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Abstract

Novel slot antennas fed by the conductor-backed coplanar waveguide are proposed
in this dissertation. These include three kinds of the coupled twin slots and two versions
of the parallel-plate slot array. First the leakage effect at the slot dipole discontinuity of
the conductor-backed coplanar waveguide is introduced. Then the slot dipole coupled
with a straight slot is properly designed to utilize the leakage wave for enhanced
radiation performance. Next, the slot dipole co_qpled with an arc-slot is presented, which

is more compact than the previous design. Afterithat, the miniaturized design with

truncated ground planes and dieleetric Isul?s?rﬁte is presented. The fringing fields at the
_ BN L

truncation play the role of the ctf)lipl.iin.g slot inl' the previous two designs. The overall

performance is found to be comparable to its predecessors.

The second half of this dissertation deals with the parallel-plate mode leakage from
the uniform conductor-backed coplanar waveguide. Two parallel-plate slot arrays that
are excited by this leakage wave are presented. To obtain linear polarizations, a
longitudinal and a transverse slot array are designed and the procedures are detailed.
The superiority of the former over the latter will also become obvious in the context.

This type of structure has the potential for large array design based on the

conductor-backed coplanar waveguide.
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Chapter 1

Introduction

1.1 MOTIVATION

Surprises are no surprise to research works. For some researchers analyzing the
modal problems of certain wave-guiding structures, the phenomenon of leaky wave

radiations was discovered and évolved.into a new category of powerful antennas. For

F Y
P

some, like the author, attempting te inqlua; .-.a:co.nducti_ng plane in the backside of slot
antennas to obtain a unidirectib'na.l' tadiationpattern and perhaps higher antenna
directivity and gain, the consequence is a disaster. The structure becomes overmoded
and the antenna performances degrade drastically. This dissertation endeavors to seek
for an elegant engineering method to improve the radiation performance of slot antennas

backed by a conducting plane, especially with a coplanar waveguide feed.

1.2 LITERATURE SURVEY

Proposed in 1969 [1], the coplanar waveguide (CPW) has become increasingly

1



popular nowadays because of several advantages it offers over the conventional
microstrip line, such as the uniplanar structure, low radiation loss, low dispersion, ease
of fabrication, and the ability of being easily integrated with active and passive devices
without the need of via holes [2]. The structure of the CPW is shown in Fig. 1.1, where
the gray area represents the metal plane and the white portion is the dielectric substrate.
The parameters I and S are, respectively, the strip and slot widths of the CPW, whereas
hand &, are the height and the dielectric constant of the substrate, respectively.

In practical situations there are often conc_h_lcting planes backing the substrate either
intentionally to improve the mechani_g:_aln str?ngth‘ and, the heat-sinking capability, to

\

render the radiation pattern unidirectippaf:—:;ff;fﬁe antenna applications, or accidentally
due to the existence of nearby mét'al.ci)l.ojects. BeI:Siges, in multilayered structures, while
the isolation on the same layer can be achieved by placing vias, the isolation between
layers is usually realized by placing conducting planes between layers [3]. The structure
now becomes the conductor-backed coplanar waveguide (CBCPW), and the structure is
shown in Fig. 1.2. Some examples of using the CBCPW as a feed-line can be found in
[4] — [16]. Special purposes or applications such as transitions [17] — [19],
measurements of complex permittivity and permeability [20], [21], or even sensors [22]

also exist.

The CBCPW is an overmoded, leaky guiding structure. In addition to the CPW



mode, the top and bottom conducting planes also support the parallel-plate mode. The
originally bound CPW mode now leaks power in the form of the parallel-plate mode
along a particular angle relative to the main CPW line. Since the transverse
electromagnetic (TEM) wave in the parallel-plate waveguide region does not have a
cut-off frequency, there will always be some power leakage in the lateral direction for
all frequencies [23]. In addition, the parallel-plate mode has the same symmetry as the
CPW mode and therefore cannot be suppressed by air bridges [24]. The physical idea of
the leakage phenomenon was clearly: explained._in [25] and is adapted in Appendix A.
Early studies on the CBCPW car_;_be: tretfcexd l;ack to the 1980s. In 1982 Shih and

\

Itoh [26] treated the CBCPW as a mixt,ulre %E_.z-i:rﬁicrostrip line and a coplanar waveguide
_ BN L
and computed the dispersion reléfio.nis. as well I'as:cthe characteristic impedance of the
CBCPW. However, as pointed out by Shigesawa et al. [27], the analysis was not
complete because it was done before the leakage was recognized to occur and therefore
it missed the leakage effect altogether. In [27] the leakage effects on both
conductor-backed slot lines and conductor-backed coplanar waveguides, with finite or
infinite lateral extent of conductors, were introduced, and theoretical and experimental
results of the phase and attenuation constants were compared. Chou et al. [23] explained

why the attenuation constant of the CBCPW increases with frequency until it reaches a

peak, after which it starts to decrease. The dimensions of the strip and slot widths



become electrically large at higher frequencies such that the fields concentrate below
the center conductor of the CPW and get weaker in the slot region. Thus weaker fields
are excited in the parallel-plate region. So the normalized phase constant approaches
\/Z and the attenuation constant decreases at higher frequencies. In other words, the
CBCPW with larger values of the center strip width and the slot widths behaves more
like a microstrip line rather than a coplanar waveguide. Other studies on the basic
properties of the CBCPW appear in [28] and [29], which stated that the leakage rate of
the CBCPW increases with reducing substrate .height, same conclusion as in [30], [31].
The CBCPW in a metallic enclosure was ‘Idisc:}lsxsecxi in-[32]. Analysis of the asymmetric

CBCPW can be found in [33], [34]: P:ﬂ

| :

One of the main problems: of anI évennodled:cwave-guiding structure is the mode
conversion at discontinuities. Jackson [31], [35] discussed both the gap end and the
short end discontinuities in the finite-width conductor-backed coplanar waveguide.
Three modes are significant in the setup, namely the coplanar waveguide (CPW) mode,
the coplanar microstrip (CPM) mode, and the microstrip (MS) mode. It was found that
more power is coupled from the CPW mode to the CPM and the MS modes at the gap
end discontinuity than at the short end one, and the coupled power decreases when

either the substrate height is increased or the guide cross-sectional area is reduced.

Another problem of the CBCPW is the coupling between devices and crosstalk.



Coupling may be due to direct leakage, substrate resonances, or both [36]. Coupling
between slotlines through a conductor backing was explained in [37], where Hirota and
Itoh showed that the coupling was not due to the proximity effect but through the
conductor backing.

Resonance of the CPW side conducting planes is another issue [38] — [47]. Excited
by the leakage wave, the side conducting planes of the CPW behave like the resonator
[38], [39], [44], so the energy is confined under the side planes and the transmission line
performs awfully. Thorough investigations of _this resonance phenomenon can be found
in [39], where the resonant frequenc_i_es‘Iwefe_xpr;edicted by both the patch-resonator

\

model and the MSL (microstrip-like) plo%dgl-‘.:/.xlso found was that various side plane
_ '3 1Y

patterns did not suppress the resbhapi:é. Haydll' [40] drew similar conclusions that the

resonant frequencies of the CBCPW side planes are predictable by the patch antenna

theory.

To deal with the leakage problem of the CBCPW and various side effects, several
methods have been proposed. First, via holes that short the top and bottom conducting
planes were used to suppress the parallel-plate modes [9], [12], [14], [18], [44], [45],
[48] — [59]. Among these works, [44] is of particular importance, in which Haydl

systematically investigated the effects of the via positions on the leakage suppression. It

was found that placing the vias near the excitation region of the parallel-plate mode,



which is the gap region of the CBCPW, was superior to both random placements and
shorting the periphery of the ground planes, which just shifted the resonant frequencies
of the ground planes. Transmission characteristics of the CBCPW with via holes can
also be found in [60]. The effect of the lateral walls, which closely spaced via holes
resemble, on the propagation characteristics of the finite-width conductor-backed
coplanar waveguide (FW-CBCPW) were presented in [61]. However, the use of via
holes contradicts one main advantage of the CPW technology that via holes are not
necessary for grounding [36]. Besides, placi_n_g via_holes close to the CBCPW also
affects the impedance [12]. |

The second approach is the non-leaky{?;(;f;lanar (NLC) waveguide proposed by Liu

| :
et al. [62], although this idea had'failrgziu;ly been Il)r'agticed implicitly by other researchers
[63] — [66]. The concept is to make the CPW mode slower than the dominant
parallel-plate TEM mode by incorporating an additional dielectric layer, which has
higher dielectric constant, with two possible configurations, i.e., either above or beneath
the top metal layer the CPW ground resides. Usage and discussions of the NLC
waveguide can be found in [67] — [74]. Although the transmission line itself is made no
longer leaky by this method, coupling to the parallel-plate modes still occurs at

discontinuities [24]. The structure also becomes more complicated and expensive due to

the additional dielectric layer.



