, which consists of

volumes of liquid metal and a carrier fluid. First, the liquid metal needs to be

chosen appropriately. Generally, safety and easy operation should be the selection

criteria. In [37], in a FSS design the eutectic gallium-indium-tin alloy as the liquid

metal. However, it is indicated by Lei [38] that the gallium-based liquid metals

rapidly oxidize when exposed to air, creating a gallium oxide skin on the surface

of the bulk liquid, and making them undesirable for large arrays in an oxygen

environment. Mercury (Hg) can be selected as the liquid metal. Unlike gallium

alloys, mercury does not form an oxide skin, and thus remains as a true liquid

during actuation [38].

Polytetrafluoroethylene (PTFE) tubing can be used to fill the liquid metal

and the carrier fluid. PTFE tube has a nonwetting surface which allows mercury

to readily flow through the tubing without leaving residues [38]. Mineral oil can

be chosen as the carrier fluid to separate the mercury droplets. Another possible
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Figure 6.1: Proposed reflectarray unit cell design using liquid-tunable technology

(a) top view and (b) side view.

120



Liquid
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Figure 6.2: The tube is filled with liquid metal slug to change the effective ca-

pacitance of the unit cell.

option is to use the air to separate the mercury droplets in the PTFE tube,

by using a needle tubing or micro pump to control the moving of the mercury

slug [124].

The PTFE tube is embedded in the substrate. In the tube, the liquid mercury,

having a length lm, can be modeled as an capacitor (Cm), while the carrier fluid

of mineral oil, having a length lc, can be modeled as a inductor (Lc). The tuning

mechanism depends on the variable capacitance (Cm) and inductance (Lc), whose

values are determined by the relative position of the mercury to the microstrip

patch, as shown in Figure 6.2. The moving of the mercury slug in the tube can

be realized through a pressure-driven flow mechanism or using a micro pump.

The reflection phases of the unit cell can be simulated using the WGS method in

HFSS, in which the length of the mercury in the tube is changed gradually and

the reflection phase is calculated. For proof of concept, the pressure-driven flow

device which controls the moving of the mercury slug can be simplified and not

included in the unit cell simulation.
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Appendix A

List of Acronyms and Abbreviations

ARRC Advanced Radar Research Center

AUT Antenna Under Test

CPAD Configurable Phased Array Demonstrator

CPPAR Cylindrical Polarimetric Phased Array Radar

DLB Data-link Blockage

DBS Direct Broadcast Satellite

EM Electromagnetic

FSS Frequency Selective Surfaces

GBSAA Ground Based Sense and Avoid

HPBW Half Power Beamwidth

IB Integrated Blockage

LC Liquid Crystal

LMDS Local Multipoint Distribution Service

MAP Method of Approximation Programming

MEMS Micro Electro Mechanical Systems

MLFMM Multilevel Fast Multi-pole Method

MPAR Multi-functional Phased Array Radars

MS Master and Slave

OLB Obstacle Located Blockage

PTFE Polytetrafluoroethylene

RCS Radar Cross Section
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RF Radio Frequency

RLB Reflectarray Located Blockage

SLL Sidelobe Levels

TR Transmit Receive

VSWR Voltage Standing Wave Ratio

WGS Waveguide Simulation

ZB Zero Blockage
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