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Abstract

This dissertation deals with novel beam steering techniques and planar reflector
antennas. A beam-steering waveguide-fed microstrip antenna array, a dual-mode
millimeter-wave folded microstrip reflectarray antenna, a millimeter-wave right-hand
circular polarization selective surface, a millimeter-wave three-layered left-hand
circular polarization selective surface without any vertical conductive segment and a
pattern diversity reflector antenna with minimum number of switching devices have
been investigated, designed,  built and tested. & The theoretical approaches and
practical developments:of the above five researches are comprehensively discussed.
All the simulated, results are verified experimentally, and exhibit good consistency
with the measured data. = The—individualsubjects .are. worth further efforts for
improvements in the future. Moreover, it is advisable to deployingsnew applications

by combining seme of the researches presented in this dissertation.
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1 Introduction

Generally, a microstrip reflectarray antenna consists of a flat array of patches or
dipoles printed on a thin dielectric substrate. It works in a similar concept to a
conventional reflector antenna, but without the bulky configuration and mechanical
complexity. As compared to a phased array, the fields from the feed antenna are
spatially fed to the individual elements on the array, and thus without suffering from
high propagation losses in the intricate feeding network. Therefore, the reflectarray
antenna combines the advantages.of the reflector antenna and the phased array

antenna.

For a folded reflectarray, the required depth is only half of that of a reflectarray
antenna. This further reduces. the antenna velume. - In, addition, unlike the
conventional dual-reflectors antennas, the folded reflectarray antennas are free from
the blocking effect of the sub-reflectors. The radiation beam ean be steered by
mechanically tilting the mam reflector, or shifting.the position of the feed antenna.
By virtue of compagtness, low loss, high gain, superior design. flexibility, and the ease
of manufacture, folded reflectarrays could be extensively used in wireless LAN, fixed
wireless access, local to multi-points 'distribution service, satellite communications,
short-haul personal communication networks, radar applications, and wireless

intelligent transport systems.

In this dissertation, we proposed a new folded microstrip reflectarray antenna
which can simultaneous operated in two modes. In the radar mode, the antenna
demonstrates high gain and narrow beamwidth characteristics. The beam steering is
performed by electrically switching the feed antennas. In the communication mode,

the beamwidth is much broader and thus provides communications over a wide



angular range.

Currently, most folded reflectarrays are dedicated to linear polarization
applications.  With the emergency of excellent circular polarization selective
surfaces, which can pass one sense of circularly polarized waves while reflecting the
other, folded reflectarray could be extended to circular polarization applications.
Therefore, we proposed a milli-meter wave circular polarization selective surface. It
was realized by using printed circuit technology. Metal traces were created on both
sides of a laminate, and connected by vertical conductive vias. This design performs
well, yet implementing numerous, dense and thin vias' accurately and stably is still

hard to achieve at high frequencies.

To avoid the problems associated with. the vertical conductive segments and
increase flexibility in design motivated the drive‘to invent.a new: type of circular
polarization sélective surfaces that is composeéd of only transverse ‘elements but no
vias. The second circular_polarization selective surface is a thoroughly stratified
configuration with transverse planar elements-implemented on different layers, and
thus is well suited” for multi-layered printed circuit board manufacturing process.
This design has revolutionized the.way. in.which the function of discriminating
different circularly polarized waves is established. = Connections between the
elements on the top and bottom layers, which are built through the couplings caused
by the intermediate part in the middle layer, make the blocking effect for different

circularly polarized illuminations diverse.

Planar reflectors could be applied to radiation pattern diversity antennas as well.
We designed and developed novel switchable frequency selective surfaces and used
them to construct a corner reflector antenna. By configuring the states of the

frequency selective surfaces, various beam patterns can be formed and steered in the



azimuth plane.

In addition, another beam steering antenna is presented in this dissertation. It
is a waveguide-fed antenna, composed of series-fed microstrip patch arrays that are
distributed along a straight line with fixed separations. The phase difference
between two adjacent sub-arrays varies with the propagation constant, which can be
controlled by changing the width of the feeding waveguide, and thus leads to a

steerable beam.

In this dissertation, chapter 2 is concerned with a 38 GHz waveguide-fed
microstrip antenna array jusing a novel beam-steeringtechnique. Chapter 3 is
devoted to a dual-mede folded microsteripreflectarray antenna. s, Chapter 4 deals with
a 60 GHz right-hand circular polarization selective surface. . The'study of a 30 GHz
left-hand circular-polarization selective surface, which is a. three®layered structure
without vertical conductive segments, is:followed by chapter 5. “JA novel pattern
diversity reflector antenna that requires a minimum:number of switching devices is

described in chapter 6.



2 A Beam-Steering Waveguide-Fed Microstrip

Antenna Array

2.1 Introduction

Beam steering techniques have attracted much attention in recent years. They
have many applications in wireless communications, for example, automobile
collision avoidance system, smart antennas, radar systems, satellite communications,
surveillance systems, etcs, ‘Many beam steering techniques have been developed
without the use of conventional ferrite or solid-state phase. shifters, including a
movable grating film fed by dielectric ymage line, a microstrip antenna array fed by a
dielectric image:line [1]-[2] controlled by a reflector plate, and @ muilti-microstrip line
fed Vivaldi antenna array controlled by piezoelectric transducers. ~In this chapter, a
novel beam steering technique using microstrip patch antenna arrays fed by a
rectangular waveguide is presentéd. As shown: in:Figure 2.1, 15 microstrip antenna
sub-arrays are put on top of the waveguide. The incident power in the waveguide is
coupled to each sub-array by ansaperture on therwaveguide’s top wall. When the
width of the waveguide is changed, the propagation constant is also varied. Thus,
for fixed aperture spacing, the phase difference between two adjacent sub-arrays is

changed, leading to a steerable antenna beam.

2.2 Theory

The spacing (d) between two adjacent apertures is fixed and designed to be one
guided wavelength A, for a waveguide with width a. The propagation constant £ of

the waveguide is:
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Figure 2.1 Schematic diagram of a waveguide-fed microstrip antenna array.
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T
p= \/wzuoeo —(;)2 2.1)
The derivative of the propagation constant with respect to a gives:

p_x ! 2.2)

oa a° T
\/602#050 - (5)2

If there is a variation Aa in waveguide width, the propagation constant will

change an amount Af, and the phase shift between apertures becomes:

A¢:Aﬁ-d:%-Aa-d:(%%)Aa (2.3)
oa oa °¢
It is seen that the phase.shift can be controlled bysvarying the waveguide width.

This phase shift, in tutn, would change the direction of the arsay’s radiation beam.

2.3 Design

Figure 2:2 shows the top view of the finished antenna array.: The microstrip
antennas were fabricated on a Duroid 5880 substrate, whose & =2.2'and height=0.508
mm. Fifteen sub-arrays were formed in the array.. The array was put on a WR-28
waveguide of sizes7.11x3.56 mm* with apertures on the top wall. The power in the
waveguide is first coupled, through-an aperture, to-an open-ended microstrip line, and
then fed to one antenna sub-array. " The “excitation power of each sub-array is
controlled by varying the dimension of the coupling aperture and the length of open
microstrip stub [1]-[4]. Two transitions from coaxial line to waveguide were
designed and placed at the input and output of the waveguide [5]. The antenna
sub-array was designed and simulated by the commercial method-of-moment
simulator IE3D, and the coupling from waveguide to microstrip line was designed by
using the commercial full-wave finite-element software HFSS. The designs are

described in the following sections.
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Figure 2.2 Photograph of the microstrip antenna array.
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2.3.1 Series-Fed Microstrip Antenna Sub-Array

Figure 2.3 shows the photo of one antenna sub-array, which contains a power
divider and two series-fed microstrip antenna arrays. Each series-fed array is
composed of 9 microstrip antennas with different widths. An array with series feed
is easy to construct and requires little feed network hardware [6]. The power is
attenuated as the wave travels down the transmission line because of the radiation
from the elements. The loss must be accounted for when determining the element
excitations. For a broadside array, all elements should be in phase. Therefore, the

length s of the interconnecting.microstrip lines should be around half wavelength.

The equivalent circuit of a seriessfed-microstrip array is'shown in Figure 2.4,
where y; (= g;) is the conductance of the ith clement ‘at resonance, P,; is the radiation
power of the ith'element; P; is the power delivered-to the load from the left side of the

ith element, and P;' is the output power from the right side of the ith element.

Let o be the attenuation censtant of the interconnecting line:: The attenuation

-as

factor ¢ can thu§ be expréssed:ias g ="¢€ The powers have the following

relationships:

P'=P-P,

Py =qP" —P, =q(P,—P,—P,q™")

Py =qPf —P,=q"(P,—P, —Pyq ' —Psq ™) (2.4)

N
Py =gV (B - Pig
=1

The antenna efficiency 7 and conductance g; can be calculated as:

>e,

== (2.5)

n= P

|



Figure 2.3 The photograph of the finished series-fed sub-array.
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Figure 2.4 The equivalent circuit of a series fed microstrip array.
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g (2.6)

where V; is the radiation intensity, which can be adjusted by varying the width of the

patch.

2.3.2 Coupling from Rectangular Waveguide to Microstrip

Line

The purpose of designing the coupling structure is to couple the desired amount
of energy from the rectangular ‘waveguide to the microstrip line. The operating
frequency is 38.5 GHz. .The width of the microstrip line and the width (/) of the
aperture are fixedsat 1.56 mm and 0.6 mm respectively. At resonance, the level of
coupling is maximum if the fength of the open stub is 4,/4 (where A, = Co - fo™' -
Ereff 2y Figure 2.5 shows the variations of the measured and caleulated coupling
coefficient for various lengths of the open stubs. The open-stub length was selected
to be 3 mm. Although not shown here;the-influence-of the aperture length (L) on the
coupling coefficient was also investigated. The results-showed that the coupling
increases with the increase of the aperture length. . When the length reaches the range
of 2.5 mm to 2.7 mm, the coupling reaches a maximum of —8.78 dB. Further
increase of the length would cause a slight decrease of the coupling. Therefore, the

length of the waveguide aperture was selected to be 2.5 mm.

2.3.3 Waveguide-fed Antenna Array

The coupling coefficients required for sub-arrays can be calculated with the
same equations that used in series-fed antenna array design. It is noticed that the
coupling apertures also exhibit different phases due to different dimensions. The

phases can be compensated by properly adjust the feed line lengths of sub-arrays.
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The power fed to each sub-array is designed to be the same (uniform power
distribution).  According to the measured data, the transmission loss in the
waveguide is 0.115 dB/cm. Thus, for the waveguide section between two adjacent
apertures, the attenuation factor (g) was calculated to be 0.9739. The coupling
powers and phases from apertures to 50 2 microstrip lines, simulated by HFSS, for
broadside case, are listed in TABLE 1. It is noted that for the scanning angle of +7°,

the variation in waveguide width (Aa) is only 1 mm.

TABLE I The calculated'coupling power and phase for €ach aperture in the

waveguide-fed array; and the associated.aperture dimensions and open stub length.

No. Radiation = Input Power from = Apérture Dimension. ©, Power Coupled to the ~ Open Stub

Efficiencyi" the Right:Side of the (mm) Microstrip Line Length
Aperture Magnitude | Phase (mm)
1 0.57 15 W=02,"1=25 -14.202 -51.1066 1.1
2 0.57 14.0534 W=0.2, L=2.5 -13.919 -51.1066 1.1
3 0.57 13.1315 W=02, L=25 -13.624 -51.1066 1.1
4 0.57 12.2336 W=02, L=2.5 -13.317 -47.9482 0.9625
5 0.57 11.3592 Ww=0.6, L=25 -12.995 -49.8695 0.825
6 0.57 10.5076 W=0.5, L=2.5 -12.656 -49.6251 0.825
7 0.57 9.6782 Ww=0.5, =25 -12.299 -49.6251 0.825
8 0.57 8.8705 W=02, L=25 -11.921 -34.8314 0.55
9 0.57 8.0839 Ww=03, L=2.5 -11.517 -40.5607 0.55
10 0.57 7.3178 Ww=02, L=25 -11.085 -28.6421 0.4125
11 0.57 6.5717 W=03, L=25 -10.618 -32.8387 0.4125

10



12 0.57 5.8451 W=02, L=25 -10.109 -16.6067 0.275

13 0.57 5.1374 W=0.5, L=25 -9.549 -28.5607 0.275
14 0.57 4.4482 Ww=06, L=25 -8.923 -20.6199 0.1375
15 0.57 3.777 W=0.5, L=25 -8.213 -18.0592 0.1375

2.4 Measurement Results

In this study, the dimension of the:waveguide is changed by attaching metal
plates with different thicknesses to one side wall of'the waveguide. The length of
the waveguide wasdesigned to be / =20.emAt 38.5 GHz, the propagation constant

in the waveguide'is 0.6745 rad/s, and the guided wavelength /; = 0.9316 mm.

