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ABSTRACT OF THE DISSERTATION

Electromagnetic Devices Based on Periodic Strusture

by

Jun Hwan (Brandon) Choi
Doctor of Philosophy in Electrical Engineering
University of California, Los Angeles, 2014

Professor Tatsuo Itoh, Chair

Recent research advances based on periodic sgscamd antenna array systems are
presented. In the first part of the dissertatidatesof-the-art retrodirective array (RDA) capable
of retransmitting predictable polarization with pest to any received polarization state is
proposed. RDAs have the unique ability to retrams$in@ received signal back to the interrogator
without prior knowledge of the source location.aladition to this unique feature, the proposed
system can receive any polarization and always duzatter the signal that is orthogonally
polarized with respect to its received polarizatstate. This added feature helps to maintain a
more secure communication link between the RDA #m interrogator by mitigating the
polarization mismatch loss. The second half of thesertation is dedicated to frequency
scanning phased-array feed network and frequerlegtse surface (FSS) spatial filters based

on metamaterial concept. Composite Right/Left-H&GRLH) metamaterial transmission lines



provide not only phase delay but also phase advaesponse that can be systematically
engineered. This allows the design of an all-pa&spivased-array feeding network that supports
dual-band and broadband frequency scanning catyabiter wide spatial angle. In addition,
decoupling the radiating antenna elements fromathay factor enables better controllability of
the radiated characteristics in comparison to thdebly known CRLH based leaky-wave
antennas. Conventional periodic structures baseguvaly right-handed unit structures also
exhibit metamaterial behaviors when the periodisitare much smaller than the operating
wavelength. Incorporating this concept and the tsmmufilter theory, high performance multi-
pole FSS is designed that is less sensitive tad@mti angles, polarizations, and separation

distances between the FSS layers.
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INTRODUCTION

Periodic arrangements either in the form of antesmmay or periodic structures provide
an added design freedom in microwave devices astersg. When applied to the radiated
applications, collective behavior of the periodicustures offer better control of the radiated
waves such as radiating direction, frequency depangbower transfer level, polarization
properties, etc. Exploiting the advantages of plcistructures, novel RDA, phased-array feed
networks for dual-band and frequency scanning Bysteand frequency selective surfaces have
been developed.

In chapter 1, polarization immune feature has breorporated to RDA system to help
maintain a more secure communication link betwéenirterrogator and the RDA by mitigating
the polarization mismatch loss [1, 2]. It is welhdwn that polarization mismatch loss is
unavoidable unless the antennas can maintain tlaizagion alignment at all times [3]. To
minimize the polarization mismatch loss thereby mmézing the power transfer level between
the two wireless nodes, RDA systems can be desigmeeceive any polarization and always
retransmits orthogonally polarized signals withpexg to the received polarization state back to
the interrogator. With this scheme, as long adriterrogator is equipped with one transmitting
antenna and a separate receiving antenna thatth®gonally polarized, the loss due to
polarization mismatch can always be minimized. Bas®m the new retrodirective array
architecture, the array is able to respond to tierriogator without prior knowledge of the
source location as well as the state of the incgnpolarization, while providing a more

desirably polarized retrodirective signal. Aforerened features may be applicable for the use

1



of unmanned satellite systems, remote sensorsgdiames that are subject to constant motion or
rotation.

In the second chapter, metamaterial transmissi@ndoncept is utilized to design dual-
band and frequency-scanning phased array systenodRestructures based on metamaterial
concepts have recently attracted much attentiothofibh the original concept of metamaterial
was postulated in 1967 by Russian scientist Vikéeselago [4], the research toward the
development of metamaterial based microwave devered systems have only recently
flourished. Since early 2000, Composite Right/ltdftnded (CRLH) structures that provides
metamaterialistic behavior in the microwave domaiss been extensively researched in
designing novel devise and systems [5]. One ofuthigue properties of CRLH structure is its
inherent dual-band property, where specific ph@&spanses can be assigned to two operating
frequencies. In our work, this dual-band conce been utilized in designing an all passive
phased-array system that can direct the radiatednbeo two arbitrary spatial angles [6].
Another notable invention of the metamaterial basecrowave device is frequency-scanning
leaky wave antenna. Unlike its predecessors, mé&aiabbased antenna provides full frequency
scanning capability from backfire-to-endfire, indlng broadside direction [7]. Furthermore,
these antennas can be realized in planar form wittive need of complex feed structure.
However, the antenna requires a very particularctiral requirement to achieve continuous
frequency scanning, forfeiting the independentgtesieedom of the far-field radiated patterns
such as directivity, side-lobe-level, and polaiizat type/orientation. To obtain individual
controllability of aforementioned properties, thequency scanning antenna is designed using

array concept. Based on this alternative approaatiating element can be completely



decoupled from the array factor, offering much itidéx engineering capability in designing
frequency scanning antennas [8, 9].

In the last chapter, high performance miniaturieéznent dual-pole Frequency Selective
Surface (FSS) based on filter coupled theory wellpgpesented. Hybrid radomes mounted at the
front of an aircraft is regarded as one of the nuametral applications of the FSS. They are also
used for dichroic surfaces for reflectors and silisctors and absorbers [10]. Aside from military
applications, FSSs have also found its niche ircdmemercial applications where it is integrated
into the walls to reduce wireless interference muoior environment [11]. For practical
applications, aside from providing structural riggdand/or low radar cross section (RCS), FSSs
are generally designed to behave as a transparetium only for the desired communication
frequency band. As a rule of thumb, electricallyameriodicity, multi-pole response, and thin
interlayer spacing are the desired aspects in diegigFSS. In our work, high performance
spatial bandpass FSS filter is realized by combirah of above mentioned desirable aspects.
The band-pass response can be obtained by desitparfeSS structures to provide a collective
behavior resembling that of the parallel shunt &@ktto the incident plane waves. The proposed
uniplanar compact photonic-bandgap (UC-PBG) [12pired FSS structure has electronically
miniaturized unit lattice dimension. This electtigasmall resonant structure can be further
miniaturized by heavily loading the capacitancéhef FSS structure with high dielectric constant
substrate. The fabricated structure has miniatdrizat-cell lattice dimensions af < 4,/8. In
addition, filter coupling theory is incorporateddontrol the coupling level of multi-layer FSS to
maintain thin form factor while preserving the dedifilter transfer function. As will be shown
in Chapter 3, merging the miniaturization concefihwthe coupled filter theory, two-pole FSS

bandpass filter that is robust to the incidentdgirom oblique angle and arbitrary polarization is



realized with the total thickness df< 1,/30 [13]. This idea can be extended to multi-pdterf

design and also in designing different types oéfd, such as bandstop, low-pass, and high-pass.



CHAPTER 1

Polarization Friendly Retrodirective Antenna Array

1.1 INTRODUCTION

Retrodirective arrays (RDA) have the unique abitiytransmit a received signal back
toward the interrogator without prior knowledge thfe interrogator’s location. A typical
communication link between the interrogator andréteodirective responder is shown in (Fig.
1-1). Under a dynamic communication link where @itthe interrogator or the responder is in
motion, the responder equipped with the RDA cacoktthe interrogator, thereby maintaining a

more stable communication link. This concept magjelied to remote sensor, identification
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Figure 1-1 RDA example.



Retrodirective Array

Figure 1-2 Basic principle of retrodirective array.

tags, unmanned space crafts, etc. There are diffezehniques to achieve this functionality of
rescattering the signal back to the interrogatamweler, when high link gain and high-speed
target tracking is desired, analog self-phasinghodtas been the candidate of the choice [14].
The invention of the Van Atta array in 1955 pavieel motion of creating analog RDA systems in
the form of an array [15]. In addition, unlike thraditional corner reflector, Van Atta arrays
enabled the devices to be built entirely on plandostrates with a wider retrodirective angle [16].
Novel techniques and devices based on the Van oddttaept are actively being studied [17]-
[19].

A different approach is designing a retrodirectwrgenna array based on the heterodyne
technique, originally introduced by C. Y. Pon in6B9[20]. The working mechanism is
essentially similar to that of the Van Atta arrahese the effective phase gradient across the
array is reversed, thereby directing the signakbacthe source location. However, instead of
pairing the antennas with respect to the symmgitame of the array using equi-length

interconnects; the heterodyne technique retrodirdwet signal by conjugating the received phase



at each antenna elements [21]. The basic operatimgiple of the RDA based on phase-
conjugating technique is shown in (Fig. 1-2). Tteshnique has stirred much interest among
researches by allowing devices to be built on afaramal surface. The method also allows
simpler integration of standard electronic devigasdulation, and amplification of the signals.
Endeavors toward building yet more robust RDAs prasluced interesting design schemes and
techniques. For example, a frequency autonomous R&#Abeen developed to retrodirect the
signal without prior knowledge of source locatiardasource frequency [22], a dual-frequency
RDA was proposed where two sets of array are userkdeive high frequency signal and
retrodirect low frequency signal back to the sowrceice versa [23], and a RDA system based
on phase-conjugating technique has been implemargied) not only through local oscillator
(LO) at twice the RF frequency but also using sabstonic mixing [20], [24]-[26].