There are some other techniques developed to prevent the propagation of the
parallel-plate mode, such as the uniplanar compact photonic-bandgap (UC-PBG)
structure [75] — [77], the patterned backside metallization [36], the backside grooving
[78], and the use of finite width dielectric guide with much higher dielectric constant
that results in the total reflection of the leakage wave [58]. While the third and the
fourth methods are obviously formidable due to the difficult dielectric processing, the
second method still suffers when a conducting plane lies beneath the patterned
metallization, not uncommon in power ampliﬁgr MMICs which have to be placed on a
heat sink [42], and the first method _.inYolV;es_‘ thxe additional design of the bandgap

structure. ,
|

il
| 1

The above are solutions spééiﬁé .to the trlan_s;m.ission line scope. As for antenna
applications, some different approaches have also been developed. The most noticeable
is the phase cancellation technique, originally proposed in the 1980s to deal with the
surface wave problems of printed dipoles [79] as well as slots on electrically thick
dielectric substrates [80] — [84]. This technique uses twin broadside slots half a guided
wavelength apart to cancel the undesired propagating power. Successful
implementations of this technique for conductor-backed slots can be found in [85] —
[90]. For these excellent works, the complexities always come from the feeding

structures, since both slots are fed directly and separately. The number of dielectric



layers used, the number of feed points, or the accompanying bulky feeding circuits are
major problems.

The second type is the aperture coupled patch antennas [4] — [6] that have the CPW
feed-line and the coupling aperture on opposite sides of the substrate and an additional
dielectric layer with the patch above. Although the patch antenna works fine, there are
potential dangers because the leakage problem of the feed-line is not taken care of.
Besides, two dielectric layers are needed, which may not be acceptable in certain
applications.

The final one is the coplanar patch antenna (CPA)-which looks like a CPW-fed slot

loop antenna with conductor backing [9|1 ]5;[.11)6] Se far this is, in the author’s opinion,
- |'<3 || P~
the most elegant design of CBCPW-.fje;i antennlas due to its structural simplicity. Only
one dielectric layer is used and via holes are not needed. Besides the characteristics of
the antenna are similar to those of the conventional patch antenna so the design is
straightforward. However, viewing the CPA as the microstrip patch antenna lacks
completeness because the parallel-plate mode leakage indeed exists in the side ground
regions, as evidenced by Fig. 7 of [103], which is obviously not true for the microstrip

patch antenna that has no side grounds at all. In this dissertation we will use our

proposed CBCPW-fed coupled twin slots to provide another point of view.



1.3 CONTRIBUTION

This dissertation is devoted to the analysis and design of two novel types of
antennas, both fed by the CBCPW. The first type is the coupled twin slots with three
variants, including the slot dipole coupled with a straight slot, the slot dipole coupled
with an arc-slot, and the miniaturized version. They utilize the leakage power generated
at the discontinuity where the feed-line meets the slot dipole to excite an additional slot
(or the fringing fields in the miniaturized ease), thus forming a radiation-efficient
coupled pair. These coupled twin;slots are one gf the simplest, if not the simplest, forms

of antennas fed by the CBCPW to'date. |

NI

The second type is the parzifliel_—p.)late slot-array. The parallel-plate mode leakage
from the feeding CBCPW is intercepted by the slots on the side ground planes.
Depending on the directions of alignment of the slots with respect to the feed-line, a
longitudinal array and a transverse array are designed. Wide impedance bandwidth, high
directivity, high front-to-back ratio, and frequency-scanning of the main beam in one of
the major plane cuts are the features of the proposed array.

The aforementioned two types are both designed with the CBCPW feed-line in its
most basic form, i.e. with only one dielectric layer without any via holes. Besides, the

height of the dielectric substrate doesn’t need to be a quarter guided wavelengths as in



several references [85], [87], [88], [107].

1.4 CHAPTER OUTLINES

This dissertation is organized in the sequence described below.

In Chapter 2, three versions of the coupled twin slots fed by the CBCPW are
presented in order. First of all, the leakage phenomenon that occurs at the discontinuity
of the CBCPW-fed slot dipole is illlustrated visually. Then the CBCPW-fed slot dipole
coupled with a straight slot is desigﬁg:glll,:ﬁfab_ricated, and experimented. Second, the
CBCPW-fed slot dipole coupled with an é;f;;iot.slot 1s;presented. Some cautions about
CBCPW-fed slot antenna designé are also discuss'éd. The simulation and measurement
results are demonstrated. Finally the miniaturized version is presented. Simulation and
measurement results about the performance of the reduced-size antenna are shown. The
smoother radiation patterns that prove the ground diffractions are alleviated are also
presented.

In Chapter 3, two parallel-plate slot arrays are presented in order. First, the novel
parallel-plate longitudinal slot array fed by the CBCPW is proposed. Design

considerations about the choices of the slot orientation, the feed-line dimension, the

inter-element spacing, and the slot dimensions are explained in detail. The reflected
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wave from the end of the feed-line is also taken into consideration to compensate for the
power tapering along the radiating apertures. A 5 x 6 and two 5 x 2 arrays with and
without the feed-line termination are simulated, fabricated and tested. Next, the
parallel-plate transverse slot array is presented. An array with an off-broadside main
beam is designed to illustrate the basic concept and the predictable main beam position.
Then another array with a broadside main beam is designed to demonstrate the
frequency-scanning property. Simulation and measurement results are presented.

Finally, conclusions are drawn in Chapter.4.
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Chapter 2

Coupled Twin Slots Fed by
Conductor-Backed Coplanar
Waveguide

2.1 THE STRAIGHT-SLOT CASE

The coupling mechanism of thedwin slotsifed by the conductor-backed coplanar
waveguide is investigated. The goal i 'td';__fmprove the antenna efficiency by using the
phase cancellation technique and. at the é;me time keep the structure as simple as
possible. The leakage phenomenon ié illustrated wisually and the effects of the antenna
parameters are examined numerically for choosing the appropriate variables. Finally the

proposed antenna is fabricated and tested, showing 69.8 % of antenna efficiency.

2.1.1 INTRODUCTION

Coplanar-waveguide-fed slot antennas are attractive due to their uniplanar

structures and the ease of fabrication [2]. To render the radiation from bidirectional to
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unidirectional, conducting planes are usually placed at the back of the antennas. The
performance, however, suffers because the conductor-backed coplanar waveguide
(CBCPW) and the conductor-backed slot are both leaky structures due to the incursion
of the parallel-plate mode leakage [27]. The parallel-plate TEM mode has zero cut-off
frequency, so the leakage phenomenon occurs at all frequencies. One major trend
toward solving the leakage problem of conductor-backed slots is the phase cancellation
technique originally proposed in the 1980s to deal with the surface wave problem of
dipoles [79] as well as slots on electricall_y_ thick dielectric substrates [80] using
infinitesimal elements. This technique ~. uses.. t\x;in broadside slots half a guided
wavelength apart to cancel | the| . u%—;?‘eélred propagating power. Successful
_ '3 1Y

implementations of this technique 'fo.ric.onductof-bgcked slots can be found in [88] and
[90], where the slot lengths are 0.84 and 0.95 wavelengths long in [88] and about one
wavelength long in [90]. For these excellent works, the complexities always come from
the feeding structures, since both slots are fed directly and separately. Two dielectric
layers and feeding circuits are used in [88], whereas two dielectric layers and two
feeding ports are required in [90].

In this chapter we propose a new feeding mechanism for the twin slots

configuration, of which the first slot dipole is directly fed by the CBCPW, whereas the

second slot is coupled by the parallel-plate mode leakage excited at the discontinuity of
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the first slot dipole. By means of this feeding method, the resulting geometry is
single-layered with only one feed and without any additional feeding circuits or via
holes. The simplicity and conciseness greatly enhance the usability of CBCPW-fed slot

antennas for practical applications.