The measured gain of a single series-fed microstrip sub-array.is 14.47 dBi, and
the side lobe level is -9 dB." For the. fabricated waveguide-fed antenna array, the
measured return-loss is sHownsin Figure 2.6. It is seen that:the return loss is
nearly —20 dB from 36.5 GHz t0.39.5 GHz: ' The 10-dB bandwidth of the antenna is
about 22%. The H-plane patterns with and without a metakplate inserted are shown
in Figure 2.7. When there is no metal plate inside the waveguide, the gain is 21.7
dBi, the beamwidth is about 4°, the sidelobe level is —9.67dB, and the mean beam is at
1.8°.  When a metal plate with the thickness of 0.7 mm is inserted on the sidewall of
the waveguide, the gain is 17.95 dBi, the beamwidth is 4°, the sidelobe level

is —7.07dB, and the mean beam is at 7.2°. The main beam scanning angle is 5.4°.

2.5 Conclusions

Antennas operating at millimeter wave frequencies usually suffer considerable

feed line losses. Applying waveguide-fed method will result in a much less loss.
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In this study, we design a waveguide-fed microstrip antenna array, and introduce a
novel beam steering technique. Slightly altering the dimension of the waveguide
will lead to an evident variation of propagation constant. Consequently, this is a
distinctive and advanced technique of beam steering. According to the measured
data, the gain of the array is near 22 dBi, the beamwidth is about 4° and the return loss
is below —20 dB. The main beam scanning angle in H-plane is 5.4°, which shows

good consistence with the theoretical value.
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3 A Dual-Mode Millimeter-Wave Folded

Microstrip Reflectarray Antenna

3.1 Introduction

The folded reflectarray antenna [1]-[10] presented in this chapter can be
simultaneous operated in two modes, namely, the radar mode and the communication
mode. In the radar mode, the antenna demonstrates high gain and narrow
beamwidth characteristics, with beam switching capability. It is suitable for radar
applications, such as automotive sensors in wireless ‘Intelligent Transport Systems
(ITS). While insthe communication mode, the beamwidth is much broader and thus

provides communications over-a wide angular range.

The radar is a key technology in ITS; which opens up new perspectives of
comfort and safety features in future aatomobiles. The automotive radar can be used
for target identification, road condition detection, vehicles collision warning and
avoidance, obstacle .warning, stop-and-go traffic support and cruise control. In
addition, accurate radar images aboutthe-ambient traffic situation could be applied for
multiple targets classification and scenario interpretation. For a forward looking
vehicle radar, a coverage of about £10 degree, deduced from the demand of operation
in urban area or narrow road curvature, is acceptable. The required field of view can
be achieved using a multi-beam or steerable beam high-resolution antenna. In
general, a narrower beamwidth antenna is required to obtain higher resolution, and

higher gains contribute considerably to the sensitivity.

Besides, there is an increasing trend in having a combined use of the

inter-vehicle communications as well as the radar sensing. The inter-vehicle
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communications play an essential role in an advanced ITS for it enables each vehicle
to communicate with other vehicles (not only directly, but also indirectly via roadside
communication units), so as to get the information that are difficult or impossible to
measure by the vehicle alone. The vehicular collision avoidance capability can be
enhanced by incorporating inter-vehicle communications technology through wireless

ad hoc networks.

The design of each constituting part of the proposed antenna is presented in this
chapter. Some formulas have been derived for analysis and design. Measurement
results of the antenna pattern, antenna gain, aperture efficiency, and beam switching

property show good agreement with the simulated ones

3.2 Principle

The proposed dual-mode folded reflectarfay antenna is illustrated in Figure 3.1.
The distance A from the main reflector to the sub-reflector is 23“mm. The main
reflector is a rteflectarray.that. consists of -hundreds of ;square patch antennas
distributed over a citeular region with diameter D; each square patch has two open
microstrip stubs for field twisting and. phase compensation. The sub-reflector is
composed of high-density printed metal lines, which is transparent to one polarization
but would reflect the other. The feed antennas are probe-fed rectangular patch

antennas located on the main reflector.

For the radar mode, the fields radiated from the feed antennas are polarized in the
direction parallel to the metal grid lines on the sub-reflector. The fields confront the
sub-reflector are reflected. Due to the path differences, the fields received by every
square patch antenna on the main reflector have different phases and amplitudes.
Each square patch has two open stubs to provide the required 90° polarization twisting

17



and phase compensation. The fields re-radiated from the square patch array are in
uniform phase and tapered amplitude distribution, with polarization perpendicular to
the grid lines. Thus, the re-radiated fields could penetrate through the sub-reflector

and generate a narrow radiation beam.
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Figure 3.1 The schematic diagram of the proposed folded reflectarray antenna.
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The beam direction will vary with the position of the feed. Different from the
single mode horn-fed multiple-beam reflectarray antennas which have already been
extensively discussed [11]-[12], three feed patches were designed and implemented in
the vicinity of the center of the main reflector for radar mode beam switching in this

work.

On the other hand, the feed for the communication mode is designed to have a
polarization perpendicular to the grid lines on the sub-reflector. Therefore, the fields
radiated from this feed will transmit through the sub-reflector directly, the gain pattern
is in principle that of the,feed antenna, and the position of the feed antenna is not

restricted to areas in the vicinity of the center of the main reflector.

Refer to Figure 3.2. |The input power fed to the feed antenna is denoted as P;.
Grand G,, are'the maximum gains of the feed antenna and the square patch antenna,
respectively. The antenna gains at the direction of (6, ¢) are thus'correspondingly
equal to G -'gr (6, @) and Gy - (0, @), with gz (6, @) and g,/ (6, @) being the
normalized power. pattern;. of the feed antenna-and the.square patch antenna
respectively. It is noted that, the typical pattern g/ (6, ¢).of the.designed feed antenna

and the measured Gy of realized antenna was. used in the simulations.

The power P, received by the mth square patch can be calculated from the

Friis’s formula and written as:

P, =PG,G,C G.1)
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Figure 3.2 Coordinates for the analysis of the folded reflectarray antenna.
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with C,, defined as:

c - 80:4) 8,094, + 37/ DA
' (47m,)?

(3.2)

here r,, (= pn’+4H)"? is the path length from the mth square patch to the feed antenna,
with p, being the distance between the square patch and the feed antenna. For an
illuminating angle of (&, ¢) from the feed antenna, the receiving angle for the mth

square patch is (6, ¢+374).

The received power by each square patch.antenna will re-radiate from the same
antenna. The total radiation'power P,,, at an angle of (6, ¢) from the in-phase

excited array is:

P, (0,4) =G, g,(0,0) - FF(0.9) (3.3)

where the array factor F (6 @) is:

2
F2(9, ¢) — Z\/E | ejko(xm sin@co§ ¢+, sin €sin @) (34)

with (x,,, ) being the global coordinates of the mth square patch antenna. Thus, the

total antenna gain pattern; G, 0f the folded reflectarray antenna can be derived as:

Gtotal (9’ ¢) = Prad /B = Gf : Gszq ’ fz(ea ¢) (35)

where the normalized array factor is:

2
f2 (9’ ¢) — gsq (9, ¢) Z lcm X ejko (x,, sinfcosg+y,, sin@singp) (36)

3.3 Design

In this work, we developed a 38.5 GHz dual-mode folded reflectarray antenna.

For radar mode beam switching operation, three fixed-position patch antennas were
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created as the feeds for three corresponding spot beams. Whereas, there is another
patch for the communication mode. The details for the design of each part are

presented in the following subsections.

3.3.1 Feed Antenna

As a low profile folded reflectarray, feed antennas with wider beams are
preferred in order to illuminate more square patch antennas. Besides, every feed’s
area on the main reflector has to be small to enable multiple closely spaced beams
[13]. Horn antennas are used as the feeds im general reflectarrays. A horn with
sophisticated illuminatioh design [14] would make the reflectarray have optimal
aperture efficiency,but it suffers fromsbulky configuration and mechanical complexity.
On the contrary, printed type antennas, which ‘can-be.directly made on the main
reflector, are advantageous to multiple-feed- or movable feed design. Also, the
transceiver circuits can be easily integrateéd on the backside of the antenna. Hence

the feeds in this work are prebe-fed microstrip patch antennas.

The feed patches of the'folded reflectarray,"having sizes (LxW) of 2.3x2.4 mm?,
were designed on a Duroid 5880 substrate with thickness #0f 0.508 mm and &, = 2.2.
The measured return loss ofithe fabricated antenna'(Figure 3.11) shows a 10-dB
bandwidth of 9% (from 36.5 GHz to 39.9 GHz), with a peak value of 24.8 dB. The
broadside gain (Gy) is 6.3 dBi, and the measured 3-dB beamwidths in E-plane and

H-plane at 38.5 GHz are 74.7° and 88.2° respectively, as shown in Figure 3.3.

Several feed antennas, for both the radar and communication modes, will be
jammed into between the dense square patch antennas on the main reflector. The
close adjacency of the feed antennas and their neighboring square patch antennas will
cause the depolarization effect on the feed antennas. The cross-polarization is lower

than the co-polarization by at least 15 dB in simulation, which is ignorable.
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However, the worst isolation is only about 5 dB by measurement. Simple treatments
around periphery of the designed feed would be required to prevent the couplings, in
case that the radiation pattern for communication mode is worsen, as will be discussed
in Section 3.4. Whereas, in the radar mode, the narrow beam patterns after focusing

will scarcely affected by the variations caused by the couplings as shown in Section

3.3.3.
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Figure 3.3 The measured radiation patterns of the feed antenna at 38.5 GHz.
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3.3.2 Sub-reflector

Though in general, the substrate thickness of about 4/2 would allow the fields to
go through the dielectric slab with minimum insertion losses [14]. The 31-mil
Duroid 5870 laminate is chosen to fabricate the sub-reflector, with fine parallel metal
lines printed on, because it has a low loss tangent and its relative permittivity is close
to 1. The insertion loss of a high permittivity substrate is very sensitive to the
thickness. On the other hand, for low permittivity material, for example Duroid
5870, A/2 at 38.5 GHz is around 100 mil. It is unpractical to use such a thick
laminate, despite the simulated insertion loss for this caseis 0.12 dB. The simulated
loss for the 31-mil Duroid 5870 substrate at 38.5 GHz is 0.51 dB, which is a quite

good value that can be obtained with commonly available laminates.

The width'and spacing of the metal lines are designed so that the insertion loss is
as low (high)“as possible for an incident wave with its polarization perpendicular
(parallel) to the metal lines:. Three sub-reflectors with different printed lines were
tested. The lines’.width and.spacing for each sub-reflector are kept the same, and are
equal to 0.1 mm, 0.2.4mm, and 0.5 mm respectively. A horn antenna illuminated EM
waves toward another horn' antenna-at-230° mm apart. These two horns were
collimated and aligned with each other and were vertically polarized. The
sub-reflectors were placed in the middle of the transmitting and receiving horns with
metal lines oriented horizontally. The powers received by the receiving horn
antenna were then compared to that without sub-reflector inserted. For the 0.1-mm
sub-reflector, the insertion loss due to the presence of the sub-reflector is only 0.67 dB.
Then the sub-reflector was rotated to make the metal lines oriented to vertical
direction, the power received with the sub-reflector is 38.49 dB lower than that

without the sub-reflector. It is evident that the incident wave parallel to the metal
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lines is almost totally blocked and reflected by the sub-reflector.

Note that the nonzero insertion loss represents a certain portion of the incident
power will be reflected. Those waves will bounce between the main reflector and
the sub-reflector, experience multi-reflection and polarization twisting, and thus

would impair the antenna performance.

Although not presented here, the measurement results for the 0.2-mm and
0.5-mm sub-reflectors show that the blocking effect for the parallel incident fields
becomes worse when the line width.ands.spacing increases. Thus, the 0.1-mm

sub-reflector was adopted for use in the folded reflectarray:

3.3.3 MainReflector

The efficiency of a [reflectarray “is usually not that high ‘as compared to a
conventional reflector!antenna. The reduction in efficiency results' from the power
losses in the stubs-attached patch elements and the phase and polarization errors due
to mutual coupling between -non-identical~elements:r Besides, in a folded type
antenna, there areextra losses in the path because the reflected fields by the
sub-reflector are no greater than the incident fields, and thus the efficiency would be
lower. Although the typical values for reflectarrays range from 10% to 30%,
efficiency up to 70 % has been reported [15]. The aperture efficiency (7) is defined

as:

G G
77 max max (3 .7)

T @r/ YA, (D) A

here 4, (= 7Z'D2/4) 1s the area of the main reflector and G, 1S the maximum antenna

gain.
To get a maximum density of the array elements, the square patches are
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arranged to form an equilateral triangular array with spacing S equal to 5 mm, or about
0.64, within a circular area with diameter D. In general, the aperture efficiency for a
small reflectarray, even with reasonable good illumination, is not very good, but gets

much better with increasing size and adapted illumination.

Figure 3.4 shows the calculated aperture efficiency of the folded reflectarray
antenna as a function of D when illuminated by the same feed patch. As the antenna
size increases, the efficiency first increases due to the fast growth of the antenna gain.
Then, when D is further increased, the efficiency slightly decreases. This is because
that the illumination power'decreased as the distanceiand angle from the feed patch
increases; the received power of the square patch antenna decays rapidly as the patch
moves far away from the feed antenna, and thus the gain of the whole reflectarray
becomes saturated. A maximum caleulated efficiency -of " about 25% could be
achieved as D equals 140 mm. However, when D becomes larger than 100 mm, the
efficiency growth by enlarging the array size is quite limited, since the normalized
received powers.of the square patches located outside the circular region of radius 50

mm are below —8.3@dB. Therefore, D is determined to be 100.7m in this work.