To further improve the system performance, thigptdraemphasizes on the polarization
properties of the RDA to build a device immune tbiteary polarizations of the incident waves.
Polarization characteristics have been previousiglied in conjunction with RDAs. Polarization
duplexing has been utilized, where a set of orthaypolarizations are used for receiving and
transmitting operation with high isolation [27]-[28owever, they operate for linearly polarized
case only and require the RDA to be pointing toititerrogator with a particular orientation to
minimize polarization mismatch loss. Dual-polarizadtennas that can receive any type of
polarizations have been utilized in the previousAR29]. Nevertheless, with an ideal dual-
polarized square patch, incident waves polarizedgthe patch diagonal axis returns the same
polarization; but all other polarization ellipsdgpd$ around this axis. Since the retransmitted

polarization state from the RDA is highly dependent the received polarization state and



unpredictable, it is difficult to maintain low peization mismatch loss unless the orientation of
the RDA with respect to the interrogator can bekeal at all times.

The Friis equation (Egn. 1.1) shows that the rbgbnveen the received power over the
transmitted power between the two antennas dependgain of the transmitting&) and
receiving antennas), distance between the antenn&y, @nd lastly, on the polarization

alignment between the transmitting and receivingramas [3],

R [sz G (6,4,)G. (6,4, )|p. - B,

P (4zR

2
: (1.1)
Unless the antennas can maintain the polarizatignraent at all times, polarization mismatch
loss is unavoidable. This loss is much detrimeimahe RDA system since the signal travels a
roundtrip from the interrogator to RDA and backthe interrogator. In order to alleviate this
problem, a polarization friendly RDA system may used, which has the capability to receive
any polarization and always retransmits a predietpblarization back to the interrogator. If the
interrogator knows the polarization state of thekbscattered signal from the RDA beforehand,
it can pre-adjust or pre-rotate its receiving angnto minimize the loss due to polarization
mismatch. The proposed RDA is capable of retrarigmgithe retrodirective signals polarized
orthogonal to any received polarization states.réfoee, as long as the interrogator is equipped
with a polarization duplexing antenna or a set epasate Tx and Rx antennas that are
orthogonally polarized with respect to each ottiee loss due to polarization mismatch can
always be minimized. Using the new retrodirectisr@aarchitecture, the array is able to respond
to the interrogator without prior knowledge of theurce location as well as the state of the

incoming polarization, while providing a more desily polarized retrodirective signal.



The following sections will present detailed worgirmechanism of the proposed
structure originally presented in [1]. In additiantcular polarization cases are discussed along
with the measured results. Chapter 1 is organizefliows. A brief overview of the proposed
system configuration is described in Section 1€&ti®n 1.3 provides the theory of the proposed
system. In the last two sections, a fabricatedesyss used to verify the proposed method with

the experimental results.

1.2 SYSTEM CONFIGURATION

v °
Wrey: O,
»(0) RF
LO®
eanilinAat IF
phase-conjugating [ors
sub-harmonic mixer y
, ==
SUb, LO 2 RF IF
LO
RF
< Ia(_e) Ope2, =0
Figure 1-3 Schematic diagram of a single elemenakTx antenna pair with zoomed view of phase-

conjugating sub-harmonic mixer.



The proposed RDA is realized with a set of duabpekd Rx and Tx antennas linked by
non-radiating phase-conjugating circuits as showi(Fig. 1-3). Each pair of Rx and Tx dual-
polarized antennas are linked by two interconngcéirms. Phase-conjugation needed to direct
the signal back to the interrogators is attainetbugh two-stage sub-harmonic mixing.
Amplifiers are added before and after the phasgugating mixer to compensate the conversion
loss of the mixers and provide the signal amplifama Prior to reaching the input ports of the Tx
dual-polarized antenna, the signal traveling in ohéhe linking arms travels through the delay
line to flip the phase of the signal by 180 degréeswill be shown in Section 1.3, this delay
line, in addition to the two interconnecting armsaaged in this particular fashion, are required
to provide the orthogonally polarized Tx-signal lwrespect to any received polarization states.
The proposed system is a 1-D RDA that can trackritegrogator parallel to the array scanning

direction.

1.3 THEORY

Rx Ant. 1.(6) Guiding Circuitry 1(-0) Tx Ant.

a

—® requirements *—
ERX 1) _9 ETX
—c 2) R(90°) o—

1, () 15(=6)

Figure 1-4 Diagram of the proposed RDA illustratthg two requirements: 1) phase-conjugati®n &nd 2)
90° Polarization rotation [R(9Y].
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phase
conjugation;”
_‘A
Figure 1-5 Single element pair illustrating eved add mode analysis for different incident polatima cases:

a) vertical-pol, b) diagonal-pol, ¢) horizontal-potident E-fields.

Rx dual-pol ant. @ 2.395 GHz

Rx amplifiers

Open loop resonator BPF
Two-stage sullrarmonic mixel
Tx amplifiers

Delay lines

Tx dual-pol ant. @ 2.405 GHz

LO port @ 1.2 GHz

Figure 1-6 Picture of the proposed RDA system (g&feanent array).

Two main requirements needed to ensure orthogopalbrized retrodictive signals with
respect to any incident polarization states areveha (Fig. 1-4). The system has to reverse the

phase gradient seen by each antennas element atat vetation of the E-field needs to be

11



performed prior to re-radiating the received signigile proposed systems can achieve both
requirements completely in analog fashion.

Phase-conjugation may be achieved in several wHys. simpler method to achieve
phase-conjugation is by mixing the received RF aigvth the LO that has a frequency twice
the RF frequency [20], [29]. Once these signalsnaireed, the sum frequency can be filtered out
using a lowpass filter while the difference fregeyethat contains the desired phase-conjugated
signal is used to retrodirect the signal back ®gburce location. This technique is particularly
advantageous because the operation is not linotg@dhhe wave excitation. Unlike the Van Atta
array where all the antenna elements work togedlsea unit, each radiating element works
independently in the phase conjugating method. KHewehe drawbacks of this simpler method
are as follows: 1) since it requiréss = 2 x frr, theLO becomes less stable and more expensive
as the operating RF frequency increases, 2) abteligolating circuit is needed to remove the
undesired reflection of the RF signal. Several m@shhave been developed to relieve the latter
drawback [24], [30], while sacrificing the bandwhdif the system.

In order to alleviate the high LO frequency, phasejugation through sub-harmonic
mixing is widely used [25]-[26], [31]. The schenwatliagram of the sub-harmonic mixer used in
the proposed RDA is shown in (Fig. 1-3). This isv@-step process where in the first mixing
process, the received RF signal is first down cdedeto thelF frequency band. The phase is
conjugated during this process. After lowpassriitig, the signal is upconverted back to the RF

frequency band as shown below

| | 2
lge 5= %XLO[Cos((a)LO + @)t - Hn)] | W)
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before being retransmitted to the interrogator. -Babmonic mixing is advantageous for the
proposed RDA not only to reduce the overall systest and provide higher port isolations, but
also to reduce the phase error by lowering It frequency. In order to provide proper
polarization rotation, it is critical to minimizea phase errors within the system.

The proposed system is equipped with dual-polarimszkiving patch antennas that
orthogonalize the excited currents with magnitudgpprtional to the incident E-field projected
onto each orthogonal spatial coordinate axis a lar(&ig. 1-5). The above relation and the

reverse relation for the transmitting operation barexpressed as

ERx—){Ia} , ETX(—|:I%}
L b ], (1.3)

The subscriptsa and b represents the direction of the currents flowimgng the respective
orthogonal spatial coordinates. To ensure thatetransmitted signals are always orthogonally
polarized with respect to the incident polarizatiansimple vector transformation needs to be

performed; in this case 90 degrees vector rotasioreeded as follows:

., {Cosa - sim“la} 0w {—Ib}
= —
{IJ sina  cosx |||, I, . (1.4)

The vector rotation is carried out by arranging thierconnecting arms such that the spatial
coordinates of the decomposed currents leavingsylséem is reversed relative to the spatial
coordinates of the currents incident in the systana, the negative sign in one of the currents is
obtained by simply adding a 180 degree delay imene of the linking arms, as shown in (Fig.
1-5).