2.1.2 ANTENNA STRUCTURE AND DESIGN

The single slot dipole fed by the CBCPW._acts more like a mode converter than an
efficient antenna. It converts most of :[he _fp_(_)w;cr from the CBCPW mode to the
parallel-plate mode, leaving the.radiat_e!(?i p%?wer ey small. The typical antenna gain is
far below 0 dBi and the radiation efﬁéiency bélo_yv .10 %. Using the simulator HFSS
from Ansoft, Fig. 2.1(a) illustrates this phenomenon, where the surface current density
at the interface between the dielectric and the top metal layer is plotted. At the junction
of the CBCPW feed-line and the slot dipole, the parallel-plate mode is strongly excited
and propagates radially into the substrate region. In contrast, as Figs. 2.1(b) and (c)
show, if an additional slot with suitable dimension is placed in front of the first slot
dipole at a distance about half a guided wavelength of the parallel-plate mode according

to the phase cancellation technique, the leakage is reduced significantly. Although the

leakage suppression is not complete, the gain and the efficiency are greatly improved, as
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will be shown shortly.

The geometry and the photograph of the proposed twin slots fed by the CBCPW
are shown in Fig. 2.2. The gray area represents the metal portion and the white ones are
the etched slots and the feed-line. The relative phases of the fields on the first and the
second slots depend on the distance d as well as the lengths and widths of the slots, L;,
L, S;, and S,. When the distance d is half a guided wavelength of the parallel-plate
mode according to the phase cancellation technique and the slots are of the same length,
it is found that usually the phases are not ex_a_ctly equal, resulting in an off-broadside

main beam in the E-plane (y-z plane). The phases eéan be made equal if the slot lengths

i

are allowed to be discrepant. Thus.for eac L value, we can find a corresponding L>

| :
that results in a broadside main 'fb'egrin., assumiﬁg_:cthat the transverse dimensions (x-y
plane) of the substrate and the ground are infinite so the influence of the edge
diffractions on radiation patterns is temporarily ignored. The following simulations are
carried out using the package software IE3D from Zeland. Fig. 2.3 illustrates the
simulated results at 5 GHz, where the normalized L, (L, / L;) is plotted versus L;. The
effect of different slot widths is also considered. From Fig. 2.3 we see that L, might be
greater than, equal to, or smaller than L;, depending on the choices of L; and the widths

of the slots. Note that since the CBCPW is a leaky line, the length of the feed-line (L)

should not be too long. In our simulations the feed-line length is chosen to be 15 mm,
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with the corresponding loss estimated to be 0.45 dB.

For each combination of L; and L, that results in a broadside main beam, the
corresponding efficiencies and gains are calculated and shown in Fig. 2.4. Here the
radiation efficiency is defined as the ratio between the radiated power and the input
power, whereas the antenna efficiency as the ratio between the radiated power and the
incident power. The difference between the incident power and the input power is the
return loss at the input. Fig. 2.4(a) reveals that the radiation efficiency has local
maximums when L; is near integer multip_l_es of A, where A is approximated by

Ay (€, +1)/2, which is 37.2 mm at_5 GHZ for the present case. However, the serious

‘q‘ .’-'_

input mismatch makes the overnll antenna e; c.1ency below 50 % when L; = X. On the
' :
other hand, the highest antenna géin is' achieved' Wl}en S;=27mmand L; =78 mm =
2, as can be seen in Fig. 2.4(b). The corresponding antenna efficiency is 64.7 % but the
input return loss is just about 10 dB. If a better input matching condition is required,
smaller L; values should be chosen such that the curves of the radiation and antenna
efficiencies are closer to each other. In our experiment we choose L; = 60 mm for a
better input return loss and a slightly higher antenna efficiency, although the gain is
smaller due to the smaller antenna size. Note that although it seems like increasing S>

results in higher efficiencies and gains, these performances soon begin to saturate and

finally fall off. Therefore in our simulations higher S, values are not pursued further.
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2.1.3 EXPERIMENTAL RESULTS

A twin slot fed by the CBCPW is fabricated and tested with the following
parameters: L; = 60 mm, L, =59 mm, §; = 1.5 mm, S, = 2.7 mm, d = 13.1 mm, L,= 15
mm, W= 2.5 mm, and G = 0.8 mm. The FR4 substrate with z = 1.6 mm, &, = 4.2, and
tano = 0.02 is used in the fabrication. Note that for antenna applications, the substrate
material with lower dielectric constant .and _1pss tangent would be more preferable.
However, in this work, the FR4 substrate yvas;used‘ merely because it is more accessible
to us and much cheaper than other sublstrgt?sﬁ The dimensions of the substrate and the

_ 'S ||V
ground plane are 150 mm in the x'f-c'lir.eiction and I85.gnm in the y-direction.

Fig. 2.5 plots the frequency response of the simulated and measured input return
losses and gains. The measured input return loss is seen to have about 0.1-GHz
frequency shift from the simulated one, whereas the simulated and measured gains are
very close to each other. Considering that the simulation tool IE3D does not take the
finite ground and the finite substrate into account and the mechanical tolerance of the
fabrication process would unavoidably result in some discrepancy between the physical

dimensions of the simulation model and the test piece, the results are quite satisfactory.

At 5 GHz the measured return loss is 24.1 dB and the measured gain is 5.64 dBi. The
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measured 10-dB return loss bandwidth is 5 %, extending from 4.88 GHz to 5.13 GHz.
Fig. 2.6 shows both the simulated and measured E- and H-plane radiation patterns at 5
GHz. Mild ripples are observed in the measured E-plane co-polarization pattern. This is
caused by the edge diffractions of the finite ground plane, which is a common
phenomenon in slot antenna E-planes. The measured cross-polarization levels are fairly
low in the E-plane and a bit higher in the H-plane, but are still below -15 dB in all
directions. Note in Fig. 2.6(a) that the simulated cross-polarized component in the
E-plane is invisible. This is because the component remains lower than -40 dB, which is
the lower bound of the radial axis in_._th? ﬁ%uxe. xThe measured front-to-back ratio is

higher than 17 dB. ,

il
| 1

By using the method desc'ﬁbedl .in [108j 1o éstimate the directivity from the
half-power beamwidths of both the E- and H-plane radiation patterns, together with the
measured gain data, the antenna efficiency is found to be 69.8 % at 5 GHz. As will be
shown in the next section, the antenna efficiency of the CBCPW-fed slot dipole coupled
with an arc-slot is calculated using the same method, and is found to be 50.6 %.
Although the structure in the next section has the advantage of occupying a smaller area,
the performance of the present structure is superior in terms of the antenna efficiency,

the main concern of antennas fed by the leaky CBCPW.
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2.1.4 DESIGN PROCEDURE

The design procedure can be summarized as follows.
1.Choose L; = 1.5~1.6 A
2. For d being about half the guided wavelength of the parallel-plate TEM mode, find a
L; value that is close to L; such that the coupled twin slots have a broadside main
beam in the E-plane.
3. Make §; large enough before the antenna efﬁ_ciency and gain saturate.

-
[ =

g
"

2.1.5 SUMMARY

The CBCPW-fed coupled twin slots have been proposed and the properties
demonstrated. The coupling mechanism and the effects of the antenna parameters have
been studied and utilized to design a unidirectional antenna of 69.8 % antenna
efficiency with a simple structure without any complicated feeding circuits. This type of
antennas would be very attractive when the CBCPW feed is unavoidable and the whole

structure must be kept simple.
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2.2 THE ARC-SLOT CASE

A novel compact slot antenna fed by the conductor-backed coplanar waveguide
(CBCPW) is proposed. The antenna is composed of a CBCPW-fed slot dipole and an
additional arc-slot in front of the dipole. Compared to the CBCPW-fed slot dipole
without the arc-slot, the antenna gain is improved significantly. The antenna occupies a
small area and uses only one layer of dielectric substrate and a single feed without any
via holes. The impedance bandwidth 1s:7.2 % and the highest in-band antenna gain is

3.4 dBi.