The same substrate material as.that for the feed ‘antenna was used to fabricate
the main reflector. The main reflector comprises several hundreds of square patch
antennas located inside a circular area of diameter D = 100 mm. The square patch
antennas are oblique to the feed antenna with 45°. For field twisting and focusing,
two microstrip open stubs, each with a 4/4 impedance transformer, are attached to two
adjacent edges of the square patch, as shown in Figure 3.5. The square patch
measures 2.3%x2.3 mm®. The widths of the stubs and the transformers are,
respectively, 0.17 mm and 0.1 mm. The field incident on the antenna will be

received by the two stubs, reflected at the open end, and then fed back to the antenna
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for re-radiation. The difference between the open stubs’ lengths is designed to be
A/4.  This will make the re-radiated field orthogonal to the incident field, as will be
explained in the next paragraph. Besides, the absolute lengths of the stubs are
determined according to the location of each square patch so as to compensate the
phase delay due to path differences. Therefore, the antennas on the main reflector

are excited with uniform phase and tapered amplitude distribution.
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of the folded reflectarray antenna.
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To see the field twisting effect, let us consider a vertical field (radiated from the
feed antenna) incident on the stubs-attached patch. As shown in Figure 3.5(a), the
incident field can be decomposed into two orthogonal components, that is, component
A and component B. These two equal-amplitude components are separately received
by the two orthogonal open stubs on the left and right sides. After reflected at the
stubs’ open ends, these components are fed back to the antenna.  Since the left stub is
longer than the right stub by 4/4, component A experiences 180° more phase delay
than component B in the round-trip tour. The resultant total re-radiation field is thus

twisted to the horizontal direction, as shown Figure 3:5(b).

For better estimation of the folded reflectarray’s. performance, scattering
parameters of the individual square patch antenna was measured by extending the two
open stubs as two ports. Around the design frequency of 38.5 GHz, the return loss
(S11) and isolation between ports (S;;) are less than 20 dB. Also, the
co-polarization.and cross-polarization patterns were taken with one port terminated.
The broadside gain and the 3-dB beamwidth of the co-polarization . component are 5.6
dBi and 88° respectively.. By putting the measured patterns of'the individual square
patch into (5), a co-polarization gain -of about 26 dBi and a maximum
cross-polarization gain (assumed the cross-polarization fields of the square patches

were in-phase) of —4.8 dBi of the folded reflectarray were obtained.
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Furthermore, derived from the full wave simulation result of the single square
patch with appropriate periodic boundary conditions applied, the maximum
cross-polarization of the folded reflectarray grows up from —4.8 dBi to about —1.5 dBi.
It is the mutual coupling effect by the close proximity of the square patches and the
stubs. Actually, the cross-polarization component of the array is at least 27.5
(=26—(—1.5)) dB lower than the co-polarization component of the array, which is very

small and will be blocked by the sub-reflector.

For more efficient use of the excitation power and suppressing the pattern ripple,
the feed antennas for radar 'mode should be placed asinear the center of the array as
possible. Square patch antennas overlap the feed antennas-are to be detached for the
accommodation of the feed antennas. = Therefore, since the effective aperture reduces,
the main beam. gains will decrease and the side lobes will increase. Assume that
there are no square patch antennas within the circular area of diameter D The

simulated patterns for various Dyare.shown in

Figure 3.6.%" When Dy= 30 mm, the gain-drops about 1.27 dB in comparison to
Dy=0mm. In reality, the feeds will occupy an area substantially less than that of the

Dy=30 mm circle. The pattern will not be significantly affected.

It is also known from the simulations that the scattered fields reflected by the ground
plane of the main reflector are relatively weak, in comparison to the fields re-radiated
from the square patches. Moreover, the ground scatterings are haphazardly
distributed; they do not lead to co-phasal behavior in any direction and thus were

ignored in the design.
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3.3.4 Beam Switching Mechanism

As can be seen from Figure 3.2 that, by moving the position of the feed antenna,
the path length from the image feed antenna to the mth square patch changes from the
original value r, to a new value r,’, and then the new normalized array factor

becomes:

2
fZ(e) ¢) — gsq (9’ ¢) z ’Cm . ejko (x,, sinfcosg+y,, sin@sing+Ar,, ) (38)

the path length variation for a small feed movement has negligible influence on the
received power (P,,), but the shift koAr,, (=ko(r,-r»")) in the phase term of the antenna

gain pattern would result in a beam direction.change’

Figure 3.7.shows the calculated H=plane gain patterns for various displacements
d of the feed position. The feed antenna movés along the x direction from d = —15
mm to +15 mm. When d = 0 mm, thesradiation beam pointssto the broadside
direction, with the antenna gain.of 25.73 dBi1, 3-dB beamwidth 0f4.9°, and side lobe
levels of about —25 dB.- It'1s'seén that, as'd changes from/~15mm to +15 mm, the
main beam directs from +14.4° to —14.4°, the corresponding first side lobe moves
from the left hand side of the main beam to the right hand side, and the side lobe level
rises with the increase of the feed position displacement. The beam steering rate is
about 1° per 1 mm movement. However, the antenna gain becomes lower as the feed
moves farther away from the center position. The maximum gain variation in the

range of d =—15 mm to +15 mm is about 1.5 dB.

A sliding track mechanism, as shown in Figure 3.8, which allows controlling the
movement of the feed, was fabricated to verify the above analysis. The center region
of the main reflector was dug out so that the feed antenna can be placed and moved.

The total movable range is 8 mm (d = —4 mm to +4 mm). The measured H-plane
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patterns of the folded reflectarray antenna for various feed positions (d) at 38.5 GHz
are illustrated in Figure 3.9. A total steering angle of 7.2° was attained for the 8-mm

feed position displacement. The beam steering rate is very close to the simulated

one.
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Figure 3.8 Bottom view (left) and top view (right) of the sliding track mechanism,

which is mounted with the main reflector.
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3.4 Results

Figure 3.10 shows the photo of the finished folded reflectarray antenna with the
sub-reflector uncovered. An aluminum ring wall with inner diameter of 128 mm and
height of 23 mm was used as the housing to support and separate the two reflectors.
The three feeds for the radar mode are lined up along the x direction, with the
intervals being 12.5 mm, and located at the center of the main reflector. While the
feed for the communication mode is not on the same line as the radar mode feeds and
away from the center by about 14.2 mm. The measurement results for both modes

are presented in the following subsections.

3.4.1 Radar Mode

The measured return loss of the finished folded reflectarray for d = 0 mm feed is
shown in Figure 3.11. Tt is —22.4 dB.at 38.5 GHz. Figure 3.12 illustrates the
measured H-plane patterns, of the folded reflectarray antenna for various feed
positions (d) at 38.5 GHz. Simulation results are also shown for comparison. It is
seen that, as d changes from —12.5 mm to +12.5 mm,.the main beam directs from
+14.9° to —14.6°. The "beam steering-ratevis a little larger than 1° per 1 mm
movement, while the simulated main beam directions are +11.8750 and —11.8750 for
d =-12.5 mm and d = +12.5 mm respectively. The measured gains of the antenna
for d = —-12.5 mm, d = 0 mm, and d = +12.5 mm are 22.5 dB1i, 27.4 dBi and 22.6 dBi
respectively. The maximum aperture efficiency is about 33.9%, which is better than
the simulated one of 23.0%. The measured 3-dB beamwidths are 4.9° in the E-plane
and 4.4° in the H-plane. Besides, the measured side lobe levels are —15.5 dB in the

E-plane and —18.8 dB in the H-plane.
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Figure 3.9 The measured H-plane patterns for various feed positions (d) at 38.5

GHz.
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Figure 3.10 Photo of the finished folded reflectarray antenna.
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Figure 3.11 The measured return losses of the fabricated folded reflectarray antenna

for d= 0 mm feed in the radar mode, and the single feed patch.
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The measurement results agree well with the simulations in the main beam
region, yet behave worse in the side lobe areas owing to the blockage of the feed
antennas and the phase errors caused by mutual couplings between the square patches.
Also, parts of the waves reflected at the grid lines are re-reflected at the main reflector

and spreading around in the antenna, leading to increased side lobes.

In fact, the beam scanning angle introduced by placing the feed off the focal
point decreases with focal length to diameter ratio for a reflector antenna. Nonlinear
phase as a function of feed displacement leads to pattern distortion, including beam
broadening, rise in side Jlobe levels, and gain loss: ' These effects worsen with
increasing feed displacement for a reflector antenna with a short focal length like this

[16].

3.4.2 Communication Mode

The communication mode is expected to have a pattern resembles that of the
feed patch. Unfortunately, the.measured pattern exhibits a high-ripple level. The
major reason would bé that, ‘on the main reflector, the square patch elements in the
close proximity of the:communication mode feed patch would be excited by the
couplings from that feed, and the radiations from those excited square patch elements
would spoil the pattern. In addition, the cross-polarization component of the
communication mode feed operates in the radar mode, which will be reflected by the
sub-reflector and then re-radiated from the square patches, so that the pattern will be

interfered. The introduction of the sub-reflector would be another influential factor.

In order to ameliorate the ripple level, the sub-reflector was first removed, and
then the effects of various treatments on the feed patch for the communication mode
were investigated. The feed patch was enclosed by metal traces with different

shapes and widths. Some of the most efficient methods are illustrated in Figure 3.13.
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It is obvious that, with the metal traces, the patterns have been considerably improved,
as shown in Figure 3.14. The case that the feed patch surrounded by a metal square
frame (Figure 3.13(d)) was selected and implemented, because its pattern is most
similar to that of a typical patch antenna and has the most mitigated fluctuations.
The co-polarization pattern becomes smoother and more symmetric, and the gain is
slightly increased. This decision is also corroborated by the fact that the measured
cross-polarization fields are at least 10 dB lower than that without the metal square
frame, as shown in Figure 3.15. The measured return losses of the finished folded
reflectarray for various feed antennas presented in Figure 3.13 at 38.5 GHz are shown
in Figure 3.16. Theacturn loss at 38.5 GHz for the-case with Figure 3.13(d) as the

feed is —21.4 dB.

Then, the sub-reflector was re-installed while keeping the square frame enclosed
patch (Figure 3.13(d))"as the feed. The measured pattern is shown in Figure 3.17.
The pattern ofsusing the original-patch as the feed (Figure 3.13(a)), with the
sub-reflector installed, is also shown for .comparison. It canybe seen that the
modification madeto the feed has alleviated the sharp dips, and raised the averaged
gain by about 2dB, especially=near the broadside direction (e.g. —30° to +30°).
Although the ripples are not thoroughly removed, this pattern performs satisfactorily
for the inter-vehicle communications, which is an application of short-range wireless

technology.
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Figure 3.13 Four communication mode feed antennas: (a) The original feed patch
described in section 3.3. (b) The original feed patch enclosed with a metal ring trace.
The width of the trace (w) is 3 mm and the radius of the ring () is 4.5 mm. (c) The
original feed patch enclosed with a larger metal ring trace. Both the width of the
trace (w) and the radius of the ring () are 6 mm. (d) The original feed patch
enclosed by a metal square frame, with the trace width being 2.7 mm and the gap

being 1 mm.
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Figure 3.14 The measured patterns for various feed antennas presented in Figure

3.13, with the sub-reflector removed.
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Figure 3.15 The measured cross-polarization patterns for various feed antennas

presented in Figure 3.13, with the sub-reflector removed.
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Figure 3.16 The measured communication mode input reflection coefficients of the
fabricated folded reflectarray antenna, for various feed antennas presented in Figure

3.13.
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As comparing Figure 3.14 with Figure 3.17, it is found that the sub-reflector has
some effect on the radiation pattern. The non-uniform phase delays experienced
when the transmission fields radiated from the feed passing through the sub-reflector
result in side lobes in the pattern because the design of the sub-reflector was done on
the basis of normal incidence of a plane wave. The ripple level could be further
improved once the transmission phase characteristics of oblique incident waves with

various angles from the feed are taken into consideration of the sub-reflector design.

At last, the metal ring wall was removed and several dielectric posts were used
instead to support the main‘reflector and sub-reflector: * The patterns were measured

and the results show that the influence of the metal wall 1s msignificant.