The working mechanism of the proposed system camls analyzed with even and odd

mode analysis. If the linearly polarized E-filedimgident along the symmetric plane of the
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receiving dual-polarized antenna (vertically-pdhe two linking arms experience even-mode
(in-phase) excitation. After the phases are corngdyghrough sub-harmonic mixers, the signal
along one of the branches travels through the difeey creating odd-mode (out-of-phase)
excitation to the transmitting dual-polarized am@nOn the other hand, if the field is incident
perpendicular to the symmetric plane of the duddumwed receiving antenna (horizontally-pol),
odd-mode excitation is generated at the outputhefreceiving dual-polarized patch antenna.
Similar to the previous case, the delay line in ohthe branches provides even-mode excitation
to the transmitting antenna. If the incident fieddeceived at a £+45 degree (diagonally-pol) from
the symmetric plane of the dual-polarized anteriha, signals only flow through one of the
linking arms. In this case, the retransmitted fieitl also be orthogonally polarized with respect
to the incident polarization as shown in (Fig. 18%) These three linearly-polarized cases along
with the circularly-polarized case are verifiedlwrheasurements.

For circularly or elliptically polarized fields, ¢hproposed RDA will reverse the sense of
rotation. Rotational direction of the electric @isl incident on the receiving antenna and
reradiated from the transmitting antennas will be same. This can be easily seen by treating
(Fig. 1-5) as a sequential time frame. Howevereirad and transmitted fields propagate toward
the opposite directions with respect to each oethe propagation constant will have opposite
signs. Therefore, RHCP will become LHCP and vicesaeln summary, the polarization of the
retransmitted signal of the proposed architectuile always be orthogonal to any received
polarization states. Therefore, as long as therrogator is equipped with two separate
orthogonally polarized antennas, the proposed msysi® less susceptible to polarization
mismatch caused by the motion or rotation of thermgator and can much alleviate the

communication link loss. In addition, by separatihng Rx and Tx antennas, the proposed RDA
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can also amplify and modulate the received siggaiimply integrating unilateral amplifiers and

modulating the_O signal respectively.

1.4 FABRICATED SYSTEM AND SYSTEM PERFORMANCE

A two element one-dimensional RDA based on the gweg architecture operating
around 2.4 GHz is fabricated on a low loss, 50timdk Rogers RT/duroid 6010 substrate with
= 10.2. Prior to fabricating the entire system,heaemponent was fabricated and performances
were verified. The return loss and isolation of thml-polarized antenna are 17 dB and 27 dB
respectively. Measured cross-pol level is 10 dBweihe co-pol for a single antenna element.
To compensate the conversion loss of the mixerglihens with 24 dB gain are added at both
receiving and transmitting paths. GaAs monolithicnowave integrated-circuit (MMIC)
amplifiers (HP MGA-86576) biased at 5 V, consumikt@) mA are used to provide the gain
around the operating frequency region. Phase-cahjpy is realized using a pair of sub-
harmonic mixer based on antiparallel diode pairBDRs). Agilent beam lead Schottky diode
pairs (HSCH-5531) are used for the mixers.

In the first mixing stage, the receiv&F signal {rr = 2.395 GHz) is down-converted to
the IF band with anLO frequency slightly higher than half tHeF frequency. The phase
conjugation is achieved in this process. Thesignal is then up-converted back to tR&
frequency bandf{esponse= 2.405 GHz) prior to being retransmitted. Theiropted conversion
loss of each mixer operating Ao = 1.2 GHz is 11 dB witih.O power of 0 dBm. The totalO
power of 9 dBm is needed to feed all the mixerthafinal fabricated system. Bandpass filters
are added at eadRF andLO ports of the mixers. Open loop resonator bandpisss are used

in theLO path to reduce the overall size of the system. (Fig).
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1.5 MEASURED RADAR CROSS SECTION (RCS) RESULTS

To validate the retrodirective capability of theoposed system for any incident
polarization states, bistatic and monostatic radarss section (RCS) measurements are

conducted for different incident polarizations. Theasurement setups for co-pol and cross-pol

D= 15m
| nterrogator
Ery -
A Gain=7 dB
E B @3_ (HP 8340A)
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, RX ﬁ_ (HP 85624 )
Gain=7dB
Figure 1-7 Measurement setup for the undesiredot®RES measurement.
D= 1.5m

RDA
| nterrogator

Mw\\ ETX TX:
N ‘ Gain=7dB
E R)@ " (HP 8340A)
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, RX: ﬁ_ (HP 85624 )
Gain=7 dB
Figure 1-8 Measurement setup for the desired quos®CS measurement.
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cases are shown in (Fig. 1-7) and (Fig. JLr8spectively. For the bistatic RCS measurement, a
interrogatingTx antenna transmitting a single tone sigrn&X is placed at fixed positions (0
degrees and 20 degrees) while the reradiated resgGgponsp pattern of the RDA is measured
by sweepindgRx horn antenna along the elevation angle paralléh¢oarray scanning plane. For
the monostatic RCS, reradiated patterns of theyaar@® measured while simultaneously
sweeping the interrogatinx and Rx antennas. The interrogator antennas and the RIBA ar

maintained at the far-field distancedt 1.5 m.

A. Linear Polarization

In the linear-pol measurements, the interrogataoisiposed of two standard gain horn
antennas with the gain of 7 dBi. One of the honeamas is attached to the signal generator and
used as th@x antenna of the interrogator. The other horn anteatteched to the spectrum
analyzer to measure the rescattered power frorRb®, thereby acting as tHexantenna of the
interrogator. For each source locations, three agielisearly polarized RCS measurements were
carried out: transmitting horn positioned to illurate the RDA with 1) vertically-polarized, 2)
horizontally-polarized, and 3) diagonally-polarizegnals. For each cases, both desired cross-
pol and undesired co-pol RCS levels were measure@rify whether the retrodirected signals
are properly (orthogonally) polarized with respetd its received polarization state.
Retrodirectivity is clearly confirmed in both soarangles and for all three linearly-polarized
cases (Fig. 1-9). The measured results show theedesoss-pol levels around 10 dB above the
co-pol level for all three polarizations and bothuce locations. Higher than expected co-pol

levels in the measurement results may be due tintederence produced by leakage radiation
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from the phase-conjugation circuits, fabricatiorroes, and imperfect measurement setup.

Measured monostatic RCS patterns for linearly-pskcare shown in (Fig. 1-10).

Normalized RCS (dB)

Normalized RCS (dB)

_10;
_20;
-304
-204

-10-

_10;
_20;
_30;
-204

-10-

—Crossépo
Co-pol

240

200 160

180

a) Vertically-polarized soarat G.

—Cross-bo
Co-pol

240

200

¢) Horizontally-polarized soe at @.

18

Normalized RCS (dB)

Normalized RCS (dB)

_10;
_20;
-304
-204

-10-

_10;
_20;
-30-
-204

-10-

340 20
300 60
280 80
260t 100
240 Co-pol 120
220 140
200 180 160
b) Verticaibplarized source at 20
340 0 20
300/ . | 60
280 80
2607 100
| e Cross-poll
240 Co-pol 120
140

200

d) Horizontallydpoized source at 20



o o

K R

%) %)

Q Q

x x

© ©

(&) (&)

X N

£ £ | e Cross-poj
z z Co-pol

e) Diagonally-polarized somiat 6. f) Diagonally-patzed source at 20

Figure 1-9 Measurement bistatic RCS patterns faaily-pol incident fields.

| —— Vertically-pol
40 —_ Hprizontally—pol
—— Diagonally-pol

Normalized power (dB)

'50 v T T T T T T T T T T
-90 -60 -30 0 30 60 90
Angle (deg)

Figure 1-10 Measured monostatic RCS patters féerint linearly-pol incident fields.
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B. Circular Polarization
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Figure 1-11 Measured s-parameter for circularlygagtch antenna.
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Figure 1-12 Measurement bistatic RCS patternsifoularly-pol incident field.
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Figure 1-13 Measured monostatic RCS patters féerint circularly-pol incident fields.

RCS measurements for circularly-pol cases are @sducted using a set of circularly-
polarized interrogating patch antennas instead h# tinearly-polarized horn antennas.
Circularly-polarized patch antennas are fabricatgidg quadrature hybrids as shown in the inset
of (Fig. 1-11). Measured bistatic RCS shows thesi#ol level around 15 dB above the co-pol
level for the source located at the broadside [Etd2 a)] and around 8 dB higher when the
interrogator is placed at 20 degrees from the lwidad[Fig. 1-12 b)]. Similar to that of the
linearly-pol case, the measurement results showvd getvodirectivity and the desired cross-pol
level is higher than the undesired co-pol levelasleged monostatic RCS pattern for circularly-

pol case is shown in (Fig. 1-13).
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1.6 CONCLUSION

We have demonstrated a RDA that is more robust h® polarization of the
communication signal. It can receive any polar@matand retransmit a predictable orthogonally
polarized signal back to the interrogator. Theref@s long as the interrogator is equipped with
orthogonally polarized receiving antennas, the nmdsion mismatch loss between the
interrogator and the RDA will always be minimizedhis device may be especially
advantageous for unmanned vehicles, spacecraftenoote sensors under constant motion or
rotation. For the linearly polarized case, the agtimally polarized backscattered signal also
helps to steer away from undesired specular réflect_astly, since the system enables the
interrogator to use two separate antennas, orfeXand one foifx, it allows better isolation and

higherTx power at the interrogator side.