NI

2.2.1 INTRODUCTION:>

In this section, we propose a new CBCPW-fed slot dipole antenna that incorporates
an additional arc-slot to achieve the phase cancellation with only one layer of substrate
and a single feed. The excitation of the arc-slot is through the coupling of the power
leaked from the discontinuity of the feed-line, as described in the previous section. The
feeding mechanism alleviates the burden of designing complicated power dividing

circuits. This results in a simple geometry and a compact antenna size.
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2.2.2 ANTENNA STRUCTURE

Figs. 2.7(a), (b), and (c¢) show the geometry of the antenna, the equivalent magnetic
currents flowing on the radiating slots, and the photograph, respectively. The gray area
represents the metal, whereas the white ones are the etched slots and the feed-line. As
the input power travels down the feed-line and excites the slot dipole, part of the power
propagates, in the parallel-plate region, toward and excites the arc-slot. When the
distance d is about half the guided wavelength Qf the parallel-plate TEM mode, the field
on the central region of the arc-slot gnql th%t _pn‘the slot dipole are in phase, which

\

reinforces the effect of the phas.e canqellla%];:ﬁ;.' The length of the slot dipole (2 x L) is
about A, which is approximated by /Ll(: /W I. On the other hand, because the
length of the arc-slot is fixed by its radius, tV.VO additional sections (L,, x S,;) are attached
to extend the total arc-slot length to about 1.5 * A. As opposed to the conventional
transmission lines, such as the coplanar waveguide, where the feed-line length basically
merely alters the phase of the input reflection coefficient, it is not true for the
CBCPW-fed antennas. Since the CBCPW is a leaky line, the input power is fed directly
into the antenna as well as through the coupling of the leakage power. Therefore as the

feed-line length is varied, so are the amount of the coupling and hence the

characteristics of the antenna. This phenomenon is best illustrated by Fig. 2.8, where the
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radiation efficiency and the antenna gain simulated by IE3D from Zeland are plotted.
When the feed-line length is changed from 5 mm to 20 mm, the variation of the
radiation efficiency is about 11 % at the design frequency of 5 GHz, whereas that of the
gain is about 0.9 dB. Also note in these figures that the variations with frequency are not
monotonic, which would be the case if there is only material loss. These two
observations reveal the distinctive feature of the CBCPW and the caution that should be

kept in mind when designing CBCPW-fed antennas.

2.2.3 SIMULATION.AND-MEASUREMENT RESULTS

The design is based on the FR4 §1;11;>strate With: :ciiélectric constant ¢, = 4.2, thickness
h = 1.6 mm, and loss tangent tano = 0.02. The central distance between the arc-slot and
the dipole slot is d = 15.65 mm, which is slightly larger than one half the guided
wavelength of the parallel-plate mode at 5 GHz. The remaining parameters are as
follows: S =1 mm, S, = 1.5 mm, S,, = 1 mm, L; = 18.5 mm, L,, = 4 mm, and L, = 14
mm. The strip and slot widths of the CPW feed-line are 2 mm and 0.5 mm, respectively,
which correspond to a 50-Q characteristic impedance. Throughout the design process,

simulations are carried out using the package software IE3D from Zeland.

The return loss and gain are plotted in Figs. 2.9 and 2.10, respectively. The
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simulated resonant frequency is 5.05 GHz, whereas the measured one is 5.02 GHz. The
shift in resonant frequency is less than 0.6 %. The measured bandwidth is wider than the
simulated one, which may be attributed to the large loss of the dielectric substrate used
in the experiment. The measured return loss at 5.02 GHz is 16.25 dB and the 10-dB
return loss bandwidth is 7.2 % extending from 4.86 to 5.22 GHz. The in-band measured
gain ranges from 0.55 dBi to 3.4 dBi and is 2.89 dBi at 5.02 GHz. Compared to the
CBCPW-fed slot dipole without the arc-slot, which has gain far below 0 dBi, the current
design increases the gain significantly, while thg antenna size still kept compact.

The measured radiation patterns. at 5}0_2 éHz are shown in Fig. 2.11. The

cross-polarization level in the E-plane (yz?ﬁéﬁe) is.below -20 dB except for the region

| :
near 6 = 90°, which has higher. léVelgidue to thé disturbance of the connecting cable in
that direction. As for the H-plane (xz-plane), the cross-polarization level is higher than
that in the E-plane, but still remains under -10 dB. Especially in the direction of the
main beam, the level is down to below -30 dB. For comparison, the in-band patterns at
4.9 GHz and 5.2 GHz are shown in Figs. 2.12 and 2.13, respectively. As can be seen, the
pattern is quite stable with respect to the frequency variations. By using the method
described in [108] to estimate the directivity from the half-power beamwidths of both

the E- and H-plane radiation patterns, together with the measured gain data, the antenna

efficiency is found to be 50.6 % at 5.02 GHz.
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2.2.4 DESIGN PROCEDURE

The design procedure can be summarized as follows.
1. Choose 2 * L; = A.
2. For d being about half the guided wavelength of the parallel-plate TEM mode, attach

two sections to both ends of the arc-slot to extend the total length to about 1.5 * A.

2.2.5 SUMMARY

e '

[ ; =
&
il

A novel gain-enhanced CBCPWifed slot éntgnﬁa has been proposed. An arc-slot
placed in front of the slot dipole and excited by the leakage power from the CBCPW has
been shown to significantly increase the gain of the slot dipole on the leaky
conductor-backed structure. The measured impedance bandwidth is 7.2 %, the highest

gain is 3.4 dBi in the band, and the radiation pattern is stable within the band. This

antenna is useful when the compact CBCPW-fed antenna is needed.
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2.3 THE MINIATURIZED CASE

2.3.1 INTRODUCTION

Slot antennas fed by the conductor-backed coplanar waveguide (CBCPW) are
created when there is a conducting plane, either intentionally or accidentally, lying
beneath the coplanar waveguide (CPW) and the slot antenna. The conductor-backed
coplanar waveguides and the conductor-backed:slots are both leaky structures due to the

incursion of the parallel-plate:; mode Jeakage- [27]. < Therefore the CBCPW-fed slot

| —
e
= -4

antennas usually radiate inefficiently. On ﬁ_i_é'(.)th_er hand, the E-plane radiation patterns
of slot antennas [109], [110], simflér to microstrip-patches [111], usually suffer from the
space-wave and surface-wave diffractions of the finite ground plane, resulting in ripples,
dips, and distortions in the radiation patterns. While the problem of pattern distortion of
microstrip patch antennas had been tackled in several papers [112] — [114], little had
been reported for slot antennas. In this section, we propose a novel finite ground slot
dipole antenna fed by the CBCPW, derived from the prototype of the CBCPW-fed
coupled twin slots discussed in the first section of this chapter. By merging the finite
ground diffractions with the radiating slot, the gain of the originally leaky CBCPW-fed

slot dipole is increased and the radiation pattern is much smoother. The overall antenna
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size 1s also reduced.

2.3.2 ANTENNA OPERATION

The antenna structure and the photograph are shown in Fig. 2.14. The gray and
white areas represent the metal plates and the dielectric substrate, respectively. At the
discontinuity where the CBCPW feed line meets the slot dipole (characterized by the
size Ly X W), a great portion of the incident power is converted to the parallel-plate
mode propagating radially away:from the ndiscfontiriuity._According to the investigations
in the first section of this chapter, if an %d%;ﬁal.slot is_placed in front of the slot dipole
with suitable dimensions and’ c.li:s.tance, tlhe_se twin elements will form a
radiation-efficient coupled pair. In the current design, the top ground plane on which the
slots are etched is truncated at the position of the additional slot such that it is replaced
by the fringing field at the edge. The dielectric substrate and the bottom ground plane
protrude a little for better impedance matching. The advantages the proposed structure
offers are twofold. First the performance is similar to its prototype in the first section of
this chapter but the current design occupies a smaller area. Second, the influence of the

finite ground diffractions are overwhelmed by the fringing field radiations at the ground

edge, as will be evident in the following figures that, compared to the conventional slot
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antennas, the smoothness of the radiation patterns is improved and the ripple levels are

much reduced.

2.3.3 SIMULATION AND MEASUREMENT

The antenna is designed and fabricated on the FR4 substrate with height 2 = 1.6
mm, & = 4.35, and loss tangent tand = 0.02. The strip and slot widths of the 50-Q
CBCPW are § = 2.5 mm and G =10.8 mm,_r_espectively. The distance from the slot
dipole to the ground edge isid = 15.5._mf11, yyhicﬁ coertesponds to about half a guided
wavelength of the parallel-platg mode !?a;%éde.sign fyequency of 5 GHz. Remaining
parameters are as follows: Ly = 16.5 mm, Ly= 605 rﬁm, Ws=2 mm, L, = 82 mm, and
W,=42.5 mm. Ansoft HFSS was used as the simulation tool.

The measured and simulated input return losses are shown in Fig. 2.15. The
measured 10-dB return loss bandwidth is 8.6 %, extending from 4.74 GHz to 5.17 GHz.
The measured results agree well with the simulated ones. The E- and H-plane radiation
patterns at 5 GHz are plotted in Figs. 2.16 (a) and (b), respectively. The antenna gain at
this frequency is measured to be 6.4 dBi. The E-plane co-polarization patterns at 4.8,

4.9, and 5.1 GHz are also plotted in Fig. 2.17. Note that the off-broadside main beams

in some of these patterns are due to the frequency scanning property rather than the
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distortions caused by ground diffractions. The patterns are seen to be much smoother
than those of conventional slot antennas. This indicates that the influence of the finite

ground diffractions is indeed alleviated.

