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Abstract

Left-handed materials are artificial materials that have negative permittivity and negative
permeability simultaneously, which provide unique new properties in comparison with

the traditional right-handed (RH) materials.

Composite Right/Left-Handed (CRLH) transmission line (TL) structure, which is
composed of the series interdigital capacitor and the shunt inductor, is fabricated to
implement the left-handed properties in reality. In this thesis, the CRLH TL theory is
interpreted carefully. The verification is done by the ADS momentum simulation. The
good agreement between the theoretical expectation and the simulation results is

observed.

Zeroth-order resonator (ZOR) CRLH antenna has a unique characteristic that its resonate
frequency is independent on the its physical length. Thus small compact antennas can be

produced.

The ZOR CRLH antennas operating at 915-MHz are designed, simulated, fabricated and
tested. A systematic method to fabricate the ZOR CRLH antenna is introduced. The

characteristics of the ZOR antenna are further researched.
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Chapter 1

Introduction

1.1 Metamaterials

Metamaterials are artificial structures that can be designed with unusual properties not

readily available in nature [ 1][2].

Left-Handed Materials (LHM) are materials that exhibit negative permittivity (&) and
negative permeability ( ) at the same time. In fact, these materials are designated and

used in the terms of doubly negative materials or negative index materials. In 1968 the
term "left-handed material" was first theorized by a prediction of Russian theorist V. G.
Veselago[3].

Recently, the term metamaterial has been used most often in reference to left-handed
structures in many references [1][2]. Since the LH structures are artificial, they are
homogenous, and simultaneously have negative permittivity and permeability.

It should be noted that metamaterials may compass a much broader range of
structures. However, LH structures have been so far the most popular one, due to their

exceptional property of having negative permittivity ( & ) and negative permeability ( z).



1.2 Left-Handed Materials

In 1968, Russian physicist Veselago first theorized the LHMs concept [3]. In his paper,
the possible existence of LHM is predicted and their corresponding electromagnetic
properties are also speculated, such as the both reversal of the Snell’s Law and the
Doppler Effect. As a result, LHMs support the antiparallel electromagnetic waves, or the
backward wave, which means that the electromagnetic wave are moving in the opposite
direction to the flow of the energy. [4].

In 2001, experiments made by a group at University at California, San Diego (UCSD),
verified the theory of LHMs for the first time[5]. They built the material, which we can
refer to as negative refractive index (NRI) metamaterial, with an array of loosely coupled
resonant cells. Each cell is composed of thin wire strips and split ring resonators (SRRs),
which provides the negative permittivity and the negative permeability simultaneously.

The SRRs sample of their experiments is shown in Fig. 1.1.

Fig.1.1 The split-ring resonators (SRRs) sample of UCSD’s[5]



Repeated experiments confirmed UCSD’s finding [6] and additional research were
continued [7]-[9]. However, due to the lossy and narrow-banded characteristics, they are
hard to implement in the range of microwave frequencies.

Soon the transmission line (TL) approach of LHMs, CRLH TL structures appeared
[10], [11]. The new approach is implemented on non-resonant structures with lower loss
and wider bandwidth. Another advantage of TL approach is that they are in planar
configurations, which are compatible with modern microwave integrated circuits (MICs).
Finally TL approach can benefit from the efficient and well-established TL theory for

efficient design for microwave applications.

1.3 New Antenna Design

A new type of resonant microstrip antenna — the Zeroth-Order Resonant (ZOR) antenna
based on CRLH TLS has been developed [12]. The ZOR antenna requires much smaller
physical size in comparison with the traditional microstrip rectangular antenna.

Additional improvements were made on the ZOR antennas [13][14][15].

This thesis work is devoted to the CRLH TL and ZOR antenna development around
915 MHz for RFID applications. Theory and method to the design of the ZOR CRLH
antenna will be introduced. Experiments are done to verify this theory. The ZRO CRLH
antennas were designed and their characteristics are researched. Further research

direction will be provided.
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Chapter 2
Composite Right /Left Handed (CRLH)

Transmission Line (TL)

2.1 Composite Right/Left-handed Transmission Line Approach

Composite Right/left-handed (CRLH) metamaterials are the metamaterials with both of
the right-handed (RH) properties and the left-handed (LH) properties [1]. The CRLH

metamaterials has been applied to some novel microwave devices.

2.1.1 Ideal Homogeneous TLs.

A homogeneous TL has invariant cross section along the direction of propagation. An

effectively homogeneous structure is a structure whose structural aver-age cell size p is
much smaller than the guided wavelength 4, . Therefore, this average cell size should be
at least smaller than a quarter of guided wavelength, p <4, /4 [2].