22



CHAPTER 2

Phased-Array Feed Network based on Composite
Right/Left-Handed (CRLH) Transmission Lines

2.1 INTRODUCTION

Composite Right/Left-Handed (CRLH) transmissioreirand CRLH based leaky-wave
antennas have been rigorously studies and reselafonethe past decade. Sometimes also
commonly known as “Metamaterials”, these periodicrowave structures have attracted much
attention due to their physical phenomena thatnaterally not available in real world. Dual-
band nature of CRLH transmission lines have begriemented in many guided and radiated
microwave structures, but have never been impleadeimt the form of phased-array systems.
Also, CRLH based antennas have been built to eedtfizquency scanning capability, but we
have found that the same frequency scanning aluity also be realized by providing CRLH
response to the feed network only, rather thangmateng CRLH structures directly into the
radiating structure. In this chapter, we will derstrate the two types of all passive phased-
arrays system using CRLH feed network. The firsteayn uses the dual-band nature of CRLH
dispersive lines to realize the dual-band phaseaahat can direct the beam to two arbitrary
directions. In the second part of the chapter, lamarray network is used along with the

wideband antennas to provide full frequency scanoapability.
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2.2 DUAL-BAND CRLH PHASED-ARRAY ANTENNA

(1)
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a) b)
Figure 2-1 Comparison between a) conventional 8r@RiLH based all passive dual-band phased-array.

Phased-array antennas are widely used in poinbtit-or point-to-multipoint wireless
communication links. For fixed communication links,simple, low cost, all passive phased-

array suffice the work. For equally spaced 1-D pldaarrays feed network design, the key factor

in directing the radiated beam to the desired rhbaam angle
. a
6, =sin™ (—j
kd (2.1)
is to provide the appropriate progressive phasiirghi(o) between the antenna elements. Here,

k is the free-space wavenumber and d is the iéenent spacing. Conventional all passive

phased-array systems use delay lines such as gueaelength delay lines [32]. However, due
to the linear phase response nature, these typésedfnetworks are suitable only for single

frequency point-to-point operations. In point-todtipoint communication links (Fig. 2-1), it is
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possible to design an all passive dual-band phased/ using dispersive delay lines. For
example, capacitively loaded dispersive transmisiites may be used to manipulate the phase
velocities of different frequencies. If properlysiigned, the relative phase difference seen at the
input of the antennas can be simultaneously cdattofor the two operating frequencies.
However, the main drawback of this approach comms the fact that conventional delay lines
can only provide phase delay, which bounds theatadibeam angles to only half of the upper
hemisphere (Fig. 2-1 a)).

CRLH transmission lines (TLs) on the other handenently possess the dual-band
nature; thereby provide the phase advance in addit phase delay. The dual-band nature of
CRLH TL has been implemented in many microwaveudiscincluding couplers, filters, etc.
[33]-[35]. This additional phase leading featurealgles the design of an all passive, single
phased-array network that can simultaneously peopdsitive and negative relative phase
difference values @) for two arbitrary operating frequencies, thustedimg the array system to
direct the radiated beams in the entire upper hg@mig (Fig. 2-1 b)). Hence, unlike the
conventional all passive phased array networksRBHCbased all passive single feed network is
capable of directing the radiated beams of twotiaty operating frequencies toward two

arbitrary directions.

2.2.1. Principle of Phase Advance/Delay Feed Network

The equivalent circuit model for a unit length betideal lossless CRLH transmission
line is comprised ofg, Cg, L, andC_ (Fig. 2-2). The subscripts indicate the right- deft-
handed constituents of the reactance values comgprike unit element response. Under the

balanced conditionLgC. =L Cg), the characteristic impedance of the CRLH TL difigs to
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Figure 2-2 Equivalent circuit model of CRLH TL.

N v
Ce VG 2.2)

and results in the phase response of the compsesiteture that is the sum of the phase
responses from the right- and left-handed portmfrithe CRLH TLs. For a section of CRLH TL
consisting o unit cells, the resulting phase response hasdtephase point shifted to a higher
frequency (away from DC) with the positive phaséage advance) below the zero phase
frequency and negative phase (phase delay) abewaetb phase frequency.
b= da+d, ~ N L Cp+—m.
oJL.C (2.3)
For dual-band operation, the desired phase responsand(], can be expressed in terms of its
two operating frequencies; and w,. These set of equations along with the two charastic

impedance equations (2.4) leads to a consisteati@olfor the circuit parameters,

L = Z, [¢1(a)1/a)2)—¢2]'
Nw, (1—(0)1/0)2)2)

26



C,.- ¢1(w1/w2)_¢2 ’

ne,Z, [1— (a)l/a)z)z}

L nz, [1—((01/602)2}
) W, [¢1—(a)1/a)2)¢2] ,

L ECLON
Y0z, b (0)0,),] (2.4)

The feasibility of above solution is settled if higand low-pass cutoff frequencies resulting from

the lumped element implementation fall outsidedperating frequency region [33].

fLH

1 1
c =T T fcRH =T
4z JL,.C, 7 JL.Cx 25

2.2.2. Implementation

Hybrid implementation is utilized to realize the KHR dispersive lines where the RH
portion is realized using microstrip lines and th portion is realized using lumped elements.
This technique helps to reduce the total numbdumiped components while microstrip lines

enable much easier tuning.

2.2.3. Dual-Band CRLH Feed Network Design Procedure

For illustrational purpose, a design procedureaiorall passive 4 element linear phased-
array is demonstrated. Several approaches may Kem tahen designing the phased array
network to achieve the ultimate goal of providilng fproper relative phase values for the two

operating frequencies. However, if the two mainnhgeaeed to be pointed toward opposite
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Figure 2-3 Desired phase response for four elechestband CRLH feed network.

directions from the broadside direction, the phasponse of the feed network should resemble
those in (Fig. 2-3). Here, the relative phase defay the two frequencies have opposite signs,
thereby enabling the beams to tilt toward the oppakrections from the broadside direction.

The design procedure for the dual-band CRLH fea@dar& which can provide the above
requirement is simple and straight forward as fefio
Step 1) Set the desired main beam anglg for the two operating frequencies.
Step 2) Find the inter-element spacind),( considering both the mutual coupling and grating
lobe. To avoid the grating lobe, the inter-elensgr@cing is usually set to less ttdax[36],

A

dmax = il
1+|sing,|

(2.6)
Step 3) Calculate the required relative phase differgagevalues that provide the desired beam

angles for the two design frequencies.

aa)l/a)Z = _ka)lla) Zd sSin eo_a) 1w 2 (2-7)
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The desiredz values can be attained by providing appropriatasphresponses at the
input of the antenna elements (ex:w; = [1o_w1 —[11_w1).
Step 4) Compute thd. andC values (2.4) using given design frequencies amdgéaequired
phase values obtained in Step 3).
Step 5) Verify whether the cutoff frequencies (2.5) artside the operating frequency region. If
the cutoff frequencies fall inside the operatingioa, choose a larger n value in Step 4) and
repeat Steps 4) - 5).
Step 6) Determine the phase response produced by theeliiement basddH TL only. The
final desired phase response is obtained by adgisiie electrical length of the microstrip line

that produces the missifiRH phase delay portion.

2.2.4. Dual-Band Antenna
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Figure 2-4 Dual-band antenna return loss and metmapling ford = 7.5 cm (0.6l,,,).

29



Quasi-Yagi antenna inspired dual-band antenna sggded [37]. Quasi-Yagi antennas
are generally used for wideband application, butl-thand operation may be attained by tuning
the radiating and parasitic elements and the spdmtween them. The simulated and measured
return losses are below -15 dB for both operatiggdencies. Mutual coupling between the

antennas is studied through simulation. The inement spacing is reduced while monitoring

S21 to determine minimum allowed spacing.

2.2.5. CRLH Feed Network
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Figure 2-5 a) Simulated and b) measured S-parametéhe CRLH dual-band feed network.

For the demonstrational purpose, the operatinguéreges are set to 1.8 GHz and 2.5
GHz and the desired elevation angles for the tweratphg frequencies are set g = £10
degrees from the broadside direction. The CRLH efisipe lines are designed using inter-
element spacind = 7.5 cm (mutual coupling -15 dB, as shown in Fig. 2.4). This inter-element
spacing is 0.43pw_freq@Nd 0.625kign_reqWhich allows moderate beam tilting for both freqeyen
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Figure 2-6 Simulated and measured phase resporle 6RLH based phased-array feed network forline
(L1) to line 4 (L4): solid symbols ¢-) are simulated results and open symbais)(are measured
results.

bands prior to the onset of the grating lobes. ddmaputed relative phase difference values are
a,1 = +28 anda,, = -39 to direct the main beams @lg = +1@ for each operating frequencids (
=1.8 GHzf, = 2.5 GHz).