3.5 Conclusions

A 38.5 GHz dual-mode folded reflectarray antenna has been proposed and
demonstrated. ““In the radar modey the radiation beam can be steered by switching
between feeds. “Three feed patches for the radar moede were implemented at different
positions of the main’reflector. The total beam switching angle is 29.5°. At the
design frequency, the finished folded reflectarray antenna possesses an antenna gain
of larger than 20 dBi within the beam switching range. A maximum gain of 27.4 dBi
and the corresponding aperture efficiency of 33.9% were achieved. While for the
communication mode, the ripple in the pattern was improved by enclosing the feed
patch with a square metal frame. The proposed millimeter-wave folded microstrip
reflectarray antenna works well for both the radar and communication mode, which is

one of the likeliest candidates for an ITS antenna.
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4 A 60 GHz Circular Polarization Selective

Surface by Printed Circuit Technology

4.1 Introduction

Linear-polarization selective surfaces in modern reflector antenna design, such
as reflectarray antennas [1]-[2], have been known and used for a long time. Many
applications, stemmed from linear polarization (LP) selection could be converted to
applications based ong circular polarization = (CP). selection, e.g., satellite
communications, navigation systems, wireless LAN, automotive radar, and remote
sensing radar applications. On.the-other hand, CPSS has been.rarely used. With
the emergencyyof excellent CPSSs, folded reflectarray could be extended to circular

polarization applications.

A lossless and perfect CPSS-would pass one sense of CP wave while reflecting
the other. Based.on the reeiprocity theorem; it ‘is.easy to derive that the reflected
wave for the reflection case, possesses the same polarization' sense as the incident
wave, and the transmittcd: wave for' the-transmission case must be of the same
polarization as the incoming wave.  Therefore, an ideal left-hand -circular
polarization selective surface (LHCPSS) would thoroughly reflect a left-hand
circularly polarized (LHCP) incident wave, while at the same time be completely
transparent to a right-hand circularly polarized (RHCP) incident wave. Likewise, an
ideal right-hand circular polarization selective surface (RHCPSS) would be opaque to

a RHCP wave and yet transparent to a LHCP wave.

Considering the similarity of LHCPSS and RHCPSS, only the RHCPSS will be

covered in this work. Through the method of moments (MoM) associated with the
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periodic Green's function, many simulations were performed. From these
simulations, the optimal parameters were obtained. Finally, a 60 GHz RHCPSS

using printed circuit technology was accordingly designed, constructed and measured.

4.2 Operational Principle

An original CPSS design was proposed in [3], which is formed by a
two-dimensional array. Each array element consists of two orthogonal and resonant
dipoles separated by 4/4 in height; with their center feed points connected together by
a A/2 transmission line, .where A is the wavelength. . Material with appropriate
dielectric constant is used to make the transmission line appéar 180° electrical length
in A/4 spacing. The two dipoles are meant to receive two orthogonal components of
the incident wave respectively. . Because of the. /4 separation.between the two
dipoles, the two.orthogonal components of a circularly polarized wave would arrive at
the respective dipoles either [in-phase-or 180° out of phase, depending on the
polarization states A circularly polarized wave impinging on the RHCPSS will be
reflected when thetwo corresponding components of the/waye reach the respective
dipoles in-phase and will be transmitted when thestwo corresponding components of

the wave reach the respective dipoles out of phase.

This design is intuitive, but there exist problems in practice. The main
difficulty is that the geometry and the medium of the transmission line must be
properly designed to make the separation of the two dipoles A/4 and the electrical
length to be A/2 simultaneously. In addition, considerations must be taken to
maintain impedance matching between the dipoles and the transmission line. It is
therefore not easy to realize this structure for use at high frequencies. As a result of

the complexity, another design was discovered [4]-[5].
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A CPSS with an analogous concept but simpler structure was proposed in this
work. This design is a bent wire formed from three jointed orthogonal segments,
having a total length of about 14, as illustrated in Figure 4.1. The transmission line
has been replaced with a direct wire segment, maintaining a vertical distance of 1/4,
but the electrical length is no longer a consideration. The two transverse straight
wires, connected by the upright segment, are approximately 3/84 and pointed in
perpendicular directions. This structure can be fabricated in a laminate by using
printed circuit technology: the two transverse wires are created by two metal traces

and the vertical segment is accomplished by a conductive via.

At any arbitrary time, the locus of the instantaneous electric field vector tip of a
circularly polarized wave traces out-a helix. * Every quarter wavelength shift along
the propagation direction causes a quadrature phase difference, so that the electric
field rotates 90° in the transverse plane. . For RHCP wave illuminated at normal
incidence, the respective induced cufrents on the two transverse wires are in-phase,
the two wires behave like dipoles: with sinusoidal-.like current distribution on them,
and a null appears in the middle of the vertical segment. ./ The entire bent wire thus
operates at geometrical resonance, and the dipoles re-radiate waves in both the +z
and —z directions. Below the substrate, the 'scattered wave propagates in the —z
direction with the same polarization sense as the incident CP wave. Meanwhile
above the substrate, the incident and scattered wave add 180° out of phase, thus

producing a null field in that region.

Regarding to LHCP illumination, the currents induced by the rotating electric
field of the incident wave add 1800 out of phase, and tend to cancel each other out.
The current distribution is much lower and no longer sinusoidal-like, and the scattered

wave is thus much weaker. The reflected wave in this case is negligible and the
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incident wave in the transmission region is scarcely disturbed.

Substrate

Figure 4.1 Schematic of the CPSS. The constituent structure is a bent wire formed
with three jointed orthogonal segments. The total length of the whole wire is about

1A
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4.3 Analysis Method

The numerical calculations begin with derivation of the Green’s function for
stratified media. The vector potential A due to the presence of a current

distribution J in the source region is expressed as:

12()(, ya Z) = IIJG(X, ya Zax': y”Z,)'j(x,: y’aZ,)dV’ (41)

x',y',z
where the spatial domain Green’s function G are represented by the Sommerfeld

integral as:
G(x,y,2) = L j k, HE (k,p)G (k) )dk

47 v (42)
with Ho(z) being.the Hankel function ef the; second kind and SIP the Sommerfeld
integration path. The spectral domain Green'’s functions G for veetor potential are
derived in closed form in the sourcerlayer [6]-[7]. These expressions are then
extended to an arbitrary layerthrough an iterative process individually for TE and TM
components of the Green’s functions in the source layer. , The coefficients appeared
in the Green’s functions/are functions of the generalized refléction coefficients, which
can be obtained by applying appropriate boundary conditions for the proposed
configuration. The main difficulty lies in the Hankel transform was resolved by
employing the saddle point technique in this work, because the Green’s functions in

the far field region are smoothly varying functions of distance.

For a planar infinite array, the periodic Green’s function G, is expressed in

terms of a sum of the spectral domain Green’s functions for layered structure [8]-[9]

as:
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where

. 2mm . 2m
kxm = kx +T,kyn = ky +T (44)

a and b represent the x- and y- periodicities of the structure. k&, and k, are
wavenumbers associated with the phase shifted plane wave.

In this work, the commercial software IE3D [10] based on Method of Moments
was utilized to calculate the induced,current. /. For simplicity of analysis, the unit
cell of a CPSS was duplicated-to form a 3x3 array, with periodic boundary conditions
applied on the four sides (see Figure,4.2)., No significant differences in the
calculated currents were observed by=having any. larger .array: from preliminary

simulations.

This product, of the currents extracted ffom the center unit cell of the 3x3 array
and the periodic.Green’s function, w4s substituted into (4.1) and integrated over the

source region to obtain the vectorspotential= 4 . = Then the fat-field RHCP and LHCP

components of the scattered:field were derived for each illumination.

4.4 Results

The term “Isolation” in this chapter is defined as the amount of the designated
polarization field blocked by the surface. The “Isolation” for a RHCPSS is found by
applying a RHCP plane wave illumination, then measuring the difference of the
RHCEP field intensity received with and without the RHCPSS inserted in front of the
receiver. On the other hand, the “Transmission Loss” is found by measuring the
difference of the LHCP field received with and without the RHCPSS inserted into a

LHCP plane wave illumination.
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Figure 4.2 The 3x3 array used for analysis. The currents on the center unit cell are

extracted for succeeding manipulations.
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The dielectric constant and the thickness of the substrate would suggest an
appropriate selection of the laminate. There are many commercially available,
oft-the-shelf products, which are suitable for the development of CPSSs. A laminate
with a dielectric constant of 2.33 (Duroid 5870) and 31-mil thickness was chosen for
this work, because, under such conditions, the distance the wave traveled in the

substrate is the closest to A/4 at the target frequency of 60 GHz.

According to the fabrication capability provided by PCB manufacturers, both
the minimum achievable trace width and spacing are 4 mils, and the minimum
achievable radius of a via is'2.mils. In this work, all trace widths and spacing are set
to 0.1 mm (=4 mils),"and the lengths of both arms are identical. The periodicity of
the array has an analogous effect on-isolation and transmission loss. It is observed
that the larger the periodicity.is, the less the isolation and transmission loss appear.

The periodicity.1s set to 2.2 mm as it maintains a-good isolation.

The optimization process starts from taking 34/8 as the initial'value of the arm
lengths (/). Then the arm lengths for different radii of the via are varied to achieve
the optimal design.” JFigure 4.3 and Figure 4.4 displaythe simulated isolation and
transmission loss against ‘arm lengths.at 60 GHz: The solid line and the dashed line
respectively present the results obtained when the via radii (r) are 2 mils and 4 mils.
It is seen that the isolation is a fast-varying function of the arm length, while the
transmission loss is a slow-varying one. For the 2-mil via, the optimal length for
largest isolation occurs at 1.5 mm with a corresponding isolation of 26.4 dB. At this
length, the transmission loss is —0.43 dB. For the 4-mil via, the optimal length for
largest isolation occurs at 1.425 mm with a corresponding isolation of about 22 dB

and the transmission loss is —0.44 dB.
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Figure 4.3 The simulated isolation for various lengths of arms. The radii (r) of the

vias are 2 mils and 4 mils, respectively.
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Figure 4.4 The simulated transmission loss for various lengths of arms. The radii

(r) of the vias are 2 mils and 4 mils, respectively.
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As Figure 4.3 and Figure 4.4 indicate, the performance of the circular
polarization selectivity is extremely sensitive to the lengths of arms. The radius of
the via also has significant influence; thinner via will have longer optimum arm
lengths and a better performance. Thus, the design with the via radius of 0.05 mm

and the arm length of 1.5 mm was determined for realization.

The finished RHCPSS has 1256 unit elements, made on a disk-shape substrate,
with a radius of about 45 mm. However, it apparently differed from what had been
proposed. The manufacturer, based on its accumulated experience, achieved a via by
a hole with copper plating.on the walls and two:'additional annular ring pads
encompassing the hole on each side of the substrate in erder to prevent the thin
metallic traces from peeling off. -Figure 4.5 is the photograph of the finished
RHCPSS. The schematic diagram of the realized deformed structure observed with
a microscope is.also sketched. By measuring, the lengths.-from the center of the ring
to the ends of the arms are 1.5 mm, arid the mner radii of the rings are about 0.075 mm.
However, the outer radii of the rings are inconsistent, ranging from 0.1 mm to 0.2 mm.
In order to better understand the deviation, simulations that set the models with outer
radii of 0.1 mm, 0.15 mmy and 0:2 mm and the unchanged arm length of 1.5 mm were

performed. Figure 4.6 and Figure 4.7 illustrate the simulated results.

Measurements are performed with an Agilent 8510C VNA equipped with an
extra milli-meter wave controller and a milli-meter wave test set. Two LP horns are
collimated and aligned with each other. For shielding, a metal plate with a hole
having the same radius as the CPSS is placed in between the two horns. The CPSS
under test is installed in place of the hole. The distances between the RHCPSS and
the two horns must be large enough to ensure the phase of the wave to be uniformly

distributed over the aperture of the RHCPSS. It is set to 1 m in this work.
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Figure 4.5 Photograph of the finished RHCPSS, which has 1256 elements on a

disk-shape substrate. The radius of the disk is about 45 mm.
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Figure 4.6 The simulated isolations for outer radius (r) of 0.1 mm, 0.15 mm and 0.2
mm (arm length /= 1.5 mm, inner radius= 0.075 mm), and the measured isolation of

the finished RHCPSS.
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Figure 4.7 The simulated transmission loss for outer radius (r) of 0.1 mm, 0.15 mm
and 0.2 mm (arm length /= 1.5 mm, inner radius= 0.075 mm), and the measured data of

the finished RHCPSS.
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Two LP horns are installed on the two ends of the network analyzer on account
of the lack of standard CP horn antenna. The cross-polarization levels of the LP
horns are less than —40 dB, whose effects are neglected in the following analysis. LP
wave can be considered as a combination of a pure LHCP and a pure RHCP wave,

each contributing half the power.

Let Ewmgjor and Epgnor be the electric field magnitudes in respective major and

minor axis of the polarization ellipse of a CP wave:

mor

EMajor = (ELO + ERO)/2 s Eypinor S deBifo T ERO)/2 (4.5)
where £y and Egy denote the intensities of left- and right-hand components.

By definition; the axial ratio(4R) of a CP wave is:

EMaior = ELO +ERo - 1+(ERO /ELO)

|AR| = Mo £ (4.6)
ELO L ERO = (ERO /ELO)

E

Minor

Rotate the receiving horn and RHCPSS under test until maximum and minimum
S, appear, the axial ratiopcan be calculated from-(4.6) and the ratio of LHCP
component to RHCP component can be derived as:

Er _ |AR| —1 4.7
E, |AR|+1

Suppose that the transmission loss of the LHCP component compared to the
reduction in the RHCP component, caused by the RHCPSS, is negligible, i.e., E;p>

Ero at the receiving side, E;y and Ery can be deduced from the measured maximum

and minimum S,;.