2.3.4 DESIGN PROCEDURE

The design procedure can be summarized as follows.

1. Choose Ly, = A.
2. For d being about half the:guided wavelength, of  the parallel-plate TEM mode,
protrude the dielectric substrate, and t.l*‘if;l;.ottom ground plane a little beyond the

truncation such that the input réturn lossecomes: better.

3. Fine-tune L, as a last resort to complete the design.

2.3.5 SUMMARY

A novel CBCPW-fed finite ground slot dipole antenna has been proposed. Using
the fringing fields at one of the ground edge, the proposed antenna has been shown to
provide improved gains and smoother patterns over the conventional CBCPW-fed slot

antennas. This antenna is well-suited for applications of slot antennas requiring
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compactness and unidirectional radiation with back conducting planes.
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2.4 COMPARISON

Three versions of the coupled twin slots fed by the CBCPW have been proposed in
this chapter. The first design, the straight slot case, features impedance bandwidth of 5
%, antenna gain of 4.92 — 6.37 dBi, and antenna efficiency of 69.8 % at the center
frequency. The second design, the arc-slot case, has impedance bandwidth of 7.2 %,
antenna gain of 0.55 — 3.40 dBi, and antenna efficiency of 50.6 % at the center
frequency. The final design, the;miniaturized case, is characterized by impedance

bandwidth of 8.6 %, antenna gam of 3.8-— 6.4.dB1, and-antenna efficiency of 84.4 % at

Y
e
g—

the center frequency. These and some addiﬁorial infermation are summarized in Table I.
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Fig. 2.1 Simulated surface cutrent dh s1ty'“dlsﬂbut_19ns of (a) a single slot dipole, (b)

twin slots with the first slot dipolé ~ IX l-é'ng; and (c¢) twin slots with the first slot dipole

~ 2) long. All cases are fed by the CBCPW with the same dimension.
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Fig. 2.2 Geometry and photograph of the proposed CBCPW-fed slot dipole coupled

with a straight slot.
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Fig. 2.3 Simulated results for normalized L, versus L; with a broadside main beam at
5GHz. S;=15mm, L;=15mm, d=13.1 mm, W=25mm, G=0.8 mm, 2= 1.6 mm,

& =4.2, and tano = 0.02.
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Fig. 2.4 Simulated (a) radiation and antenna efficiencies and (b) antenna gain versus

L;at5GHz. S;=1.5mm, L;/=15mm,d=13.1 mm, W=25mm, G=0.8 mm, 7=1.6

mm, &= 4.2, and tand = 0.02.

38



6
5

‘8

S

3.

©

O
2
I 811’ n?easured ------ Gain, measured - 1

— S, simulated ... Gain, simulated

-30 L . ' . ' 0
4.7 4.8 4.9 5.0 5.1 5.2 5.3

Frequencyi(GHz)

NI

Fig. 2.5 Simulated and measured inputasetusnlosses and gains of the proposed
antenna with L; = 60 mm, L; =59 mm, §; = 1.5 mm, > =2.7 mm, d = 13.1 mm, L,= 15

mm, W=2.5mm, G=0.8 mm, #=1.6 mm, ¢.=4.2, and tand = 0.02.
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Fig. 2. 6 Simulated and measured radiation patterns of the proposed antenna at 5 GHz.

(a) E-plane (y-z plane). (b) H-plane (x-z plane).
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Fig.2.7 (a) Geometry of rl_" ' .%u’o t dipole coupled with an

arc-slot. (b) Equivalent mag et _gls ts. (c) Photograph.
' oy, 8
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Fig. 2. 8 Simulations of (a) radiation efficiency and (b) antenna gain. S; =1 mm, S, =

1.5mm, S,,=1 mm, L;= 18.5 mm, L,, =4 mm, and d = 15.65 mm.
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Fig. 2.9 Simulated and measured input return losses.
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Fig. 2. 10 Simulated and measured antenna gains.
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Fig. 2. 11 Measured radiation patterns at 5.02 GHz. (a) E-plane; (b) H-plane.
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Fig. 2. 12 Measured radiation patterns at 4.9 GHz. (a) E-plane; (b) H-plane.
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Fig. 2. 13 Measured radiation patterns at 5.2 GHz. (a) E-plane; (b) H-plane.
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Fig. 2. 14 Geometry and photograph of the proposed CBCPW-fed finite ground slot
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TABLE |
SUMMARY OF THE MEASUREMENT RESULTS OF THE THREE DESIGNS OF THE COUPLED

TWIN SLOTS
Straight slot case | Arc-slot case Miniaturized

case
Center frequency (GHz) | 5.00 5.02 5.00
10-dB return loss | 5 7.2 8.6
bandwidth (%)
In-band peak gains (dBi) | 4.92 —6.37 0.55-3.40 38-64
Peak gain at the center | 5.64 2.89 6.40™
frequency (dBi)
Antenna efficiency at the | 69.8 50.6 84.4%2
center frequency (%)
Total area of antenna plus | 150 * 86 150 * 104 82 *42.5
ground plane™ (width *
length, mm)

f-, _

»*¢1: In the first and the second cases, -tye 'gir'pund plane size may be adjusted if needed,
| 'I e | . -

whereas in the third case, the listefd. Ve_lllue deliver.'s.t-he optimum performance.

%¢2: The anechoic chamber at NTU Electromagnet Wave Group had been rebuilt during
the summer of 2007, which was before the experiments of the miniaturized case were
undertaken. Hence while the first two cases were measured in the old chamber, the third
case was measured in the new one. From the author’s experience, the measured gain
data of a same test piece in the old and the new chambers sometimes show variations of
several decibels. So it is reasonable to assume there is some level of inaccuracy when

directly comparing the gain and efficiency data of the first two cases to those of the

third case.
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Chapter 3

Parallel-Plate Slot Array Fed by
Conductor-Backed Coplanar
Waveguide

3.1 THE LONGITUDINAL CASE

The novel parallel-plate’ longitudinal sl(.)t array fed by the conductor-backed
coplanar waveguide is proposed. Desig'ﬁ';g:_tm.siderations about the choices of the slot
orientation, the feed-line dimension.the in{e.:r-element spacing, and the slot dimensions
are explained in detail. The reﬂected wave from the end of the feed-line is also taken
into consideration to compensate for the power tapering along the radiating apertures.
To further increase the efficiency, additional columns of slots are needed to intercept
more power for radiation. A 5 x 6 and two 5 x 2 arrays with and without the feed-line
termination are fabricated and tested. The measured and simulated results agree well
and thus verify the design concepts. The proposed design has a broadside unidirectional

pattern and is capable of frequency-scanning in the H-plane.
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3.1.1 INTRODUCTION

The coplanar waveguide (CPW) is an attractive feeding structure for planar printed
antennas due to its uniplanar structure, low radiation loss, low dispersion, ease of
fabrication, and the ability of being easily integrated with active and passive devices
without the need of via holes [2]. In practical situations, however, there are often
conducting planes backing the substrate to improve the mechanical strength and the
heat-sinking capability. This turns the structure into the leaky conductor-backed
coplanar waveguide (CBCPW).:The o_.rig{nall:y _bo;md CPW mode now leaks power in
the form of the parallel-plate mode suppof‘{fgdﬁby the top and bottom conducting planes

- - AL
and along a particular angle relét'iv.ei t.o the mlaiq_ CPW line [75]. This phenomenon
occurs at all frequencies and the CBCPW-fed antennas are hence inefficient radiators.

In this and the next sections, we propose a new type of slot array antenna based on
the CBCPW structure that uses the parallel-plate mode leakage to radiate through the
slot array etched on both sides of the ground plane of the CPW feed-line. The geometry
is relatively simple and single-layered. The array design is flexible to achieve required
radiation patterns. Besides, large array designs can easily be done without

input-matching problems.