The feeding network is fabricated on FR4 subst(tate= 4.4,h = 31 mil, andtans =
0.02). A two stage Wilkinson power divider is udedevenly divide the power in-phase to the
four CRLH dispersive lines. The return loss andeitisn loss of the entire feed network
including the CRLH TLs are below -15 dB and arouBddB respectively for both simulation
and measurement (Fig. 2-5). The simulated and meédguhase responses of the entire feed
network show good agreements (Fig. 2-6). Both thulated and measured results show ~

+2& atf; = 1.8 GHz and,,; ~ -39 atf, = 2.5 GHz as desired.

31



Left-Hand
Lumped Components
Dual-band
Antenna Right-Hand Right-Hand
Microstrip Line Microstrip Line
£
o
Q CRLH p1 8
U Dispersive Lines
>
L 4-way Power
Divider N
" ___=====|’
zoomed view
a) b)

Figure 2-7 Photograph of the fabricated dual-baRdLi@ based phased-array system: a) with antennedu) f
network only.

2.2.6. Radiation Patterns

Simulated radiation pattern of the 4 element lineaay is obtained by simulating a
single antenna then plotting the array patternguaimay factor calculation. For the measurement,
the pattern of the entire circuit (feed network antennas) is measured in the anechoic chamber.
The simulated and measured radiation patterns shewnain beam angles towafgl~ +1¢° as
desired with good agreement between them (Fig. 248 measured gain and efficiency of the
entire systems is 6.7 dB and 62% respectivelylferldwer frequency band and 6.7 dB and 49%

respectively for the upper frequency baasljndicated in Table I.

Freq Sim.vs. Meas al 02 a3 Desireda Direct. Gair Efficiency 0o Desiredo,
Sim. +29.9 deg +28.5deg +28.5deg 10.5dB - - +9 deg
L8CGHZ o +283deg  +27.8deg +28.1 deg T2S 4eg 88dB 67dB 2%6 +10deg ‘10ded
Sim. -38.4 deg -39.6 deg -38.2deg _ 9.8dB - - -9 deg )
25GHZ  \eas. 391deg -37.8deg  -38.1deg o0 4e9 98dB  67dB 9%4 -95deg L0deg
Table 1 Simulated and measured performances girtimosed dual-band CRLH based phased-array.
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Figure 2-8 Simulated and measured E-plane co-pednadiation patterns of the dual-band phaseq arra

sytem for a¥; = 1.8 GHz and bf, = 2.5 GHz.

2.2.7. Conclusion

A CRLH dual-band feed network provides both phadeaace and delay for arbitrary
frequencies thereby providing dual-band operaticith® phased array that directs the main beam
to two arbitrary radiation angles using a singledfemetwork. This type of feed network works
with any conventional dual-band antennas. If breadbantenna is used, the CRLH feed
network can also be used to construct a frequecamynéng antenna system. However, unlike the
CRLH leaky-wave antenna, the frequency scanningtfomality is obtained through feed

network design and not antenna design.

33



2.3 CRLH PHASED-ARRAY FEED NETWORK FOR
FREQUENCY SCANNING ANTENNA

Composite right/left handed (CRLH) based frequescgnning antennas have attracted
much attention in recent years. Unlike the previgeiseration of frequency scanning leaky-wave
antennas that could only scan toward one directidthh respect to broadside (excluding
broadside radiation) [38, 39], the CRLH conceptbdmdull frequency scanning capability from
backfire-to-endfire including broadside while ogarg in the dominant mode. Popular CRLH
based leaky-wave antennas (LWA) can be analyzed)asitenna array theory [40]. The antenna
is composed of periodic structures with unit dimens much smaller than the guided
wavelength. When the antenna is fed from one erttleofeaky wave mechanism, each antenna
element contributes a small portion of the radiggeder. Careful design of the antenna structure

essentially provides both negative and positivesplrogressions between each unit element as

Broadside
= 0. i

Figure 2-9 Proposed frequency scanning phased-basgd on CRLH feed network.
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frequency is varied within the radiating frequet@nd. Since the introduction of CRLH based
leaky-wave antennas in 2002 [41, 42], researcherge hfocused on improving antenna
functionalities and performances. For example, com@nd differential mode feeding is added
to control and improve the radiated far-field p@ation [43]. Amplifiers are inserted to control
the amplitude distribution and increase the radiag@in toward broadside radiation [44].
Substrate integrated waveguide is utilized to iaseethe quality factoi) of the antennas [45].
Despite each novel approach, CRLH based LWAs havmlzerent drawback that arises from
closely coupled linkage between the radiating amdealements and the array factor (AF). In
order for CRLH LWAs to provide smooth frequency ratiag operation, a very specific
structural form must be retained. But in doingiadependent control of the antenna parameters,
such as polarization and amplitude distributioe, sacrificed.

However, a different approach using array theoryg etéso be used in designing a
frequency scanning radiating circuit. The proposegthod also uses the CRLH concept, but
rather than integrating the approach into the ar@snthe phase engineering concept of the
CRLH TL is applied to the phased-array feed netwaikich is completely decoupled from the
radiating elements. In doing so, independent desogrtrollability can be obtained to easily alter
radiated polarization type, polarization orientati@and cross polarization level. Furthermore,
when combined with power dividers that allow simglewer ratio adjustments, current
amplitude distribution of the array can be easilgnipulated to control the directivity and
mainlobe-to-sidelobe level of the radiated patt@imthe authors’ knowledge, an all-passive full
frequency scanning radiating circuit that allowdapendent controllability of polarization, phase,
and amplitude distribution has not yet been demmatest. To address the similarities and

differences with CRLH LWA, we present a brief ravief conventional CRLH LWA, followed

35



by the new design approach for frequency scannirays based on the CRLH TL. Finally, the
improved radiated performances of the proposedesystre highlighted and validated with

measured results.

2.3.1. Conventional CRLH LWA

CRLH LWAs are composed of periodic unit cells camtay reactive parameters that
provide both negative and positive propagation toris3) values as a function of scanned
frequency. For frequencies whelle < S < +,, the guided mode couples to air and radiates with

a main beam at an angle

I‘(O

(2.8)
where, f(w) is the frequency dependent propagation constadtkans the freespace wave
number. Under the balanced condition, a smootlsitian from backfire to endfire can be
-k d ® +k d
\ 4 /

\ /
\ /

. . : ,
. radiation region ) e

guided region \ /// guided region
_Bd < nle > +Bd

Figure 2-10 Dispersion diagram of balanced CRLidcttrre.
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obtained without introducing the undesired bandigaguency region [5]. A typical dispersion
diagram of a balanced CRLH LWA is shown in (Figl@: In sum, operating the CRLH
structure between the radiation frequency region < o < @), the structure behaves as an
antenna with a main beam that scans along the tedlavangles as the frequency is varied.
However, most planar types of CRLH LWAs [46]-[4Tiffer from the difficulties in controlling
radiated polarization characteristics and from tlo@-ideal exponentially decaying amplitude
distribution profile. For transmission-line base®IE LWA structures, non-ideal polarization
traits have been remedied by combining a set ofermas side-by-side and feeding
common/differential mode signals [43]. Differentrustural types such as SIW have
demonstrated relatively better polarization chamastics for a particular E-plane orientation [45].
However in all cases, directivity/side lobe lev8L[) controllability remains unresolved. To add
the amplitude controllability and increase direityivunidirectional amplifiers have been added
to the CRLH LWA [44]. In doing so, tapered ampligudistribution has been provided for
broadside radiation, but frequency scanning cajybias not been demonstrated. Also,
integrating amplifiers adds both design and faliocacomplexity, in addition to forfeiting
bilateral Tx. andRx) operation. However, to simultaneously addresaration and amplitude
distribution properties, CRLH TLs may be used ia form of a phased-array feed network as

described in the following.

2.3.2. CRLH Phased-Array Feed Network for Frequency Scanning Antenna

Arrays

The essential property required in continuous feagy scanning is obtained by

gradually increasing the relative phase progredsaiween the antenna elements toward both
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Figure 2-11 Ideal phase response of four elemee&tiphased-array feed network needed for contsield
frequency scanning.

negative and positive directions as frequency igeshaway from the center frequeney (Fig.
2-11). The equation for the main beam angle desgyithe phased-array has the same form as

that of the CRLH LWA,

0, = sin‘l(ij
kd J 2.9)

Here, if the progressive phase shifting) (between the antenna elements can be both

negative/positive and dispersivedfw)] for a fixed inter-element spacing)( the same full 1-D
frequency scanning feature obtained in CRLH LWA= aéso be achieved, but all in passive
phased-array form. The idea is similar to thath&f tlual-band case, but rather than using two
edge frequencies, we can also use the entire CReEtraim band as long as they are comprised
of non-radiating CRLH transmission lines. Unlikee thonventional transmission lines, CRLH
TL allows simpler systematic manipulation of theapé response between the input and output

ports of the line. The equivalent circuit modethe same as that of the CRLH LWA, but when
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lumped devices are used, radiation is suppredseithis section we further improved the feeding
structure designed for dual-band case [8], whegetascanning angle is provided by eliminating
the CRLH lines in one of the feeding path and asaplitude distribution is examined to
demonstrate mainlobe-to-sidelobe controllabilityalike [44], bilateral operation is allowed in
this system since only passive elements are wdii@eontrol the radiated parameters.