Remove the RHCPSS, while keeping the shielding plate in place, and then
re-perform the S;; measurement to figure out the referenced RHCP and LHCP

components of the incident wave, so as to obtain the isolation and transmission loss.
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Figure 4.6 shows the frequency response of the measured isolation for the
realized RHCPSS. The simulation responses for outer radius of 0.1 mm, 0.15 mm
and 0.2 mm (arm length /= 1.5 mm, inner radius= 0.075 mm) are also shown for
comparison. As the figure indicates, the measured data is quite similar to the
simulated result of the case with outer radius of 0.2 mm. The maximum measured
isolation of 23.89 dB is obtained at 58.4 GHz, while the isolation at 60 GHz is only
7.82 dB.  Figure 4.7 illustrates the corresponding transmission losses for
measurements and simulations. The minimum transmission loss of about —2.25 dB

1s measured at 58.4 GHz, whilé ati60 GHz the transmission loss is —4.65 dB.

It is considered: that the deviation between the measured and simulated
transmission loss, was.caused by the variation in loss tangent.” In the simulations, the
loss tangent of Duroid 5870 was set to 0.0009 in the light of the data provided by the
laminate vender. Nevertheless, this value.is for 10 GHz,.and the loss tangent at 60
GHz must be higher. Another likely réason for this could be the imperfection in
workmanship, including the inconsistencies of the thickness of thescopper plating for
each via and the outer radius of"each annular ring pad. . Poot conduction of the vias
can lead to geometrical resonanee phenomenon on'the whole structure by undesired

CP illumination, causing an increase in the transmission loss.

4.5 Conclusions

This chapter reports theoretical and experimental investigations into a new
CPSS. The proposed design is well suited for PCB manufacturing process. The
closed-form spectral domain Green’s function for this CPSS configuration was first
derived and transformed into the periodic Green’s function. Then the scattered fields

of a planar infinite CPSS were obtained by the induced currents together with the
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periodic Green’s function. Lastly, with the scattered fields, the isolation and

transmission loss can be calculated.

The design of a 60GHz RHCPSS shows good performance, with the respective
simulated isolation and transmission loss at 60 GHz being 26.4 dB and —0.43 dB.
However, the manufacturer added unprompted pairs of annular ring pads in the
fabrication process to avoid any peeling effect. The sizes of the pads are even
inconsistent. These variations make the finished RHCPSS disagree with the

optimized design.

For the finished RHCPSS, the maximum measured iSolation of 23.89 dB and the
minimum measureditransmission loss.of =2.25.dB occur at 58.4.GHz, which is a little
lower than the desired frequency. | The deformations resulted from fabrication and
the defects in workmanship indeed affect the performance. .. Simulations on various
degrees of deformed structures reveal that-the-isolations are greater than 25 dB while
the transmission losses are better than:—1 dB. In addition, one of the results quite
resembles the measured data. Therefore, as long-as the deformations are arranged

during the design progess, an exceptional outcome can be reached.

With the findings in this chapter, the feasibility of developing a millimeter-wave
CPSS with printed circuit technology is confirmed. This study can serve as a
foundation for further research, and opens new possibilities for the beneficial

application in this field.
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S A New Advance in Circular Polarization
Selective Surface — A Three Layered CPSS

without Vertical Conductive Segments

5.1 Introduction

Linear-polarization selective surfaces in modern reflector antenna design, such
as reflectarray antennas [1-4], have been knowngand used for a long time. Many
applications, stemmed . from linear polarization (LP) selection could be converted to
applications based ~on " circular polarizations (CP) " ‘selection, e.g., satellite
communications, navigation systems, wireless LAN; ‘automotive radar, and remote
sensing radar applications. On the other hand; CPSS has been rarely used since no

simple electromagnetic surface achieving'such a selection is accredited yet.

Conventional circular polarization-selective-structures comprise transverse metal
traces on different layers jointed" together with longitudinal conductive filaments.
Two typical designs are shown in Figure 5.1. Besides, assemble two or more CP
polarizers or LP-CP converters [S] with specified separations and orientations could

achieve the same circular polarization selectivity function.

The initial concept was introduced in [6], which proposed a CPSS formed by a
two-dimensional array. Each array element consisted of two orthogonal and
resonant dipoles, separated by a free-space quarter wavelength in height; with their
center feed points connected together by a half-wavelength transmission line, as

shown in Figure 5.1(a).

The above design is intuitive, but there exist problems in practice. The main
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difficulty is that the geometry and the medium of the transmission line must be
properly designed to make the separation of the two dipoles a quarter wavelength and
the electrical length a half wavelength simultaneously. In addition, considerations
must be taken to maintain impedance matching between the dipoles and the
transmission line. Thus realizing this structure for use at high frequencies is not easy.
As a result of the complexity, another design with an analogous concept but simpler

structure was discovered [7].

The second design is a bent wire formed from three jointed orthogonal segments,
having a total length of about one wavelength, as shown in Figure 5.1(b). The
transmission line has‘been replaced with a direct wire segment, maintaining a vertical
distance of a quarter wavelength, but-the electrical length is no longer a consideration.
The two transverse straight wires, connected. by the upright segment, are
approximately,. three-cighths wavelength and.pointed ‘in. perpendicular directions.
This structure can be fabricated in adaminate by using printed circuit technology: the
two transverse wires are creatediby two metal traces and the vertical segment is

accomplished by a ¢onductive via.

For the CP wave illuminated at.normal incidence that makes the respective
induced currents on the two transverse ‘wires in-phase, the two wires behave like
dipoles with sinusoidal-like current distribution on them, and a null appears at the
middle of the vertical segment. The entire bent wire thus operates at geometrical
resonance, and the dipoles re-radiate waves in both the +z and —z directions. Below
the substrate, the scattered wave propagates in the —z direction, meanwhile above the
substrate, the incident and scattered wave add 1800 out of phase, thus producing a

null field in that region.
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(a)

Transmission line
(A/4, 180°)

(b)

Figure 5.1 (a) The constituent element of the CPSS structure proposed in [6]. (b)

The constituent element of the CPSS structure proposed in [7].
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For the other CP illumination, the induced currents on the two transverse wires
are 180° out of phase, and tend to cancel each other out. The current distribution is
much lower and no longer sinusoidal-like, and the scattered wave is thus much weaker.
The reflected wave in this case is negligible and the incident wave in the transmission

region is scarcely disturbed.

Although the second design is much simpler than the first one, implementing
numerous, dense and thin vias on a CPSS accurately and stably is still hard to achieve
at high frequencies. In printed circuit fabrication process, a vertical connection
between layers is achieved'by. a via hole with copper plating on the walls and two
annular ring pads encompassing the hole on each side of the substrate in order to
avoid a peeling effect. © The thickness_of the copper plating for each via is usually
inconsistent and will deteriorate - the 'effectiveness of CP .wave selectivity.
Furthermore, poor conduction of the vias .can lead to geometrical resonance
phenomenon ons the whole structures by undesired CP illumination, causing an

increase in transmission loss.

To avoid the ‘problems associated with the vertical conductive segments and
increase flexibility in design motivated the drive to invent a new type of CPSSs that is
composed of only transverse elements but no vias. Blocking electromagnetic waves
at any designated frequency with two perpendicularly directed, adequately tuned
dipoles which are placed a quarter wavelength apart is easy to do, but, if without the
vias, both senses of CP wave will cause resonance on the two dipoles. In other
words, the blocking effect works equally well for both RHCP and LHCP, and the

inherency of CP wave selectivity is nonexistent.

In order to retain the capability of discriminating different CP waves, a
substitute which is more suitable to multi-layered PCB process is created in the midst
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of the two dipoles to take the place of the via. Connection would then be established
through the couplings caused by the intermediate part between the two dipoles, so that
each sense of circular polarization gives a different response. We construct the

operational principle for this type of CPSSs, as described in Section 5.2.

With the similarity of LHCPSS and RHCPSS, only the LHCPSS will be covered
in this work. Many simulations were performed using the commercial software
HFSS [8]. From these simulations, the optimal parameters were obtained and a 30
GHz LHCPSS was designed and constructed. Lastly, the calculated and measured

results are presented.

5.2 Principle

According to the fabrication capability provided by PCB manufacturers, both
the minimum achievable trace width and spacing are 4 mils. In this work, all trace

widths and spacing are set to 0.1 mm (=4 mils).

There are many commercially available; off-the-shelf products, which are
suitable for the development .of CPSSs. The selection ofian appropriate laminate
depends on the dielectric constant and the thickness of the substrate. A substrate
with a dielectric constant of 2.33 and 62-mil thickness was chosen for this work,

because it has the lowest error (<5%) at the designated frequency of 30 GHz.

For this chapter, the term “Isolation” is defined as the amount of the designated
polarization field blocked by the surface. The “Isolation” for a LHCPSS is found by
applying a LHCP plane wave illumination, then measuring the difference of the LHCP
field intensity received with and without the LHCPSS inserted in front of the receiver.
On the other hand, the “Transmission Loss” is found by measuring the difference of

the RHCP field received with and without the LHCPSS inserted, with an input RHCP
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plane wave illumination.

The CPSSs presented in this chapter, are arrays composed of identical cells
made on dielectric slabs, with appropriate periodicities between cells. HFSS was
employed to analyze the reflections and transmissions of the CPSSs. Perfectly
matched layers (PMLs) were used to simulate an unbounded radiation environment.
Periodic boundary conditions were applied to reduce the problem domain;

consequently adopting only one unit cell for simulation is sufficient.

Figure 5.2 illustrates a unit cell of atwo-dimensional array, which contains two
perpendicular dipoles located respectively on the top and bottom layers of a 62-mil
Duroid 5870 laminate, with an L-shaped trace between the dipoles. The periodic
boundary conditions are applied on the-fourssidewalls of the'cell;:and the other two

sides are attached with PMLs.

Consider if only the y-directed trace (lower dipole) existed in a unit cell (refer to
Figure 5.2), and.illuminatefthe atray"with a normally incident (+z) y-polarized LP
plane waves. The frequency: response. of isolation varies with the length of the

dipole and the periodieity.
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(a)

(b)

<« Lowerdipole (/) - p

» Y

v
X

<« Upper dipole ())—p,

< Periodicity >

Figure 5.2 (a) The unit cell of a CPSS that contains two perpendicular dipoles on
top and bottom layers and an L-shaped trace in the middle. (b) Top view of the unit

cell.

79



A maximum isolation of 20.76 dB at 30 GHz is found when /= 3.61 mm (about a
half wavelength) with periodicity= 4.5 mm. The isolations for x-polarized incident
plan wave are around 0.75 dB over the frequency range of 25-35 GHz, which can be

regarded as the transmission losses in the substrate.

If the unit cell contains both upper and lower dipole, and the dipole lengths and
periodicity remain the same, the simulated isolations as a function of frequency for
respective LHCP and RHCP incidence are shown in Figure 5.3. It confirms that a
configuration with two perpendicularly directed dipoles separate one-quarter
wavelength apart has almaost.the same blocking responses to LHCP and RHCP
incidences. Also noted, was that the frequency the maximuny isolation (21.5 dB) for

a CP incidence occurred at, is a little higher than that for a LP incidence (30 GHz).

As statedfin Section 5.1, some coupling elements are needed to relate the upper
and the lowefdipole in such a way, that the whole structure exhibits CP wave
selective property. | An L-shaped trace:'was thus contrived as the coupling element, to
be inserted into the middle jof the two dipoles (Figure 5.2). The dipole lengths and
periodicity were kept unehanged. Each arm of the L+shaped trace has the same

length as the dipoles and is parallel to.the upper and the lower dipole respectively.

With the addition of the L-shaped trace, the electromagnetic coupling effect
generated causes the total effective currents on the upper and lower dipole to be

primarily the vector sum of the currents as expressed in the following equations:

Iu:]t¢u+]ul:1uu+CFul'Ill (51)

1/:]11+]1u:111+CF1u'1W (5.2)

where [, is the current on the upper dipole, /; is the current on the lower dipole, 7, is

the current on the upper dipole induced by the x-component of the incident wave, /j; is
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the current on the lower dipole induced by the y-component of the incident wave, 1,
is the current on the upper dipole coupled from the current on the lower dipole
induced by the y-component of the incident wave, [;, is the current on the lower
dipole coupled from the current on the upper dipole induced by the x-component of

the incident wave, and CF,; and CF}, are the coupling factors.
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Figure 5.3 Isolations as a function of frequency for a unit cell with two
perpendicular dipoles located respectively on top and bottom layer of a 62-mil/ Duroid

5870 laminate (/=3.61 mm, periodicity= 4.5 mm).
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CF,; is defined as the ratio of the magnitudes, of the currents on the upper dipole,
with respect to the magnitudes of the currents on the lower dipole, when excited by a
y-polarized plane wave; whereas CFy, is the ratio of the magnitudes, of the currents on
the lower dipole, with respect to the magnitudes of the currents on the upper dipole,
when excited by an x-polarized plane wave. The simulated coupling factors for
various frequencies are shown in Figure 5.4. It was discovered that CF,; is very
close to CF},, and the maximum coupling factor of about 0.92 occurs at 27 GHz.
The directions of the current for the upper and the lower dipoles excited by LHCP and
RHCEP incidences at this frequency.are indicated in Figure 5.5, and the directions of
the current on the upper and the lower dipoles excited by x- and y-polarized plane

waves respectivelyare indicated in Figure 5.6.