Compared to the transverse slot array that will be presented in the next section, the
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performance of the longitudinal array in this section is further improved by addressing
two additional problems that are not considered. First, the end reflection of the feed-line,
which is crucial to the input return loss in small array designs, is taken into account.
Second, the transverse slots are replaced by longitudinal ones for -efficiency
consideration. This is because when the slots are in the transverse direction and a
broadside main beam is required, the inter-element spacing of the slots in the
longitudinal direction will be close to a guided wavelength of the dominant
parallel-plate mode. This, along with the inj:_)hase excitations of the slots, performs
exactly the opposite of the phase car;celﬁlati?n_x te;:hnique. The power leaked into the

\

dielectric region is enhanced and therefc%g the_efficiency as well as the pattern
deteriorates. On the other hand,  when .theslots are placed longitudinally, the above
dilemma no longer exists. The control of the main beam position and the placement of

the additional columns of longitudinal slots for efficiency improvement can now be

separated into designs in the longitudinal and transverse directions, respectively.

3.1.2 ANTENNA STRUCTURE

The structure of the proposed antenna is shown in Fig. 3.1. The gray area

represents the metal whereas the white ones are the etched slots and the feed-line. Only
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one layer of dielectric substrate is used. As soon as the wave is launched at the input, it
travels down the CBCPW and at the same time leaks power to the side ground planes
and excites the nearby slots. The angle 6, between the directions of the leakage power
and the CBCPW line, as shown in Fig. 3.2, is similar to that of the conductor-backed

slot line [27], and can be expressed as

0 =cos‘1@, (3-1)

pp

where Scpcpw 1S the propagation constant of the dominant propagating mode of the
CBCPW and p,, is that of the parallel-plate TEM iiode: At the end of the transmission

line the wave reflects back if the/line 1s 'ﬁ_gt.%le‘;minated. The backward traveling wave
obeys the same mechanism as’the forward onelz,'. with the slots excited in the reverse
order. The dimensions of the CBCPW(S-and G) determine the leakage rate of the
feed-line. The separation between the slots and the CBCPW (d,), and the slot length (/)
and width (wy) can be varied to control the amount of the radiated power from each slot.
The parameter d, which represents the offset along the y-axis between the
corresponding slots on the right- and left-hand sides of the CBCPW, will be adjusted to
achieve the in-phase excitations of both sides of the slots. The distance between
adjacent slots in the y-direction (d,) affects the relative phases of the excitations of the

slots. The distance between the neighboring m™ and n™ columns of slots in the

transverse direction, d.,, is about half a guided wavelength of the parallel-plate TEM
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mode, whereas the offset between the neighboring m™ and n™ columns of slots in the
longitudinal direction, d,., is tuned to assist in the phase cancellation. If the dimension
of the array in the y-direction is large, or if the leakage rate of the CBCPW is high, the
reflected wave from the end of the feed-line is negligible and d; is somewhat arbitrary.
But if the array size is small, or if the leakage rate of the CBCPW is low, the reflected
wave contributes to the radiation and d, must be carefully chosen accordingly. Moreover,
reflections also occur at the periphery of the ground plane. In our design, we use the
largest available area of the ground plane (150 mm by 250 mm) to mitigate this effect.

-
[ =

g
"

3.1.3 ANALYSIS

A. SLOT ORIENTATION

There are two possible ways to obtain the linearly-polarized radiation. In the next
section the first method will be introduced, with the slots placed transverse to the
feed-line direction and d = 0. Both slots in each slot pair that is symmetrical about the
y-z plane are excited in-phase. The arrangement resembles the conventional CPW-fed
slot array but with the radiating slots detached from the central CPW. Linear

polarization can also be achieved by placing the slots in the longitudinal direction of the
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feed-line, as Fig. 3.1 shows. In this case, for in-phase excitation of each slot pair formed
by a slot on the right-hand side and its corresponding one on the left-hand side of the
CBCPW, d should be changed to half of a guided wavelength of the dominant CBCPW
mode to compensate for the out-of-phase leakage from different slotline of the CBCPW
such that A and A' or B and B' in Fig. 3.2 are in-phase. The polarization differs by
90° from that in the transverse slot case. In this section, we shall concentrate on the

second method, that is, the longitudinal slot arrays.

B. CPW DIMENSIONS
Z."-u '
i — -

Although the impacts of the CPW dimensions-on the attenuation characteristics of
the CBCPW have been investigated in many articles [30], [115], this is the first time
that the effects on the array synthesis are presented. For this purpose, we first define the
normalized leakage power in terms of the S-parameters:

P =1-[5, |2 =[Sy |2 (3-2)
The normalized leakage power for various combinations of the length and width of the
transmission line is calculated at 5.5 GHz. The characteristic impedance of the CBCPW

is fixed at 50 Q in each case. The simulation setup is based on the FR4 substrate with

dielectric constant &, = 4.3, thickness # = 1.6 mm, and loss tangent tané = 0.02. The
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simulation is carried out using the package software IE3D v.10.0 from Zeland. The
results are shown in Fig. 3.3(a). Next we use the data in Fig. 3.3(a) to calculate the
normalized power leaked from each section (10-mm long) of the leaky transmission line.
Since Sy is relatively small compared to S;;, the power to be found is approximated by
the difference between each adjacent point along a curve in Fig. 3.3(a). Fig. 3.3(b) plots
the results.

From Fig. 3.3(a) we can see that for a fixed characteristic impedance, the wider the
central strip width of the line is, the larger thc._leakage rate will be. But how to choose
the line configuration depends .on the_.arfay §iz_p. in the next few paragraphs, we will

show that the dimensions of the radiating"@lots candbe adjusted to control the radiated

power from each slot. But if the 'fr'ati.oi 6f the poIqu i.mpinging on the first and the last
pairs is too large, adjustments of the parameters of the slots may not be practical for the
uniformly-excited array. Fig. 3.3(b) tells us that although the feed-line with wider strip
width has higher leakage rate, if the array size is not small, the power delivered to the
last pair of slots will be lower than the one with narrower strip width does. Therefore,
depending on the array size, one should choose the suitable line width to deliver enough
power to the end elements. On the other hand, although the narrower line has a flatter
leakage rate along the line, the residual power at the end of the line is higher than those

of the wider ones. Since we will not terminate the line, but instead let the residual power
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reflect back and contribute to the radiation again to compensate for the power tapering
originally existed on the slots, and since too large of the backward traveling wave will
deteriorate the input matching performance, therefore we make a trade-oft here and

choose the feed-line with S = 2.5 mm.

C. INTER-ELEMENT SPACING

Fig. 3.2 also illustrates the phase relatiogship between two adjacent slots in the
y-direction and the leakage froniithe CB_C?W.f S__incé ds1s invariant in our analysis and 6,
is also a constant along the enti.re CB_C!’P.\%?is.obvioqs that the distance traversed by
the leakage wave between the CBCPW and the I'ra(_lia;ting slot is the same for each slot.
Therefore the phase difference between any two adjacent slots in the y-direction is the
distance the dominant CBCPW mode has to travel to cause the leakage that contributes
to the corresponding portion of the slots. This is the distance AB or A'B' in Fig. 3.2. As
can be seen, AB or A'B' simply equals d,. Therefore, in order to achieve a broadside

pattern, d, is chosen to be close to one guided wavelength of the dominant CBCPW

mode such that the field on each slot is in-phase.

D. SLOT DIMENSIONS
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The slot length and the spacing between the CBCPW and the first columns of slots
d; are adjusted to control the radiated power. We first determine the proper value of d.
Please note that although the conductor-backed slots are excited by a propagating wave,
the leakage wave from the conductor-backed slots makes the excitation more like a
standing wave, so the distance d; affects the radiated power. The normalized radiated
power, self-normalized to the maximum, of a slot pair versus ds at 5.5 GHz is plotted in
Fig. 3.4. The slots are found to radiate meost st_rpngly when d; equals approximately half

a guided wavelength of the parallel-plate TEM mode; which is 13.2 mm at 5.5 GHz.

Hence we choose d; to be 13 mmaTo fac’ﬂ?céf-fe the.design, the slot width is fixed at 2

| :
mm and we calculate the normaIiZeqifadiated ﬁdwer for different lengths of the slots.
Here the normalized radiated power is defined as the radiated power divided by the
maximum among the simulation data, i.e. the radiated power of the first slot pair when /
= 24 mm. We simulate five pairs of slots with d, = 31 mm, a value slightly less than a
guided wavelength of the dominant CBCPW mode at 5.5 GHz due to the slot coupling.
The slots are simulated with one pair present at a time and the CBCPW is treated as a
two-port device. The obtained data are thus the isolated radiated power due to the

leakage from the forward traveling wave only. Fig. 3.5 plots these results. As can be

seen, the slots radiate most strongly when the slot length is about 23 mm or 24 mm. We
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choose 23 mm for all of the slots for simplicity.