To obtain full 1-D frequency scanning, the finabghk response should resemble (Fig. 2-
11). CRLH dispersive lines only contribute to tHeape component of the array system. Slight
amplitude perturbation may be created between itles Idue to the lossy nature of lumped
elements, but the amplitude imbalance can be eesitypensated by adding an unequal power

divider in the first power division step.

2.3.3. Implementation of CRLH based Phased-Array

When the CRLH lines are combined with proper podieiders, a more versatile frequency
scanning phased-array feed network can be desidsedoted in the previous section, the phase
component is mainly dictated by the dispersive CRIt¢s. On the other hand, amplitude
distribution can be controlled by the power diveland radiated polarization properties depend
purely on the antenna elements used along witlptbposed network. Therefore, independent
design freedom is allowed by simply selecting aachlsining the independent functional blocks
(power divider, dispersive feed lines, and antegleanents) to meet most design specifications,
such as the type and orientation of the radiateédrization, cross-polarization levels, mainlobe-
to-sidelobe level, and frequency scanning rangéhérfollowing sections, two sets of frequency
scanning phased-array feed networks based on CRipgedive lines are designed using quasi-

Yagi antennas to demonstrate the versatility amgpktity in designing and controlling the
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radiated properties of the antenna array. Fir€lR&aH array feed network is designed to provide
uniform amplitude distribution for maximum diredty;, and the second network is fed with
tapered amplitude distribution to examine the Sbitoollability of the radiated pattern. Also,

for each feed network, quasi-Yagi antennas arentmike to collinear and side-by-side

configurations to show simple polarization contbllity of the array system.

A. Wideband Quasi-Yagi Antenna

Wideband Quasi-Yagi antennas have been extensstetijed both as a single element and
in an array. In both cases, these linearly poldrem@ennas provide good polarization selectivity,
can be designed electrically small, provide dirextiadiation beam pattern, and offer sufficient
bandwidth needed for the frequency scanning omerd7], [48]-[49]. Both simulated and
measured results show reflection coefficient valuesw -10 dB throughout the operating band:
o = 1.8 GHz to 2.5 GHz (Fig. 2-12). The design psscef the frequency scanning phased array
is same as that of the dual-band case. Simildreatial-band case, inter-element spacing needs
to be carefully determined for a given antenna elanto satisfy both maximum tolerable mutual
coupling level between the antennas and to avadtiset of the grating lobe when starting the
phased-array network design [36]. However, unddsimaitual coupling between the antenna
elements at the lower frequencies will limit clgdacement. Prior to finalizing the inter-element
spacing, a mutual coupling study is carried ouhgi$ull-wave simulation to ensure the levels
are kept under reasonable value. In the proposg&drdeanter-element spacing df= 64 mm ¢
0.4x Ao 1and= 0.5x Ag ) is used. In both collinear and side-by-side felement linear array
configuration, reflection coefficient and mutualgling levels are maintained below — 10 dB as

shown in (Fig. 2-13) and (Fig. 2-14). Extra optiatipn may further enhance both levels.
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Figure 2-12 R-band single element quasi-Yagi argeajphotograph of the fabricated antenna andhi)lated
and measured reflection coefficient plots.
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Figure 2-13 Four element linear phased-array ugugsi-Yagi antennas in collinear configurationfigire of
the collinear configuration and b) reflection cémént and mutual coupling values.
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Figure 2-14 Four element linear phased-array ugu@sgi-Yagi antennas in side-by-side configuratefigure
of the side-by-side configuration and b) reflectamefficient and mutual coupling values.

B. CRLH Based Phased Advance/Dealy Linesfor Frequency Scanning Phased-Array
Network.

Once the inter-element value is determined, redutease values can be calculated to direct
the main beam toward the desired directions. Aibbet systematic design guide of CRLH feed
lines are explained in Section 2.3 and also in AMihough the design guides are geared toward
designing dual-band phased array, the same praeedso applies to the frequency scanning
phased-array. As a demonstrational purpose, theHCieed networks are designed to scan from
0, = -3¢ to +30 between the frequencies = 1.8 GHz tow, = 2.5 GHz. Unlike the previous
CRLH based phased-array feed network designs [@]&]nin order to minimize the number of
the total lumped element used, phase referencégliiveel) does not have the CRLH components.
Instead, if conventional microstrip line is used fbe first antenna element (Fig. 2.15), the
calculated reactance values of the first CRLH lifiee 2, feeding the second antenna element)
using (5) aret. =2.65 nHC, = 1.06 pFLr = 5.61 nH, ancCr = 2.24 pF witm = 3. Three unit-

cells are needed to push the high- and low-pasdgfdtequencies outside the operating
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frequency band [34]. These ideal reactance valudsgenerate the phase responsegof, =
69.12 and¢ ., = -96 at the two far end frequency points and «», thereby directing the main
beams to -30and +30 respectively. For every added antenna elemensah®e CRLH sections

(in this case, three unit-cells composed of theesegactance values) can be added in a cascaded
fashion to ensure the same progressive phasenghii) for each operating frequency point
within the operating bandwidth. To further redube total number of lumped elements and
provide better tuning capability, hybrid implemdrda is used to realize the CRLH lines [34].
RH andLH portions are realized using microstrip lines antped elements respectively. In the
final fabricated circuitsL.. = 3 nH andC_ = 1.3 pF are used, and right-hand microstrip line
lengths for each paths are adjusted accordinglyréeide the required phase response for the
design frequencies. The measured phase respotise jpifiase advance/delay lines match well to
the desired simulated data (Fig. 2-16). In bothusated and measured results, the ports are de-
embedded to indeemb and outdeemb positions as showfig. 2-17). Once the phase
engineered CRLH dispersive lines are designed, #@mey combined into two sets of feed
networks based on a corporate feeding scheme. Dihe aircuits uses equal power dividers to
provide uniform amplitude distribution that provedemaximum directivity while the other feed

network is designed to provide tapered current @og# distribution to minimize the SLL.

C. CRLH Feed Network with Uniform Amplitude Distribution
For a given array size and dimension, uniform curaamplitude distribution provides the
highest directivity owing to the space-angle Faurgationship [32]. A simple corporate feeding

network can be used to provide uniform amplitudgritiution. As mentioned in the previous
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18 Photograph of the fabricated linear fpHased-array feed network based on CRLH TLs with

uniform amplitude distribution.
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Figure 2-19 Measured a) S-parameters and b) phapense of CRLH phased-array feed network with

uniform amplitude distribution.

section, a longer CRLH path introduces more Idssteby creating amplitude imbalance at the

output ports of the feed network. This result isvgh in (Fig. 2-17), where larger insertion losses
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are produced for longer CRLH lines. Measured resshbw around 0.2 dB loss per CRLH unit-
cell. This loss may be reduced using high-Q lumptsiments, but it cannot be completely
eliminated. However, the amplitude imbalance cammi@mized by adding an unequal power
divider at the first power division stage. UsingBlgower divider, the power imbalance is
reduced from 2 dB to 1 dB and 1dB to O dBeatand o, respectively. The fabricated uniform

amplitude CRLH based phased-array network is show(ig. 2-18). Simulated and measured
S-parameters and phase response plots are shoffgin2-19). Meandered lines are used to
efficiently use the substrate area and miniatuttieeoverall circuit dimension. The entire circuit

is fabricated on Rogers RT/duroid 5880 2.2,h = 31 mil) substrates.

D. CRLH Feed Network with Tapered Amplitude Distribution

Although uniform amplitude distribution providesetthighest directivity, it suffers from
undesired larger SLL. To reduce the SLL, tapereglimade may be used. Theoretically,
binomial distribution may be used to completelyrahiate the side lobes; however, it requires a
relatively more drastic amplitude tapering requieemn For a four-element equally spaced linear
array, the binomial current amplitude distribution1:3:3:1 (power distribution of 1:9:9:1) is
needed to obtain the minimum SLL. Although binomdidtribution is achievable, to relax

design and fabrication complexity, Dolph-TschevystHdistribution is selected. Side lobes are
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Figure 2-20 Photograph of the fabricated linear pHased-array feed network based on CRLH TLs with
tapered amplitude distribution.
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Figure 2-21 Measured a) S-parameters and b) pkapemse of CRLH phased-array feed network withreape
amplitude distribution.

not completely eliminated, but SLL can be supprédselow the pre-specified level. Standard

Doph-Tschevyscheff synthesis with four-element #ywspaced linear array for SLL of -26 dB
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requires current amplitude distribution of 1:2.1321 [3]. To ease both the design procedure
and fabrication process, a Wilkinson power divigerdesigned to provide current amplitude
distribution of 1:2:2:1 (power distribution of 1441) [50]-[51]. The fabricated tapered amplitude
CRLH based phased-array network is shown in (FikQOR Simulated and measured S-
parameters and phase response plots are showigir2¢{#1). Adding 4:1 divider in the second

stage shows excellent matching and desired dividatign of 6 dB between the inner (ports 3

and 4) and outer (ports 2 and 5) ports.