For a 27 GHz LHCP illumination, 4;; and [;, are in the same direction, and /,,, and
1,; are also in the same direction. Therefore, by (5.1) and.(5.2), the currents on both
dipoles add constructively. The geometrical resonance remains on the dipoles, so

that a LHCP wave i1s reflected.

On the contraryy for a 27 GHz RHCP illumination,/;, and [, are approximative
in magnitude but opposite in direction,.as.are 1,; and' f,,. The mutual interactions
make the currents on the dipoles nearly ‘cancelled out, allowing the incident RHCP
wave to pass through this type of CPSSs with only a slight influence as a result of the

much-reduced scattered fields ascribed to the L-shaped trace.
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Coupling Factor
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Figure 5.4 Coupling factors as a function of frequency for the configuration shown

in Figure 5.2 (I=3.61 mm. Periodicity= 4.5 mm).
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(b)

Figure 5.5 The current directions on the upper and the lower dipoles excited by (a)

LHCP incidence, and (b) RHCP incidence, at 27 GHz.
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Figure 5.6 The current directions on the upper and the lower dipoles exited by (a) 27
GHz x-polarized plane waves, and (b) 27 GHz y-polarized plane waves. The dashed

line indicates the couple currents.
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The simulated isolations as a function of frequency for LHCP and RHCP
incidences are shown in Figure 5.7. The results reveal that the isolation curves for
LHCP and RHCP are no longer similar, as compared with Figure 5.3. At 27 GHz, a
sudden rise in LHCP isolation curve can be seen, but the isolation slightly declines for
RHCEP incidence, as expected. Consequently, it is reasonable to conclude that the
coupling effect generated by the presence of the L-shaped trace in between the upper
and lower dipole markedly affects the circular polarization selectivity performance of

a CPSS structure.

Further investigations ~on- the L-shaped trace were performed to better
understand its property:. Stmulated results show that when the length of the L-shaped
trace gets longer, the maximum ceupling factor shifts towards lower frequency.
Therefore, the lengths of the arms of the 'L-shaped trace should be slightly shorter
than the lengths of the'dipoles in order to have. a higher isolation for LHCP incidence

and a lower transmission loss for RHCP.ancidence at the desired frequency.

5.3 Design

With the function of .the L-shaped. trace confirmed, we added two auxiliary
L-shaped traces in order to enhance the coupling effect and increase degrees of
freedom in designing. The additional L-shaped traces are also in the middle layer
but placed on either side of the original L-shaped trace. The lengths of the two
additional traces are variables, independent of the length of the central L-shaped trace.
Being a three-layered structure, two 31-mil Duroid 5870 laminates are utilized to
develop the LHCPSS, and the L-shaped traces are implemented on the bottom side of
the upper laminate. A coat of agglutinate substance binds the laminates together,

with a minimum achievable thickness of the agglutinate substance being 2 mils.
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Initially, the agglutinate substance is assumed to be made of the same material as the
substrates (Duroid 5870) above and below. The whole configuration is illustrated in

Figure 5.8(a).

Preliminary simulations show that the two additional L-shaped traces, in
contrast to the original one, have minor contribution in reducing the RHCP induced
currents on the upper and the lower dipoles. Furthermore, no significant
improvements were obtained by having unmatched endpoints, or end-edges of the two
additional L-shaped traces which are not in same straight lines. Therefore, to
decrease the calculation amount, all simulations-will be performed with the two
additional L-shaped traces having matching endpoints. - The'geometry variables used

for optimization are indicated in Figure 5.8(b).

The performance of the circular polarization'selectivity.is extfémely sensitive to
the lengths of the traces; especially the lengthsof the two dipoles. The lengths of the
dipoles on the top and bottom layers.primarily determine the LHCP isolation of a
LHCPSS, whilethe well-tuned L-shaped traces in the middle'layer would reduce the
RHCP transmission” less. « The periodicity of the array has an analogous effects on
both the isolation and transmissionloss;.the ‘larger the periodicity, the less the

1solation and transmission loss.

The optimization process starts by first assuming that the lengths of the two
dipoles are a half wavelength in the substrate, without any other metallic traces.
With this design, excellent isolations (e.g. beyond 40 dB by simulation) can be
achieved by varying the dipole lengths, however, high transmission losses
accompanies. Next, the three L-shaped traces are taken into account, and lastly the
periodicity of the array is included. With the combination of these, we have a total
of four degrees of freedom available for optimization; they are the lengths of the
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metallic traces (/, [; and /3) as well as the periodicity of the array (p), provided that /,=
[3 + 0.4 mm (see Figure 5.8). All of the geometry variables affect the result, so for

the optimum solution, all four variables must be adjusted simultaneously.
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Figure 5.7 The simulated isolations as a function of frequency for the configuration

shown in Figure 5.2 (/= 3.61 mm, periodicity= 4.5 mm).
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(a)

Duroid 5870
(31 mils)

Glue (2 mils) —» < -

Duroid 5870 —
(31 mils)

(b)

Figure 5.8 (a) The schema of the proposed LHCPSS configuration. (b) Top view
of a unit cell of the LHCPSS, three L-shaped traces are implemented in the middle

layer.
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Then, find the geometry which gives good isolation and acceptable transmission
loss. The geometry parameters obtained are: p =4 mm, [ = 3.25 mm, [, = 3.295 mm,
[, =2.7 mm and ls5=2.3 mm. The resultant isolation is 19.83 dB and the transmission
loss is about —2.55 dB. Note that /; is a little longer than /, which violates the
inferences we drew in Section 5.2. The geometry does not have to be the perfect,
because the glue is not made of Duroid 5870 material in reality, it is merely treated as

an initial step to be followed up with optimizations.

For the purpose of examining the effects of the glue, simulations were done with
the geometry unchanged, but replacing the glue layer with different materials. As
Figure 5.9 and Figure 5.10 indicate, the isolation is a rapidly“varying function of &,
while the transmission loss is a slowly varying one. « & = 2.33 is the special case
where the agglutinate substance is of the same.material as |the.substrates. The
performance of the design is considerably.susceptible to .the agglutinate substance.
Therefore the geometry should be.tedesigned to overcome the sinfluence brought

about by the glue:
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Figure 5.9 Isolations at 30 GHz for various & and thicknesses of the glue layer (p =

4 mm, I=3.25 mm, [,=3.295 mm, l,= 2.7 mm and 3= 2.3 mm).
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Figure 5.10 Transmission losses at 30 GHz for various & and thicknesses of the glue
layer (p =4 mm, [=3.25 mm, [;=3.295 mm, [,= 2.7 mm and 5= 2.3 mm).
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Also of interests, is to vary the glue thicknesses to investigate its interaction,
because the glue thickness is hard to control. In Figure 5.9 and Figure 5.10,
isolations and transmission losses for different glue thicknesses shows little change.
This signifies that the height of the configuration is less important as a factor; the
spacing between the upper and the lower dipole do not affect the performance much

with this design.

FR-4 (& = 4.5) is the most commonly used agglutinate substance by
manufacturers to glue printed circuit boards together. Under this condition,
achieving optimal geometries.are not convenient because,the agglutinate substance is
different from the substrates of the laminates. The diScontinuities caused by
different materials lead to additional reflections. = Figure 5.9 'shows the isolations for

the initial design with & = 4.5 glue, fall to less than:5 dB.

If there i§'no metal trace or dipole, i:¢. only substratcs and glue layer exist, the
transmission losses for the same ranges of & and glue thicknesses as in Figure 5.10
are between —0.64 dB and —0.95 dB. The-transmission loss for a 2-mi/ FR-4 glue
layer is about —0.86 dB, which can be explained as the loss caused by the substrates

and glue layer.

The optimization procedure described above is resumed to find the proper
geometry parameters of the present configuration with a 2-mil FR-4 glue layer. By
iteratively adjusting /; and /5 together with p for various dipole lengths (/), and then
sifting out the cases with high isolation and low transmission loss, the appropriate

solutions can be extracted. Some of the selected results are shown in Figure 5.11.
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Figure 5.11 (a) Simulated isolations for several geometrical variables (/;, /5, p) with
respect to /. (b) Simulated transmission losses for several geometrical variables (/i,
[3, p) with respect to /.
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Trade-offs will have to be made, to give consideration to both, low transmission
loss and high isolation. The criterion used to judge the optimized geometry is for a
case that has the highest isolation with a transmission loss of no worse than —2.5 dB.
The final parameters are determined as follows: p = 6.25 mm, [ = 3.385 mm, [, = 2.9
mm, I, = 3.0 mm and /5 = 2.6 mm. Consequently, LHCP isolation and RHCP
transmission loss for the proposed structure at 30 GHz are 12.52 dB and -2.36 dB

respectively.

Figure 5.12 illustrates the normalized induced current distributions, on the
optimized LHCPSS for LHCP and RHCP emanations tespectively. As can be seen,
the current for the LHCP wave is much higher and appears asa resonant distribution,

while the RHCP wave exhibits much-less current and very little resonance.

5.4 Measurenient

Figure 543 1s the finished#/LHCPSS with 185 unit elements, made on a

disk-shape substrate, with a gadius of about 55 mm.

Measurements -are!performed with an Agilent 8510C vector network analyzer.
Due to the lack of standard CP horn antenna, two standard LP horn antennas are
installed on the two ends of the network analyzer. The cross-polarization levels of
the LP horns are less than —40 dB, whose effects are neglected in the following
analysis. These two horns are collimated and aligned with each other, as sketched in
Figure 5.14. For shielding, a metal plate with a hole having the same radius as the
CPSS is placed in between the two horns. The LHCPSS under test is installed in
place of the hole. Phase compensation was not taken into consideration in designing,
so the distances between the LHCPSS and the two horns must be large enough to
ensure the phase of the wave to be uniformly distributed over the aperture of the
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LHCPSS. In the measurement setup of this work, the distances are set to 60 cm.

Figure 5.15 is the picture taken during measurements.
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Figure 5.12 (a) Normalized induced current on the metallic traces of the optimized

LHCPSS illuminated with (a) LHCP wave, (b) RHCP wave.
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Figure 5.13 Photograph of the finished LHCPSS, with 185 elements on a disk-shape

substrate. The radius of the disk is about 55 mm.
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Figure 5.14 Schematic of the measurement setup.
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Let Eygjor and Enginor be the electric field magnitudes in respective major and

minor axis of the polarization ellipse of a CP wave:

_Ep tEL

Major — 7

(5.3)

_Ern =i (5.4)

Minor 2
where E;p and Egy denote the intensities of left- and right-hand components

respectively.

By definition, the axial ratio (4R) of a CP wave is:

|AR| _ EMajvr _ ERO +EL0 L 1+(ELO /ERO) (5.5)
EMinor ERO _ELO 1_(EL0 /ERO)

Rotate the reeeiving horn and thet LHCPSS under: test until maximum and
minimum S;; appear, the axial ratio can be calculated from (5.5) and E;¢/Ery can be
derived from:

Ey _ |AR|_1
Eq  |AR|+1

(5.6)

Suppose that the transmission loss of the RHCP component compared to the
reduction in the LHCP,compenent, caused by the. LHCPSS; 1s negligible, i.e., Ery >
E;y at the receiving side, £ and Egy can be deduced from the measured maximum

and minimum Sy;.

Remove the LHCPSS, while keeping the shielding plate in place, re-perform the
S»1 measurement to figure out the referenced LHCP and RHCP components of the
incident wave, and then follow the definitions described in Section 5.2, the isolation

and transmission loss can be obtained.
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Figure 5.15 Picture taken during measurements. Two LP horn antennas are placed

about 60 cm apart, and the LHCPSS under test is put in the midst of them.
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Figure 5.16 shows the frequency response of the measured isolation for the
realized LHCPSS. The simulated response is also shown for comparison. The
figure indicates that the measured data is very similar to the simulated one. The
maximum measured isolation of 13.78 dB was obtained at 30.2 GHz, and the
maximum simulated isolation of about 16 dB occurred at 30.25 GHz. The isolation

measured at 30 GHz is 13.12 dB, while the simulated one is 12.52 dB.

Figure 5.17 illustrates the corresponding transmission losses for the
measurements and simulations. The transmission loss of the realized LHCPSS also
closely resembles that of the. simulated one. Transmission loss of about —2.28 dB
was measured at 30 GHz, while the simulated one is'=2.36:dB. It is reminded that
the loss caused by the substrates and glue layer of about —0.86 dB has been included

in the transmission loss, as was mentioned in Section 5.3.

The designing of a LHCPSS with better transmission loss would be possible at
the target frequency of 30 GHz, but it would have come at the expense of a better

1solation.