3.1.4 ARRAY DESIGN AND MEASUREMENT

An array with five pairs of slots is simulated with d; varying. The results are shown
in Fig. 3.6. Here the normalized radiated power is obtained by normalizing the radiated
powers by the maximum among them, i.e. the one when d; = 18 mm. The normalized
radiated power peaks when d, is about 18 mm._and oscillates with the periodicity of 16
mm, which is close to half of a;guided v:/ave;le_ngtxh of the dominant CBCPW mode at
5.5 GHz. The simulated H-plane (@ M 9:6%)‘-1;rlédiation pattern with this value of d, is

- | '3 || Yo
plotted with the cross marks in Fig, 3'8 The ﬁéﬂr@ also plots, with the circular marks,
the same array but with the end of the transmission line terminated. When the line is
terminated, the power tapering makes the pattern rather asymmetrical, with the first pair
of the side lobes at -16.86 dB and -10.98 dB, respectively. When the forward traveling
wave on the CBCPW is allowed to reflect back, its leakage also excites the side slots,
but now it is the last (Sth) pair that is excited most strongly and decays in the reverse
order. This compensates for the original tapering and shapes the pattern much more

symmetrical, so the levels of the first pair of the side lobes become -13.03 dB and

-12.06 dB, which is comparable to that of a uniformly-excited array.
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To check the validity of our design, the above array was fabricated on the FR4
substrate with dielectric constant ¢, = 4.3, thickness # = 1.6 mm, and loss tangent fano =
0.02. The remaining parameters are as follows: wy =2 mm, /; = 23 mm, d, = 18 mm, d,
=31 mm, d = 15.5 mm, and d; = 13 mm. The dimensions of the feed-line are G = 0.8
mm and S = 2.5 mm, which correspond to a 50-Q characteristic impedance. The return
loss is measured using the Agilent E8364B network analyzer. The E- and H-plane
radiation patterns are measured in an anechoic chamber, using the Agilent 8722ES
network analyzer.

Fig. 3.7 shows the return loss versus freq}le_pc;/. Fig, 3.8 and Fig. 3.9 are the H- and
E-plane (¢ = 0°) patterns, respegtively, .Wf%% ahd .withm%t termination at 5.5 GHz. It can

be seen that there are some no'ftétbl.ei .discrepalnbi_ps.between the simulation and the
measurement results. The main reason is that as the leakage wave impinges on the slots,
it partly radiates, partly reflects back, and partly transmits to the side directions. In the
simulation, because the infinitely large ground plane and substrate are assumed, these
transmitted waves will never reflect back. However, in practice they radiate as well as
reflect at the periphery of the structure and interfere with the antenna itself, thus
resulting in the poor performance. We therefore design another larger array with three
columns of slots on each side of the feed-line. The number of rows is still five. The

offsets dy;> = 14 mm, d,»; = 12 mm, d,;> = 4 mm, and d,»; = 10 mm. The transverse
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spacing d.n, 1 chosen to be about Agp,/2 according to the phase cancellation technique
and the longitudinal spacing d,., is tuned to ensure the in-phase excitations of the
columns of slots. Here Aqp, denotes the guided wavelength of the parallel-plate TEM
mode. The columns of slots are not at each other’s exact broadside due to the
longitudinal offset d,..,, but the phase cancellation can still be achieved in the transverse
(x-) direction as [116] indicates. It is expected that with the increasing number of slots
on the side, more power will radiate through the slots instead of radiating and reflecting
at the ground edge. The photographiof the 5 x._6 array is shown in Fig. 3.10. The input
return loss, the H-plane pattern, an;i the l?-plgn_@ 1f;attem are shown in Figs. 3.11, 3.12,
and 3.13, respectively. The cross-polarilza.t%;i'e.vel is below -20 dB in all directions and
_ NS L
is omitted here for clarity. The' 'acglil.racy of Ithe_; simulation improves considerably,
especially in the patterns. This also confirms the above discussions. The main beam
points towards broadside and the backside radiation level is below -30 dB. The levels of
the first pair of the side lobes are -13.6 dB and -12.8 dB, respectively. The measured
antenna gain is 10.84 dBi, which corresponds to the antennas efficiency of 33.6 %. Note

that doubling the substrate height will drastically increase the efficiency to more than 50

%.

The array is capable of frequency-scanning in the H-plane. Fig. 3.14 plots H-plane
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patterns at various frequencies between 5 GHz and 6 GHz. The amount of the beam

scanning and antenna gains are summarized in Table II.

3.1.5 DESIGN PROCEDURE

The design procedure can be summarized as follows.

1. Start the design by listing several possible feed-line dimensions for the predetermined
characteristic impedance. The lower - and upper bounds may be, for example, the
fabrication process limit and the dir_neI}siO? fgha‘; issmechanically not matched to the
connector, respectively. Choose one,tpe;ti%;s.:t.he medium leakage rate

2. For the design with a broadside ingiin beam; nieik_g: d and d, equal to 0.5 * Ay,cpcpw and
AecBCPW, TEspectively.

3. Choose d; to be about 0.5 * Agpp,.

4. Choose /; and w; such that the maximum radiated power is obtained.

5. Place one column of slots on either side of the feed-line. Vary d; and choose the value
that results in the maximum radiated power.

6. If the resulting H-plane radiation pattern is too asymmetrical, or if the input reflection

is too strong, go back to Step 1 and choose another feed-line dimension accordingly.

7. Let dn, be about a half of the guided wavelength of the parallel-plate TEM mode.
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Adjust d,,, such that all slots are in-phase, or nearly so, and a maximum antenna gain

is achieved.

3.1.6 SUMMARY

A novel design of a longitudinal slot array antenna fed by a CBCPW has been
presented. By longitudinally placing the slots and offsetting, the array radiates pure
linearly-polarized broadside main beam. [he _a_ttenuation characteristic of the CBCPW
has been studied for suitable choice"of _th? fe?d;lil;e configuration. The dimensions and

\

the arrangement of the radiating slots andﬁfé effects of the reflected wave have been
discussed. A small array was fabricated but'the petformance suffered from the reflection
and the radiation from the waves at the periphery of the structure. A larger array was
therefore designed and fabricated to overcome this problem. The array exhibits wide
impedance bandwidth and a highly unidirectional pattern capable of frequency-scanning.

This antenna, using only one layer of the dielectric substrate, can find applications

where inexpensive frequency-scanning arrays on the CBCPW are demanded.
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3.2 THE TRANSVERSE CASE

A novel type of antenna which combines the leakage nature of the
conductor-backed coplanar waveguide (CBCPW) and the parallel-plate slot array is
proposed. The structure is simple and uses only one layer of substrate without any via
holes. The proposed antenna features wide impedance bandwidth, high front-to-back
ratio of the radiation pattern, and is readily expandable into large planar arrays.

Simulated and measured data are presented with good agreement.

3.2.1 INTRODUCTION

=y

In this section, we propose a new type of antenna based on CBCPW that uses the
parallel-plate mode leakage to radiate through the transverse slot array etched on both
sides of the ground plane of the CPW feed-line. The geometry is relatively simple and
single-layered. The array design is flexible to achieve required radiation patterns.

Besides, large array designs can easily be done without input-matching problems.

3.2.2 ANTENNA STRUCTURE
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The proposed antenna structure and its photograph are shown in Fig. 3.15. The
gray area represents the metal while the white ones are the etched slots and the feed-line.
Only one layer of dielectric substrate is used. As soon as the wave is launched, it travels
down the CBCPW and at the same time leaks power to the side ground planes and
excites the nearby slots. By adjusting the parameters of the CBCPW and the slots, the
leakage rate of the CBCPW and the radiated power per slot can be controlled in order to
achieve a desired aperture excitation amplitude distribution. If the dimension of the
array in the y-direction is large, the reflected wave from the short end of the CBCPW is
negligible and L, is somewhat arbitrary:_B}llt 1f the érray size is small, the reflected wave
contributes to the radiation anq L, mlfest.%%};éalfefully_chosen accordingly. Moreover,

reflections also occur at the perif)heril ofythe,ground plane. In our design, we use the

largest available area of the ground plane to mitigate this effect.