2.3.4. Radiation Patterns. Measurement Setup and Results

A. Wideband Quasi-Yagi Antenna

Radiation patterns and directivity for quasi-Yagienna and phased-array antennas using
both uniform amplitude and tapered amplitude CRIbdged-array network are measured in the
nearfield chamber with a WR-430 waveguide probe Mieasurement setup is shown in (Fig. 2-
22). The radiated gain values for each circuitcamputed based on the gain comparison method

using standard gain horn antenna with the gair6afBi

a) b)

Figure 2-22 Photograph of the measurement setughdéoproposed CRLH based frequency scanning phased-
array in the near field chamber: a) proposed drrapllinear configuration and b) proposed array in
side-by-side configuration.
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B. CRLH Based Phased Advance/Dealy Linesfor Frequency Scanning Phased-Array

Network.

The quasi-Yagi antenna has a quasi-dipole radigtadtern that resembles a doughnut

shaped radiation pattern. However, the ground pierde backside acts as a reflector to

enhance the directivity toward the opposite dim@ttiCo-pol and cross-pol radiation patterns for

both E-plane and H-plane radiation patterns argvshpo (Fig. 2-23) and (Fig. 2-24),

respectively. Measured directivity and gain plats shown in (Fig. 2-25).
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Figure 2-25 Measured directivity and gain of thasjtYagi antenna.

C. CRLH Feed Network with Uniform Amplitude Distribution

The measured radiation patterns for both antenmentations using uniform amplitude
distribution show good polarization properties wilie scan directions that match well to the
designed angles. Measured main beam angles fanezIconfiguration along the scan angle are
6, = -29 and 6, = +28 for w1 and ay, respectively (Fig. 2-27). For side-by-side confaion,
the measured main beam angles steered} to-29 and 4, = +28 for @, and a», respectively
(Fig. 2-28). E-field is oriented parallel to theasaing angle in collinear configuration and E-
plane is orthogonally oriented in side-by-side agunfation. The SLL is around 10 dB below the
main lobe. Cross-pol level is below 20 dB throughitnve entire scan frequency for both E-cut
and H-cut patterns. Similar to the CRLH LWAs, fagan radiation pattern is generated.
However, the H-plane beamwidth may also be comttolby selecting antennas that are

electrically long along the H-plane direction orenting the antenna to align the element pattern
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null location along the H-plane. For a quasi-Yagteana, the H-plane beamwidth can be

squeezed when the array is arranged in side-by-saigiguration (Fig. 2-29). Measured

directivity and gain values are shown in (Fig. 2-3Dompared to the tapered amplitude case,

uniform amplitude CRLH phased-array antenna showerdoective radiation pattern.
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Figure 2-27 Measured four element array normallig@ane co-pol (black) and cross-pol (gray) radiati
patterns in dB scale for frequencies 1.8 GHz to@+ using uniform amplitude CRLH phased-
array feed network in side-by-side configuration.
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Figure 2-28 Measured four element array normalaegol (black) and cross-pol (gray) radiation paisein dB
scale for frequencies 2.1 GHz using uniform amgBt«CRLH phased-array feed network for: a)
collinear (H-plane) and b) side-by-side configwat{E-plane).
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Figure 2-29 Measured directivity and gain of unifioamplitude CRLH phased arry.

D. CRLH Feed Network with Tapered Amplitude Distribution

Although the main beam width is wider than thathed equal amplitude case, the SLL are
much reduced in the tapered amplitude case. TheiShelow 20 dB near the center frequency,
but tend to be relaxed as the frequency shifts anay the designed center frequency. Early
onset of the grating lobe shownaat 2.5 GHz in (Fig. 2-31) and (Fig. 2-32) is duenatinlening
of the main lobe (in the AF universal pattern) tesg from tapered amplitude distribution. If
desired, this grating lobe may be eliminated byiplgthe antenna elements closer to each other.
Similar to the uniform amplitude case, the croskkgeel is suppressed below 20 dB throughout
the scan frequency. Measured main beam angleslarear configuration aré, = -28 and 6,

= +27 for @ and w,, respectively. For side-by-side configuration, theasured main beam

angles aréj, = -30¢ and 8, = +29 for w1 and a,, respectively. The H-plane main beamwidth is
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also narrower for the side-by-side configuratioRgy( 2-33). Measured directivity and gain

values are shown in (Fig. 2-34).
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Figure 2-33 Measured directivity and gain of tapemenplitude CRLH phased array.

2.4 CONCLUSION

An all-passive frequency scanning phased-array chase the CRLH feed network
provides versatile design freedom that allows easmtrollability of radiated parameters
including: polarization type, polarization orientat, cross-pol level, directivity, and SLL. The
entire circuit can be built using passive compos@nmt planar substrates. It can direct the main
beam toward the desired elevation angles whilewalg bidirectional operation. Simple
systematic design approach provides excellent meamnt results that match well with the
predicted values. The proposed CRLH phased-arrayonle may also be used with any off-the-
shelf wideband antennas. Although this method mali replace the CRLH leaky-wave antenna,
it may provide benefits for other applications trejuire more sensitive control of the frequency

scanning antenna radiation patterns.
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CHAPTER 3

An Alternate Technique in Designing a L ow-Profile
Two-Pole Bandpass Frequency Selective Surface (FSS)

using Aperture Coupling Interlayer

3.1 INTRODUCTION

aperture coupling
interlaver

hatdpass F&5
layers

Figure 3-1 Drawing of proposed two-pole FSS basedperture coupling interlayer. Metal is shown lizxck
color. Dimensions used for this work ase= 120 mil,b = 115 mil,w = 66 mil,g =7 mil,s= 2 mil,
h =15 mil, and = varied.
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Frequency Selective Surfaces (FSS) are periodictsies that effectively behave as
filters to incident plane waves. In its simplesinfip a single layer bandpass FSS can be modeled
as a shunt parallel resonator. Multi-pole bandp&sS can then be designed by stacking single
layered bandpass FSS filters. Generally, to mirenmiee onset of grating lobes and desensitize
the filtering response to the oblique angle incaenFSS unit-element dimensions are
miniaturized to dimensions much less than the $msee wavelengthld) of the operating
frequency and the spacing between the FSS layerhianed down as much as possible without
degrading the desired filter response [10]. AltHodg4 spacing between the FSSs may ensure a
maximally flat bandpass response [52], in doing laoge spacing between the FSS layers
increases sensitivity to plane waves incident fabtique angles. Simply reducing the FSS layer
separation space cannot be used to solve the ebptane wave incidence sensitivity; from
coupled resonator bandpass filter theory, the gepthe coupling between resonators, the larger
the separation between the pole locations [53]aAssult, designing a low-profile multi-pole
FSS with flat in-band response is challenging. Refees [54] and [55] have achieved low-
profile bandpass FSS (less thag30) with good filtering performance. However, thes
techniques only apply for those particular FSS -aletment structures. The purpose of this
chapter is not to propose a new low-profile mutilepbandpass FSS structure. Instead, this
chapter presents a simple method to improve male-pfilter response by combining
conventional FSS shapes with aperture coupling.

Aperture coupling is well understood in the micre@acommunity. For example,
apertures can be used to control the coupling levelaveguide resonators [50]. Since FSSs are
essentially resonators, FSSs behave as coupledatesavaveguides to the incident plane wave

when stacked together. Therefore, the same comeaptbe applied to multi-layered FSSs to
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control the coupling strength between the FSS m@sos, thereby engineering the filtering

response. A FSS using aperture coupling has bemnopsly investigated [56]. However, the

two-pole response of [12] is designed for a paldicérSS structure using resonant elements
(patch antennas). Also, the FSS of [12] is designedinear polarization oriented at a particular

direction.

FSSs have been the focus of intensive investigatioere varieties of forms and shapes
have already been extensively examined; some ofyfhieal element types are summarized in
[10]. Therefore, the aperture coupling technique&rmvhombined with typical element types may
provide an alternate approach in efficiently designow-profile multi-pole FSS filters, which
provide more desirable filter responses that min@rnihe onset of grating lobes and are less
sensitive to oblique angle incidence. In additiihve, proposed aperture coupling interlayer is not
limited for a particular polarization state and nieyapplied to any incident polarization. In this
chapter, electrically miniaturized complementarmudalem cross structures [12] that behave as a
parallel shunt tank is chosen to demonstrate tvepiofile two-pole bandpass FSS filter design

using the aperture coupling interlayer.