Compared Figute 5.9 with Figure 5.16, it is obvious that the isolation at 30 GHz
for 2-mil FR-4 glue has been enhanced, although less when compared to the isolation
with Duroid 5870 as the agglutinate substance. In summary, it clearly demonstrates
that improvements with the degradation in isolation caused by the material and
thickness of the agglutinate substance can be overcome with optimization in this

design.

5.5 Conclusions

In this study, a left-hand circular-polarization-selective surface with simple

concept is simulated and fabricated. The measured data of the finished LHCPSS and
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the simulated results show good consistency, having isolation of larger than 13 dB for
an incident LHCP wave at 30 GHz, with transmission loss of —2.28 dB for the RHCP

wave.
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Figure 5.16 The simulated and measured isolations for the LHCPSS of p = 6.25 mm,

[=3.385 mm, [,= 2.9 mm, I, = 3.0 mm and 3= 2.6 mm.
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Figure 5.17 The simulated and measured transmission losses for the LHCPSS of p =

6.25 mm, [= 3.385 mm, [;= 2.9 mm, [, = 3.0 mm and z= 2.6 mm.
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The LHCPSS presented is a thoroughly stratified configuration with transverse
planar elements implemented on different layers. The L-shaped traces accomplish
the function that formerly had to be performed by vertical conductive segments.
Avoiding the uses of vertical conductive segments makes this design well suited for
PCB manufacturing process. By dint of the L-shaped traces, the frequency
responses of blocking effect for different CP illuminations are diverse. At 30 GHz,
LHCP incidence is blocked because of strong geometry resonance on dipoles,
whereas RHCP incidence passes because of little or weak geometry resonance. Thus

the CPSS is selective to the sense of CP waves.

More noteworthy, is that this new concept provides more flexibility in
developing CPSSs. This CPSS design is more tolerable to the thickness and the
material of the substrate. The height of the whole configuration is.no longer strictly
required to be.a quarter wavelength, because the connection between each pair of
dipoles in a unit cell, no longer relies.on the vertical conductivessegment, but the
couplings caused:by the L-shaped traces between dipoles. Laminates with various
substrates and diffefent thicknesses rather than one-quarter'wayvelength can be used to
realize a CPSS with satisfactoryperformance by the method presented in this work.
The completion of this work demonstrates the feasibility of this new type of CPSSs.

Structures with superior performance may be created from the basis of this study.

Successful development of such surfaces will have several applications. For
example, a good CPSS can be used as the sub-reflector of a Cassegrain antenna. The
manufacturing of a planar CPSS is much easier than a curved sub-reflector. In
addition, this type of Cassegrain antenna will have a minimal aperture blockage,
because the CP waves reflected by the main reflector would pass through the CPSS

almost without loss.
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As a second example, the linear polarizer in the original LP folded reflectarray
antenna would be replaced by a CPSS. The main reflector design would no longer
be applicable, as it would be a simple flat conducting plate in this CP version. With
the emergency of excellent CPSSs, folded reflectarray could be extended to circular

polarization applications.
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6 A Novel Pattern Diversity Reflector Antenna
Using Reconfigurable Frequency Selective

Surfaces

6.1 Introduction

Wireless communications have attracted increasing attention in the recent years.
Among the various wireless communication' standards, IEEE 802.11 a/b/g, which
operate in unlicensed.spectrums, are the most widely used: Their frequency bands
are not licensed by the FCC or other organizations exclusively for 802.11 traffic.
Instead, the spectrum is shared with many.other types ‘of devices, such as cordless
phones and Bluetooth devices. Many solutions in the relative fields were actively
proposed and.are still under development. For utilizing the limited spectrum
efficiently, the technology of radiation pattern reconfigurable antennas [1]-[10] is
often applied. The radiation pattern diversity operation offers optimized coverage
by producing stronger gains in specific directions to increase the power intensity of
the signal and an omni-directional pattern when communication in all directions is
required. This type of antennas is an excellent candidate to reduce the multi-path
interference and to enhance the communication link performance because of the

adaptive patterns it provides.

Many pattern reconfigurable antennas stem from Yagi-Uda antenna design
[4]-[10]. In [4], the conventional dipoles are replaced by monopoles. Whereas in
[5]-[7], the antennas maintain the basic Yagi-Uda antennas but the parasitic
monopole elements around the active monopole antennas are loaded alternatively,

either short or open. Since the loads attached to the parasitic monopoles alter the
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effective lengths of monopoles, the electromagnetic interactions between monopoles
result in beam-formed patterns. Cylindrical rod monopoles are used in [5] and [7],
while cylindrical rod monopoles with disc plates which help reducing the height of
antenna are disclosed in [6]. Pattern reconfigurable antennas by using switched
printed parasitic elements were also reported. Printed strips on the substrate [8]-[10]
are adopted for use as the active and parasitic monopoles instead of the cylindrical
rod monopoles to reduce the complexity substantially. The printed parasitic
monopoles are length-tunable by directly changing the length of short-ended
parasitic monopoles with switches [10]. Ina Yagi-Uda antenna, if the length of the
parasitic element is shorter than that of the active-clement, it will have a pulling
pattern.  Oppositely, if the lengthof the parasitic element 1s lofiger than that of the
active element;’it will have a pushing pattern. Therefore, different combinations of
switching states form multiple radiation patterns; the directivity and orientation of
the radiation pattern is under control - This provides a simple and'flexible way for

pattern beam-forming.

In this chapter, @ new pattern reconfigurable antenna based on a different
principle is proposed. ; This antenna, which_evolved: from the corner reflector
antenna, has four rectangular plates standing erect on the ground plane and enclosing
the substrate backed strip monopole in the center. Each rectangular plate is a
Frequency Selective Surface (FSS) with two loop elements, whose
transmission/reflection characteristic is designed to be controlled by one switching
device. That is, only four switches are enough for configuring the reflection states
of the four side walls of the proposed 90° corner reflector antenna, so as to
adaptively form the radiation patterns. The switching circuitry, bias lines, and

impedance matching networks of this antenna are hidden beneath the ground plane,
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which can avoid the undesired electromagnetic interactions. In addition, this
antenna features beam tilting property, which can reduce the co-channel interference.

Thus it is highly suitable for modern base station antenna applications.

The proposed antenna innovatively combines an inventive reconfigurable FSS
design concept and the idea of realizing the pattern diversity function by corner
reflector antenna. Moreover, these two individual methodologies developed can be
extended for future reconfigurable electromagnetic structure designs and radiation
pattern reconfigurable antennas respectively, so they are worth paying more attention

to and making further inyestigations.

6.2 Design

The pattetn reconfigurable reflector antennas as shown.in Figiire 6.1, comprises
a feeding monopole antenna in the center; four rectangular plates on'the sidewalls of
the square corner reflector antenna, and a finite square ground plane on which the
former elementstare mounted. -Planar reconfigurable FSS is applied to implement
the rectangular platesyson the sidewalls. The transmission and reflection property of
the FSS can be controlled by changing. the switch state. . For one state the FSS plate
acts as a reflector, while for the other state it is transparent to the waves from/to the
feed antenna. Four switches (A, B, C and D) connecting the FSS elements and the
ground plane are located on the four sides respectively. The pattern of a corner
reflector antenna varies with the number and the arrangement of the reflectors. With
various combinations of the switch states, multiple patterns can thus be formed. The
ground plane was made on the top surface of an FR4 substrate. The matching circuit
was printed on the other side of the substrate, and prior to that, the impedance of the

fabricated antenna had been measured. In the proposed antenna configuration, the
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switches and their associated circuitry, e.g. the bias lines, are designed to be placed
behind the ground plane but not within the region where electromagnetic waves
propagate. This arrangement minimizes the adverse influence caused by the

undesired yet necessary presence of those elements.

6.2.1 Feed Antenna

The center frequency of the pattern diversity reflector antenna is designed at
2.45 GHz. A quarter-wavelength monopole serves as the driving element, which is a
29.8 mm x 2.4 mm metal strip printed on a 1:6-mm thick, 4-mm wide and 30.5-mm
long FR4 substrate with ‘dielectric constant of 4.4.. The ground plane is printed on
top of another FR4/substrate that measures:140 mni x 140 mm and is perpendicular
to the monopole. It is also the reference ground for the impedance matching

microstrip line'on the backside of the same substrate.

6.2.2 Conner Reflector

A conventional - corner reflector 1s a directional antenna consists of two
intersecting flat plates, which reflects electromagnetic waves back towards the source.
The pattern shape, gain and. feed point impedance are all functions of the
feed-to-corner spacing and cornerangle. | As alrule of thumb, a good directivity for a
right-angular corner reflector can be obtained if the spacing is between 0.25 and 0.75
wavelengths when the conducting plates are of infinite extent. The finite extent of
the plates will result in a pattern broader than that for infinite plates. In practice, the
height of the plate is usually chosen to be from 1.2 to 1.5 times the length of the feed
so as to minimize the direct radiation by the monopole feed into the back region

[12]-[14].

In order to obtain multiple symmetric patterns, reconfigurable FSSs with
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identical dimensions are used construct the reflector plates in this work. Initially, the
vertical reflector surfaces and the horizontal ground plane were assumed to be
perfectly conductive. The vertical feed monopole was in the center of the reflectors.
Corner reflector antennas with the reflector surfaces forming an equilateral triangle, a
square, a pentagon, a hexagon and an octagon in various sizes were analyzed.
Among these, the square one was selected because it has the best directivity with any
two adjacent reflector surfaces being perfect conductors and the other two surfaces
being void. The reflector plates were then determined to be 120 mm wide and 40
mm long. In this configuration, the maximum gain, is 7.30 dBi. Enlarging the
heights and widths ofithe reflector plates will improve the directivity but at the cost of

the increased antefna volume.

6.2.3 Novel Reconfigurable FSS Design

A frequency selective surface is usually an assembly of identical elements
periodically arranged in a one ‘ot two“dimensional array that can.provide frequency
filtering to incoming electromagnetic waves. .Similar to the -frequency filters in
traditional RF circuits, the FSS may have band-pass ot band-stop spectral behavior.
The frequency response of the reflection—(of transmission) coefficient for a FSS

depends on the geometry of its constituent elements and the arrangement of the array.

Researches on both the underlying theories and practices of many FSS element
geometries have been well established [15]-[17]. Square loop FSS element is the
one having simple and effective structure. It has a relatively wide frequency
bandwidth, and its resonant frequency is fairly stable with respect to changes in
incident angle and polarization. Besides, the reflection phase curves of the square

loop structures are less sensitive to oblique incidence [18]-[20].

In virtue of its symmetric geometry, the FSS with square loop elements works
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well for circular polarization waves. Nonetheless, the feed monopole is a linear
polarization antenna. That means the width and length of the loop have not to be the
same; there are more degrees of freedom in design to fit the FSS structures into the
reflector plates of the corner reflector antenna at the same time maintain good
performance. Therefore this type of element, more exactly the rectangular loop, was

adopted for this work.

As shown in Figure 6.1, two shunt rectangular loop FSS elements are printed on
a 120 mm x 40 mm FR4 substrate with thickness of 0.8 mm. A printed metallic line
with a total length of about.a half wavelength is icreated to connect these two
rectangular loops. “The FSS elements are designed such that whose current
distributions change significantly with the switching state and hence there would be a

conspicuously difference in the frequeney response:

When thé“incident waves impinge on thém, two equal amplitide and in-phase
voltages are produced at the two_ends of the metallic line. By symmetry, the line
appears open cireuited at its.midpoint. This open circuit then causes short circuits at
the two ends of the'line when transformed back through the quarter-wavelength line
segment. The rectangular, loops are.thus.out of resenance because the induced
current distributions are altered by the connection of the line and the rectangular loops,
so that the input waves will pass through the surface almost uninhibitedly. On the
other hand, if the midpoint of the metallic line is shorted to the ground, both ends of
the metallic line appear to be open circuited due to quarter-wavelength
transformations, i.e., the presence of the metallic line does not disturb the geometrical

resonances of the rectangular loops, and the incident waves will be reflected back.