3.2.3 SIMULATION AND MEASUREMENT RESULTS

The design and fabrication of the prototype antenna are on an FR4 substrate with
dielectric constant ¢, = 4.3, thickness 2 = 1.6 mm and loss tangent tano = 0.02. It should
be mentioned that either the array size or the slot separation can be modified to

accommodate the required radiation pattern. For example, if a broadside main beam and
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hence the in-phase excitations along the y-axis are required, d, should be set to one
guided wavelength of the CBCPW mode. In the present case, we design a 8 x 4 array
with the distance between adjacent slots in either x- or y- directions being about half a
free space wavelength at the operating frequency 5 GHz. The remaining parameters are
as follows: Wy = 33 mm, Ly = 24.5 mm, L, = 7.25 mm, and d, = 2.75 mm. The
dimensions of the CBCPW feed-line are G = 0.5 mm and S = 2 mm, which correspond
to a 50-Q characteristic impedance. Throughout the design process, simulations are
carried out using the package software HESS f_rpm Ansoft.

Fig. 3.16 shows the return loss Ve_rsuf fregqenL:y. The measured return loss is 20.87
dB at the designed operating frgquenqx S%HZ gnd alr}.qost all below 10 dB within the

entire band 4 - 6 GHz. i
The E-plane (y-z plane) radiation pattern measured at the design frequency is
shown in Fig. 3.17. The cross-polarization level is below -20 dB in all directions and is
omitted here for clarity. As can be seen, the backside radiation level is low and stays
below -20 dB. The main beam position can be estimated by the following equation
[117]:
0, =05 (D] (3-3)
where 0y is the angle of the main beam position measured from the array axis (y-axis)

and a is the uniform progressive phase factor. In this case, o/2m is about -0.16 and 6y is
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108.6° at 5 GHz, which correspond to 18.6° off broadside. This is close to the measured
value of 20°. The secondary maximum lobe and the associated side lobes between 0°
and 90° in Fig. 3.17 are mainly caused by the reflected wave from the short end of the
CBCPW. These can be avoided in large arrays where the reflected wave is negligible, or
by terminating the far end of the CBCPW. The measured antenna gain at 5 GHz is
9.35 dBi. All of the above-mentioned simulation and measurement results agree quite
well.

In order to demonstrate the frequency-s_c_anning capability, we designed another
array which points the main beam towgt_rdf brf?adsi;ie at.5.5 GHz. The E-plane radiation

\

patterns at various frequencies between 5 *@nH% and.6 GHz are plotted and compared in
- i _-:w §

Fig. 3.18. The amount of the beam scanningis s{lr'n{_narized in Table III.

3.2.4 DESIGN PROCEDURE

The basic design procedures are similar to those described in the previous section.
So only the differences are listed here.
1. There is no offset distance d in the transverse array design.

2. The parameters d; and d, have minor effects in this case.
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3.2.5 SUMMARY

A novel design of a slot array antenna fed by the CBCPW has been presented. With
the utilization of the parallel-plate mode leakage, the proposed antenna, using only a
single layer of substrate, exhibits wide impedance bandwidth, high front-to-back ratio
and high expandability to large arrays. This antenna can find applications where large

frequency-scanning arrays on CBCPW are demanded.
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Fig. 3.1 Geometry of the proposed antenna with a 3 x 6 longitudinal slot array.
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Fig. 3.2 Relationship between the leakage wave and the relative phases of the fields

on the slots.
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TABLE I1
SUMMARY OF THE H-PLANE MAIN BEAM POSITIONS AND ANTENNA GAINS OF THE 5X6

ARRAY WITHOUT TERMINATION

Frequency (GHz) |5 5.25 55 5.75 6
Angle (°) -9.36 -6.48 0 4.32 8.64
Gain (dBi) 5.07 7.76 10.84 8.70 9.66
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Fig. 3. 16 Measured and simulated.input return losses.
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Fig. 3. 17 Measured and simulated radiation patterns in the y-z plane.
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Fig. 3. 18 Radiation patterns in the E-plane at various frequencies.

98



SUMMARY OF THE E-PLANE MAIN BEAM POSITIONS

TABLE III

Frequency (GHz)

5

5.25

5.5

5.75

Angle (°)

_14.4

-7.2

0

3.6

99




Chapter 4

Conclusion

A series of slot antennas fed by the conductor-backed coplanar waveguide have
been presented in this dissertation. The first category includes the slot dipole coupled
with a straight slot, the slot dipole coupled with an arc-slot, and the miniaturized case.
The second group comprises the longitudinal and the transverse parallel-plate slot arrays.
These antennas are all based, onithe simple;'st and the most original form of the

conductor-backed coplanar  wayeguide, | that lcontains only one dielectric layer

metal-plated on either side without'any via ﬁbles.'The back conductor is kept intact.

In Chapter 2, first the leakage phenomenon of: the CBCPW-fed slot dipole has been
illustrated visually. Then the coupling mechanism of the slot dipole coupled with a
straight slot has been investigated. The coupled twin slots have been fabricated and
tested, showing 10-dB return loss bandwidth of 5 %, antenna gain of 4.92 — 6.37 dBi,
and antenna efficiency of 69.8 % at the center frequency. This structure serves as the
basis of the following two designs.

In the second section of Chapter 2, the slot dipole coupled with an arc-slot has
been proposed. This antenna, although inferior to the previous design in terms of

antenna efficiency and gain, is more compact and wide-banded. The 10-dB return loss
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bandwidth, the antenna gain, and the antenna efficiency at the center frequency have
been found to be 7.2 %, 0.55 — 3.40 dBi, and 50.6 %, respectively.

In the third section of Chapter 2, the miniaturized design has been proposed. Using
the fringing fields developed at the truncation of the ground plane and the dielectric
substrate, this modification has been shown to provide similar performance to the
original coupled twin slots, whereas the antennas size has much reduced. The antenna
performance can be summarized as follows: 10-dB return loss bandwidth of 8.6 %,
antenna gain of 3.8 — 6.4 dBi, and antenna efﬁciency at the center frequency of 84.4 %.

In Chapter 3, two versions;of the pxlaral:l?elx_plxate slot arrays have been presented.

\

First, for the longitudinal slot array, dc§ig@gﬁsiderations about the various aspects of
the feed-line and the radiating slots hia&e been é:ﬁsgussed. The reflected wave from the
end of the feed-line has been taken into consideration to compensate for the power
tapering along the radiating apertures. A 5 x 6 and two 5 x 2 arrays with and without the
feed-line termination have been fabricated and tested. The proposed array features wide
impedance bandwidth, high front-to-back ratio, a broadside unidirectional pattern, and
is capable of frequency-scanning in the H-plane.

In the bottom half of Chapter 3, the transverse array has been presented. The

physical mechanism and the basic design principles are identical to the longitudinal case.

An array with an off-broadside main beam has been designed to illustrate the basic
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concept and the predictable main beam position. Then another array with a broadside

main beam has been designed to demonstrate the frequency-scanning property.
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Appendix A

Explanation of the Leakage
Occurrence

Leakage effects can be observed in many types of printed-circuit waveguides, such
as microstrip lines, slot lines, coplanar waveguides, and their variants [25]. Despite the
different guiding structures and the manners in which the dominant mode power leaks,
the basic physical idea is common. Below-we déscribe this point.

Fig. A.1 shows the top view of a metalstrip on an air-dielectric interface, where the

o~y

strip may represent that of the various guiaing structures mentioned above. As can be
seen in this figure, the transverse wave-numbet kx.is related to the other wave numbers
by
k:=kl-p° (A-1)

where £ is the phase constant of the dominant mode guided along the z-direction and A
is the propagation wave number of the relevant surface wave that can be supported on
the substrate in the vicinity of the guiding strip. If f > ki, k. is seen to be imaginary. The
mode guided along the z-direction is then purely bound, and the field decays

transversely in the x-direction away from the strip. On the other hand, if f < &, k, is

seen to be real. Power now leaks away from the guided mode at an angle € in the form
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of the surface wave on the surrounding dielectric substrate layer. The angle 4 is related

to S and k; by
6 =cos™ B (A-2)
k,

The approximation sign in (A.2) needs some explanations. When leakage occurs,
the propagation wave number £, of the guided mode becomes complex, with k, = S - ja.
The transverse wave number k, also becomes complex. Relation (A.1) is no longer
exactly correct under these conditions, but it is still a very good approximation. The

approximation sign in (A.2) appears'in this context. Further topics on the modifications

of the field behavior that arise because the wave numbets become complex can be found

A

in [118] and [119]. Detailed diSCLlSSiOlElSI 0 -t_lié: léakage from various types of dielectric

4

waveguides appear in [120]. \J ;
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Fig. A. 1 Top view of a printed strip, showing the angle of leakage 6 into the surface

wave of wave number k; on the surrounding dielectric substrate layer.
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