The equivalent homogeneous transmission line modes for the purely RH, purely LH,

and CRLH transmission lines are shown in Fig. 2.1.
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Fig.2.1 Equivalent circuit models[1]

In Fig. 2.1, the purely RH TL consists of a series inductance and a shunt capacitance
per-unit length, while the purely LH consists of a series capacitance and a shunt
inductance. Naturally, the purely RH TL and LH TL actually do not exist because of the
parasitic inductances and capacitances. So the CRLH TL structure is the most general
form of'a TL structure with LH attributes. The general CRLH TL structure is a

combination of a series inductance L,' and capacitance C,' with a shunt capacitance

C,' and inductance L, ".



2.1.2 Fundamental Characteristics of the CRLH TLs.

Generally, a loss-less CRLH TL model is a combination of a series inductance L'
capacitance C,' with a shunt capacitance C,' and inductance L, '.

For the case of CRLH TL,

|
Z'(w)= joL'y+—
JjoC',

@2.1)

1
Y(0) = joC'+—
joL'

L

where Z' and Y' are the impedance and the admittance per-unit length of the CRLH

transmission line.
The complex propagation constant y of the transmission line can be expressed as

7=a+jﬂ=\/ﬁ
(2.2)

For convenience, we introduce the variables:

0,'=—
Loy (2.3)

k=L, C,'+L,'C,'

and the series and shunt resonant frequencies

R L
2.4
| (2.4)
a)sh =
LL ' CR'

The transition frequency is defined by



1
Wy =W W, = —F———mr (2.5)
0 R L 4LRICRVLLICLV
Therefore the dispersion relation for homogenous CRLH TL is
y=a+jp= js(w)J(ﬁ,)z +(CL) — ke,
Wp @ (2.6)
Where s(®) has the following sign function
-1 if w<min(o,o,) LH range
s(o) =
+1 if o>min(eo,,o,) RH range 2.7)

The propagation constant ¥ can be purely real or purely imaginary depending on

whether the radicand is positive or negative, respectively. In the frequency range where

p is purely real, the electromagnetic fields will pass the CRLH transmission line without
loss since y = jf . In the frequency range where £ is purely imaginary, then the CRLH is
in a stop-band range because y = «is a real number.

The group velocity and the phase velocity can be obtained from

ow
v. =—,  Group velocit
=28 p y
v, = 2, Phase velocity (2.8)
B

Fig.2.2 shows the @ — f or dispersion diagram of a pure RH TL, pure LH TL, CRLH TL,
respectively. These diagrams show that the group velocity and the phase velocity for the

pure RH TL have the same direction because v,v, >0, while the group velocity and the
phase velocity for the pure LH TL have the opposite directions since v,v, <0.In addition,

the CRLH TL’s dispersion diagram shows that it has an LH and RH region.



The propagation constant of a material is f = nk, = nw/ c , where the refractive index
of the material n=+,/1 ¢, and the speed of light in the free space ¢ = 1/ Ho&, -Ina

word, we could get fc = nw. For a pure RH material,n» > 0 . and for a pure LH material,

w0 @
% 7 f
—Bcy { +pe ¢ +pe
\ f f
4 ! i
3 ! !
4 ' ¢
4 f f
v s
i f
B p
(a) (b)
L]
1 i
L
%
—Be +pc
L !
“rz ——¢" 4
wg vl
Oy — e f
_/ !

(a) Purely homogeneous RH TL. (b) Purely homogeneous LH TL.
(c) CRLH TL (unbalanced) .

Fig.2.2 Dispersion diagrams corresponding to the TLs of Fig. 2.1[1].

The CRLH TL characteristics impedance can be obtained from

[} 2
Zcz\/Z=ZL (0/0,)" - 2.9)
Y (w/w,) -1

where Z, is the pure LH impedance

10



Z, = =L (2.10)

7 = |ZR (2.11)

2.1.3 Balanced and Unbalanced Resonances.

The CRLH TL exhibits interesting properties in the particular case where the series and

shunt resonant frequencies (2.4) are equal

0, =0, (2.12a)
or equivalently
L,'C,'=L,'C,' (2.12b)
or equivalently
Z, =27, (2.12¢)

where Z, and Z, were defined in Eqn. (2.9) and (2.10). This case is called balanced

case and is opposed to the general unbalanced case, where the series and shunt
resonances are different

a)se # wxh (213)

For the unbalanced case, impedance conditions correspond to zero velocities (v, =0)

or zero slopes in the dispersion diagram, i.e., TL resonances, and result in the emergence

11



of a stop band or gap, despite the assumed absence of loss. Assuming ports with constant

and real impedances, the characteristic impedances of the unbalanced case are

Z|J0<w<min(ew,,w,)creal (LH passband)

Z [ min(w,,,0,) <o <max(o,,0,)] cimage (el. or mag.gap) (2.14)

Z o> max(w,,,0,)]creal (RH passband)

In the balanced case, the characteristic impedance became a frequency-independent
quality.
Z.=Z,=12, (2.15)
This means that the balanced condition allows matching over an infinite bandwidth.