The equivalent circuit models of the reconfigurable FSS for both on- and
off-states are illustrated in Figure 6.2. The rectangular loop element having a
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band-pass characteristic acts as a series LCR circuit. The corresponding equivalent
inductor, capacitor and resistor represented by Lgss, Crss and Rggs respectively show
negligibly low series impedance at resonance. Terminating the middle of the
metallic line to ground makes both ends of the line open, as shown in Figure 6.2(a).
Therefore, a source at the resonant frequency of the FSS element drives currents
across the series Lrss, Crss and Rggg circuit to the ground but not the output port. On
the contrary, if the middle of the metallic line is left open, both ends of the line appear

short circuited, as shown in Figure 6.2(b). The change in current distribution on the

rectangular loop leads to ano Fies uit composed of L'pss, C’rss
and R’pss that exhibits P S frequency. The source in

this situation will
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14 mm I/Vloop

32 mm

Loop FSS Elements

Metallic line

Figure 6.1

The geometry and parameters of the reconfigurable FSS.
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(a)

L ’ N N
Vouf\ AN Vin / / Vout
LFSS L,FSS L’FSS LFSS
RFSS R,FSS R’FSS RFSS
CFSS :[C FSS IC FSS CFSS
(b)
y
Vouf\

Figure 6.2 The equivalent circuit models of the reconfigurable FSS for (a) on-, and

(b) oft-state respectively.
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The commercial software Ansoft HFSS [11] was employed to simulate the FSS
structure. The FSS rectangular loop element is designed to resonate at 2.45 GHz for
vertically polarized plane waves, with the lengths of the outer edges of the rectangular
loop to be 14 mm and 32 mm respectively. The total length of the printed metallic
line is 64 mm, and the width of the line which yields no significant effect on the
electrical length is 1 mm. The gap between the metallic line and the ground plane is
0.5 mm. However, the width of the loop (Wisp) is an important parameter. A
greater Wioop results in a wider transmission bandwidth and tends to resonate at higher
frequency for the on-state, while the reflection curves scarcely vary with W, for the
off-state, as shown in Figure 6.3. Wi, is determined to be. 2.5 mm such that this
design is opaque (transmission coefficient= —16.4 dB).in the on=State and transparent

(reflection coefficient= —23.9 dB) in the off-state at 2.45 GHz.

Ideally, the proposed method can be extended to simultaneously control the
switching statessof a group of microwave elements with one switch, especially for
periodic structures like FSSs, by properly arranging the positions of the elements and
the electrical length§ of the transmission lines between them. | Figure 6.4 diagrams an

example that can switch all the FSS elements to the:same state synchronously.
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Figure 6.3 (a) The transmission coefficient curves for various widths of the loop in

the on-state. (b) The reflection coefficient curves for various widths of the loop in

the off-state.
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Figure 6.4 An illustrative method of configuring a group of periodically distributed

microwave elements to the same state synchronously.
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6.3 Results

The photograph of the finished antenna is shown in Figure 6.5. Patterns with
different shapes and orientations can be achieved by various combinations of the
switch states. Due to the symmetry of the antenna architecture, there are six
fundamental cases. The definitions and their corresponding antenna parameters are
listed in TABLE II, where O stands for switch off and 1 for switch on. The on and
off states are realized by directly soldering the middle point of the metallic line to the
ground plane and de-soldering respectively. - Since 'Case 3 provides the maximum
peak gain, the impedance of Case 3 was measured, and then the matching circuit was
designed and implemented.. Figure 6.6 shows the measured rettirn losses for the six
cases against frequency. It can be seen that the —10 dB bandwidth for Case 3 is from
2.09 GHz to 2:57 GHz (about 19.6%). The narrowest bandwidth occurs for Case 1,

which is 0.2 GHz. | The bandwidths of the other cases cover at least 2.19-2.50 GHz.

Figure 6.7.to Figure 6.12 «display the measured co-polarization patterns for
different cases at thé 2.45 GHz. * Obviously, the patterns-are apt'to be directional with
their main lobes pointed toward the orientationsWwhere: the switch states are off.
When the switches are all on or all off] the pattern is basically omni-directional. The
pattern of Case 4 is bidirectional because two of the switches on the opposite sides are
in the same state and vice versa. Case 2, 3 and 5 have directional patterns while
Case 3 produces the maximum gain, as can be expected from the simulations. For
Case 3, the measured patterns agree well with the simulated ones in the main beam
region, whereas with dissimilar side-lobes. The peak gain of 5.99 dBi was measured
at (6=45°, ¢= 225°). The measured side-lobe level and half power beam width in ¢=

225° plane are 12.17 dB and 52° respectively.
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Figure 6.5 The photograph of the finished pattern reconfigurable reflector antenna.
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TABLE II The definitions of the six fundamental cases and their corresponding

parameters of the pattern reconfigurable reflector antenna.

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

A 0 0 1 0 1 1
8
= B 0 1 1 1 1 1
<=
Q
‘§ C 0 0 0 0 0 1
N
D 0 0 0 1 1 1
Simulated peak Omni g =39°, ¢=36°, Omni
gain direction = ‘ ¢= 180°
Simulated peak 2 3.26
gain (dBi)
Measured pe 1.47
gain (dBi)
Measured 2.08~
Bandwidth 2.57

(GHz)

125



Return loss (dB)

XX XXXXXXXX] Cases

o)
S
———r

_ ——ceme=:  (Case 6
_35 [ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2.0 22 24 2.6 2.8 3.0

Frequency (GHz)

Figure 6.6 The measured input return losses for the six cases of the pattern
reconfigurable reflector antenna as a function of frequency.
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—— 6=90° (measured)

(b)

210

180 —— ¢=0° (simulated)

—— ¢#=0° (measured)

Figure 6.7 The simulated and measured patterns of Case 1 at 2.45 GHz (a) for
various azimuth cuts, and (b) in ¢= 0° plane.
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(b)
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Figure 6.8 The simulated and measured patterns of Case 2 at 2.45 GHz (a) for
various azimuth cuts, and (b) in ¢= 270° plane.

128



(2)

270 o @=15° (simulated)
—— 6= 30° (simulated)
0 —=—= @=45° (simulated)

6= 60° (simulated)
....... 6= 75° (simulated)
—— 6=90° (simulated)
—— 6=90° (measured)

(b)
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Figure 6.9 The simulated and measured patterns of Case 3 at 2.45 GHz (a) for
various azimuth cuts, and (b) in ¢= 225° plane.
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Figure 6.10 The simulated and measured patterns of Case 4 at 2.45 GHz (a) for

various azimuth cuts, and (b) in ¢= 0° plane.
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Figure 6.11 The simulated and measured patterns of Case 5 at 2.45 GHz (a) for

various azimuth cuts, and (b) in ¢= 180° plane.

131



(a)

150

1 180

§
g
K
o
0 o
&/
¥is
S8
Se
&
o
g
13
g
k3
Qe
%Qe
2
X3
2\ %
AN

210

6= 15° (simulated)
—— 6=30° (simulated)
1 |- o5 Gsimulated)

6= 60° (simulated)
------- 6=75° (simulated)
—— 6=90° (simulated)
—— 6= 90° (measured)

(b)

60 ] 300
90 1+ SN2 270

120 [ 240

150 ' 210
180

—— ¢=0° (simulated)

— £=0° (measured)

Figure 6.12 The simulated and measured patterns of Case 6 at 2.45 GHz (a) for

various azimuth cuts, and (b) in ¢= 0° plane.
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6.4 Conclusions

In this chapter, a radiation pattern reconfigurable antenna has been presented.
It evolved from the corner reflector antenna. A novel concept has been proposed to
control a FSS to be transmissive or reflective to waves at designated frequency with
only one switching device. The reconfigurable FSS plates were used on the side
walls of the corner reflector antenna. This antenna provides six fundamental
patterns by various combinations .of the switch states. The pattern can also be
steered to rotate in azimuth -plane electronically. By comparison, the maximum
measured peak gain of the finishedsantenna is 5.99 dBi, and the:tnaximum simulated
peak gain of 677 dBi is close to the maximum achievable gain of 7.30 dBi that
assumes the side walls of the corner reflector.antenna to be perfect conductors instead
of FSSs in the'same configuration. — This.fact shows the reconfigurable FSS plates in
this antenna are nearly perfeetly conductiverwhenvacting asireflectors and almost
transparent when . the other state. A better gain and improved back-lobes could be

accomplished by increasing the.dimensions of the reflectors.

The successful development ‘ofi the antenna demonstrates the feasibility and
performances of using the concept of corner reflector to realize the radiation pattern
diversity. It is possible to extend this type of antenna to circular polarization version

and for multi-band operation on the basis of investigations in this work.
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7 Conclusions and Future Works

In this dissertation, a 38 GHz waveguide-fed microstrip antenna array using a
novel beam-steering technique was first proposed. The array is composed of 15
sub-arrays fed by a rectangular waveguide through apertures on the waveguide’s top
wall. Each sub-array contains two parallel series-fed microstrip antenna arrays.
The array has a fixed beam in the E plane and a variable beam in the H plane. The
phase difference between adjacent sub-arrays is controlled by changing the waveguide
width so as to steering the array beam. The measured gain of the array is about 22

dBi. The main beam,scanning angle is 5.4°.

Next, a dual-mode folded miecrostrip reflectarray. antenna was developed and
demonstrated in this paper.  The proposed folded reflectarray antenna contains three
parts: a planar.main reflector, a planar sub-réflector, and printed feed antennas. The
main reflector s used to produce twisted re-radiated fields andyto provide phase
compensation for focusing.” The sub-reflector parallel with ther main reflector is
made of a substrate/printed with*high-density metal grid.-lines, which is transparent to
perpendicularly polarized fields, but would reflect the parallel ones. Three
fixed-position patch antennas with polarization parallel to the grid lines are created for
the radar mode, so that the radiation beam is switchable. Another patch with
perpendicular polarization is designed for communication. A simple approach was
proposed for simulating and designing the folded reflectarray. In the radar mode, the
total beam switching angle is 29.5°. At 38.5 GHz, the finished folded reflectarray
antenna possesses an antenna gain of larger than 20 dBi within the beam switching
range. A maximum gain of 27.4 dBi and the corresponding aperture efficiency of

33.9% were achieved. While in the communication mode, the ripple in the pattern
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was improved by enclosing the feed patch with a square metal frame, the beamwidth

is much broader, and thus provides communications over a wide angular range.

Then, a 60 GHz RHCPSS was investigated. The structure of the CPSS
presented is very simple, so that printed circuit technology could be used to realize it.
Method of moments was utilized to extract the currents on a single circular
polarization selective structure. Using periodic Green’s function together with the
currents, a 2 dimensional infinite CPSS can be simulated. From which, scattered
field for different circularly polarized incident waves were obtained. The optimal
design parameters were found .in this study.  The respective simulated isolation and
transmission loss at ‘60 GHz are 26.4 dB and -0.43-'dB.." While for the finished
RHCPSS, the maximum measured isolation of 23.89 dB and the minimum measured

transmission loss of -2.25 dB .occur at 58.4 GHz,

Investigations into a new type of CPSSs'were also carried out." It is of simple
planar structure without any vertieal conductive segments. Couplings, through the
use of L-shaped traces, were produced to replace the vias. Operational principle and
design procedure are developed, thus the optimal design parameters are found. The
measured data of the finished LHCPSS have-an isolation of larger than 13 dB for an
incident LHCP wave at 30 GHz, with transmission loss of -2.28 dB for the RHCP
wave. This example demonstrates the performances of the design and the

attractiveness the new type of CPSSs.

Lastly, a corner reflector antenna with pattern diversity was developed. It
supports multiple patterns with the maximum measured gain of 6.77 dBi. By
controlling the switch states, the pattern can be steered in 45° increment to cover the
whole H plane. This design provides a simple and flexible way for pattern

beam-forming.
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The proposed CPSSs and FSS can be modified or integrated to contribute to
more advanced planar reflector antennas, such as corner reflector antenna, reflectarray
antenna, folded reflectarray and so on. For example, the method of simultaneously
control the switching states of a group of microwave elements with one switch can be
utilized to design a multi-band reconfigurable FSS. It is also feasible to be applied

to handle the characteristics of a CPSS.

Besides, a good CPSS could raise many new applications, especially the
reflectarray antenna. For a conventional folded microstrip reflectarray antenna, the
main-reflector provides the?90% polarization twisting/'of the re-radiation and phase
compensation for the'in-phase array. The sub-reflector parallel to the main-reflector
is transparent to 'one linear polarization but would reflect the other one. The
electromagnetic wave radiated from the feed antenna located at the center of the main
reflector is linearly polarized. Hence the wave would be reflected when it confronts
the sub-reflectors The main reflector then receives the field and restransmits it. The

re-transmitted field could penetrate the sub-reflector and focus in the far field region.

With the emergence of excellent CPSSs, the concept of the folded reflectarray
antennas could be extended to ecircular. pelarization. applications. Figure 7.1
illustrates the concept of the circular polarization folded reflectarray antenna. The
linear polarizor in the original linear polarization folded reflectarray antenna is
replaced by the CPSS. Nevertheless, the main reflector design is not applicable to
the circular polarization case; we use just a simple flat conducting plate instead.
Phase compensating is no longer carried out by tuning the elements on the main
reflector of the linear polarization folded reflectarray antenna, but by adjusting
adequate amounts of rotation on the elements of the CPSS around the z-axis. With

reference to Figure 7.1(b), a simple trigonometric relation is used to compensate the
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additional path lengths across the array’s surface.

Assume a LHCP wave emitted from the feed on the conducting plate, it
undergoes various path length to each element of the LHCPSS and makes different
phase shifts among the elements. Take the distance from the feed to the centermost
element as reference, element with lager path length should be rotated clockwise to
offset the phase delay. Thus the elements of the LHCPSS re-radiate in-phase and the
reflection wave resulted. When the reflected LHCP wave impinges the conducting

plate and get reflected again, the sense of polarization changes. Then the consequent

anced gain in the boresight
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(a)

RHCPSS

/'
Conducting

Plate

(b)

Figure 7.1 Schematic diagram of circular polarization folded reflectarray antenna.

(a) Topology, (b) Phase compensation method.
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