3.2 TwoO-POLE FSSWITH APERTURE COUPLING
INTERLAYER

The unit-element of the two-pole bandpass FSS usgiagproposed aperture coupling
interlayer is shown in (Fig 3-1). When two FSS Iayare brought close to each other, strong
coupling between the FSS resonator separates dhentission pole locations, which creates
undesired in-band insertion loss as shown in (&i8). This response is plotted by simulating a
two layer FSS separated by 30 mil £,/30), without the aperture coupling interlayer. The

coupled block diagram of the proposed structureshiewn in (Fig. 3-3) where P1 and P2
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represent the input and output ports, R1 and R2sept the FSS layers and all other rectangular
block represent all possible coupling links betwdles port and resonant FSS layers. For the

proposed design, the major coupling contributiomes between the two resonant FSS layers

(Cr1r2).
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Figure 3-2 Simulated filter response of two lay&SFwithout the aperture coupling interlayer with 15 mil.

CP1-R2

cR1-P2

Figure 3-3 Coupling diagram of the proposed dudd- &S filter.



Figure 3-4

Figure 3-5
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Figure 3-6 Simulated filter response of two lay&SFwith the aperture coupling interlayer of apertur
dimensionr = 80 x 80 mil and the spacitg= 15 mil.
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Figure 3-7 Simulated filter response of two lay&SFwith the aperture coupling interlayer of apertur
dimensionr = 60 x 60 mil and the spacitg= 15 mil.
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Figure 3-8 Simulated filter response of two lay&SFwith the aperture coupling interlayer of apertur
dimensionr = 62 x 62 mil and the spacitg= 15 mil.

Based on conventional filter coupling theory, tleiging coefficient between the two resonant
FSS layers are extracted using the transmissiangual transmission zero locations obtained via
full-wave simulations (Fig. 3-4). Since the unieslent size of FSS s= 120 mil, the case of
=120 mil in (Fig. 3-2) represents the case withaperture coupling interlayer. As the aperture
dimension of the interlayer is decreased, the d¢og@trength between the two FSS resonator
can be reduced (pole location will converge towaeth other). Cases studies of the filter
transfer function versus intercoupling aperture ehsions are show the desired filter response
can be obtained simply by adjusting the apertumedsion (Fig. 3-5) — (Fig. 3.7). The unit-
element dimensions of the FSS used in the proposeuit is slightly less thai/8, thus a two-
dimensional periodic array effectively delivers aratterial behavior that is more robust to

oblique angle incidence. By increasing the FSS-eleitnent’s reactance through structural
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Figure 3-10 Simulated transmission coefficientvarious oblique angle incidences with TM-polariaas.

70



design and using high dielectric substrates, th& #H8t-element can be miniaturized. In this FSS
design, the narrow lines and gaps of the FSS sktdesigned up to the tolerable fabrication
limit, then the resonant frequency is further remtldy loading the capacitance with a high

dielectric substrateg(= 10.2).

3.3 EXPERIMENTAL VERIFICATION AND MEASUREMENT
RESULTS

The proposed FSS with the aperture dimensian=062 mil provides the simulated filter
response shown in (Fig. 3-8). Simulated centermueagy is 11.9 GHz, in-band insertion loss is 1
dB, -3 dB fractional bandwidth is 8%, and high otdand rejection can be obtained. Oblique
angle incidence studies are also performed for ATV polarized waves (Fig. 3-9)-(Fig. 3-10).
For both polarizations, good filter response isntaaned when illuminated from various oblique
angles. In the TE case, the transmission pole pgaki 13 GHz is due to the bent or “crooked”
mode that is inherent in the Jerusalem cross sfi#je To verify the proposed technique, the
above FSS with 42 by 42unit cells is fabricatedaaset of 5x 5 inch RT duroid/ 6010 substrate
(& = 10.2,h = 30 mil) as shown in (Fig. 3-11). For one of thestrate, the FSS and aperture
coupling patterns are etched on each sides of ubstrate. For the second substrate the FSS
pattern is etched on one side and the metallia lsygompletely removed on the opposite side of
the substrate. The two substrates are then borgled an adhesive. Free space measurement of
the FSS is carried out in an anechoic chamber (&if2). First, a reference transmission
coefficient is measured by placing a large higldgductive plate with X% 5 inch window (open
hole) located at the center. Then the fabricate® KS placed over the window and the
transmission coefficient is measured. The trandgonssoefficients of the FSS shown in (Fig. 3-

13)-(Fig. 3-15) is then plotted by subtracting theasured transmission coefficients (S21) of the
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Figure 3-11 Fabricated two-pole FSS based on cogintiterlayer.

Tx. Horn
Antenna
FSS
/
% Rx. Horn .
1 Antenna Metallic Wall
S S S
Microwave

Vector Network Analyzer| Amplifier

-0 @

Port 2 Port 1

Figure 3-12 Experimental set-up.
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Figure 3-13

Figure 3-14
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Figure 3-15 Measured transmission coefficient fariaus oblique angle incidences with Diagonal-gakgions.

metallic plate without the FSS from the measuretl &2he metallic plate with the FSS. In the
measurement, three polarization cases are investighE, TM, and diagonal polarization. For
each case, transmitting and receiving horn anterswa@s rotated accordingly, then the
transmission coefficient is measured for diffenacident angles. The measurement results show
very stable filter response upon oblique angledecce for all polarization states. Also, high out-
of-band rejection can be seen. The measured ckrtprency is 11.75 GHz, -3 dB fractional
bandwidth is 10%, insertion loss range from 1.2.f6 dB for different polarizations. Imperfect
alignment between the FSS layers and between the datennas, and the lossy adhesive
material used to bond the substrates may have éalvidre quality-factor of the FSS in the

measurement.
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3.4 CONCLUSION

The proposed technique enables an alternative agpro designing low-profile multi-
pole FSS filters with low in-band insertion losslextive filter response, and high out-of-band
rejection. Given conventional FSS shapes and separbetween the FSS layers, an aperture
coupling interlayer can be simply inserted betwdlea FSS layers to manipulate coupling
strength between the FSS resonators, thereby wsadprove the FSS’s filter performance.
Therefore, the proposed method aids in designingi-ayer FSS filters that are robust for

oblique angle incidence by enabling the FSS lateel® positioned closer to each other.
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CONCLUSION

Novel microwave devices and systems are realizedarform of periodic arrangements.
In the RDA design, periodically spaced array pothes rescattered signals back to the original
location. In addition to this retrodirective caddalpj the proposed system can receive any
polarization and retransmit a predictable polamargt all in an analog way. Although the
presented work is designed to retrodirect with dmeensional scanning to ease the fabrication
difficulties, the same concept can be extendedvio-dimensional scanning. Since individual
antennas operate independently in the RDA, onéeitain advantages over other rescattering
techniques is its compatibility to conformal sudac | addition, the system allows easier
integration with other electronic devices to incagde signal amplification and modulation. The
proposed system may find applications in remotesaesnor drones that are subject to constant
motion or rotation. If simple modulation is addedthe RDA system, it can also serve as a high
performance RFID tag for long distance trackingsdAlwhen operated with liner polarization,
the RDA may be especially advantageous when mouwrtddrge metallic background. Specular
reflections from the metallic objects are regardsdoise to the retrodirected signals. However,
since the proposed RDA always orthogonalizes tiflected polarization, it avoids the large
undesired specular reflections from the surrounddngironment. This advantage may find
applications for example in long distance trackifg¢arge metallic objects such as containers.

In the second chapter, periodicity comes in thenfaf both array and feeding lines
(through CRLH TL). This all passive phased-array spread the radiated beam to wider spatial

angles. Previously, beam spreading was limitedrtareow spatial angle and frequency scanning
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was only able to achieve through leaky-wave antenHawever, the proposed approach based
on CRLH diepersion engineering provides bettergtesontrol of the far-field radiated patterns
by decoupling the element pattern from the arrayofa As a proof of concept, lumped elements
are used to design the CRLH based phased-arraynggeark. For high frequency applications,
the same concept can be applied using non-radigistgbuted component. Such as vialess
CRLH stripline that is recently proposed [57]. Rregcy scanning may find important
application for the satellite radars or collisiaromlance sensor.

Lastly, FSS based on periodic UC-PBG and filterpted theory is designed to provide
robust filtering response to the waves incidenmfrablique angles with arbitrary polarization at
a very thin form factor. This design technique pdeg a much versatile design freedom in
designing high performance multi-pole spatial filteAlthough the concept is demonstrated for
bandpass filtering, it can be extended to otherfilype. Also, the proposed technique works for

any arbitrary separation between the FSS layers.
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