At the same time, the propagation constant in (2.6) could reduce to the simple expression

B=PBr+ B, =)L, C.' (2.16)
\/7

The balanced CRLH TL has a number of advantages over the unbalanced CRLH TL,
which may be summarized as following [2]:

e Its model is simpler than that of the general unbalanced model of Fig.2.1(c)
because series combined LH and RH contributions are decoupled from each other, as
shown in Fig.2.3.(a).

e In contrasted to the unbalanced TL, the balanced TL has no stop band. This is
shown in Fig.2.3.(b).

e The characteristic impedance of the balanced TL is a constant frequency

independent quantity.

12



e A unique feature of CRLH structure is nonzero velocity at the transition
frequency.

e Because the transition frequency @, associated with the fundamental mode, it
supports wave propagation (v, # 0) with # =0 and it is called the phase origin of the
CRLH TL. At this frequency, the phase shift along a line of length / is zero,
¢ =—pl =0. When frequency is decreased below @, toward zero, the phase becomes
positive, increases progressively, and tends to infinity as ¢(ow - 0)=—-pl > +o,'l/ @.
When the frequency is increased above @, toward infinity, the phase becomes negative,
increases progressively in magnitude, and tends to infinity as
Ho—->0)=-fl>-0,'lo.

e At the transition frequency, the guided wavelength is infinite and the electrical

length of the line is zero.

Br

L i

| L'paz [
oL

| [

[ |

| |

. Cladz =/

[ [

| [

[ [

| |
o T t

- AZ B

(a) (b)

(a) Equivalent circuit model.
(b) Dispersion diagram showing seamless LH to RH transition.

Fig. 2.3 Balanced form of Fig. 2.1(c)[1].
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2.2 LC-Based CRLH Transmission Line

The ideal CRLH TL is not readily available from nature, but an effectively homogenous
CRLH TL operative in a restricted frequency range of the passband can be realized in the
form of a ladder network circuit structure.

The network is obtained by cascading the LC unit cell shown in Fig.2.4 (a) so as to
obtain the ladder network shown in Fig.2.4 (b). Cascading N number of LC unit cells
results in a TL equivalent to an ideal CRLH TL of length / under the condition p — 0.
This is called the homogeneity condition because it ensures that the artificial TL is
equivalent to the ideal homogenous TL. In practice, this condition can be translated into

the rule-of —thumb effective-homogeneity conditions, p<4,/4 , introduced in Section 2.1.

Under these conditions, resulting applications are published in [3][4][5].

p P p
—pr— R
P B o | e
Lg CL 1 2 N
A i d=Np
i Ca i
AT S i
E AB —0 S
¥ Zy
— 3—

d
(a) (b)

(a) Unit cell of CRLH (b) Periodic network equivalent to a homogeneous CRLH TL

Fig. 2.4 LC-based CRLH TL [1].
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2.3 Zeroth-Order Resonator (ZOR)

2.3.1 Principal of ZOR

For the pure RH distributed resonator, the resonance frequencies are determined by the
physical length / of the structure and is a multiple of half a wavelength or, equivalently,

the electrical length € = £/ is a multiples of 7,
l:ng 9n=ﬂnl=(27ﬁ).(%)=nﬂ (2.17)

with n=+1+2,--+0

In contrast to the pure RH TL, an ideal homogenous balanced CRLH TL can have
=0 and £ <0, as shown in Fig.2.10. Therefore, the electrical length 8 = S/ can be
zero and negative, which means that the resonance index m becomes symmetrically

defined aroundn = 0. Thus

1=n15 0,=p1=CEye (S =nn 2.18)
with n=0,+1,42, -+ o0

The CRLH TL resonator has several differences compared with the pure RH TL
resonator:

e Negative resonances (7 < 0) and (7 = 0) exist in addition to the conventional
positive resonances (#z > 0), as shown in Fig 2.5(a).

e Except for the mode n = 0, each mode has a corresponding mode with the

opposite sign with identical field distribution. Therefore, each pair should have identical

15



impedance but different bandwidth due to the dissymmetry of the CRLH dispersion curve,
as shown in Fig 2.5(a).

e Due to the nonlinear nature of the CRLH dispersion curve, especially in the LH
range, the resonant frequencies are not harmonic ratios as shown in Fig 2.5(a).

e The n =0 mode is not related to the physical length of TL: this mode corresponds
to an infinite wavelength. At this mode, the voltage distribution along the TL is the flat

field distribution, as shown in Fig 2.5(b).

=

Voltage

- e ]
p,
\ A ‘/
M
£

~

i /a
B
2l
"i,(_

-\_h.ﬂ

@y

ril \\-__
T I > B CRLH TL (open-ended)
_kc eee _ﬁo’r_ . kc

WA AT

(a) (b)

Fig.2.5 CRLH TL resonator. (a) Dispersion relation of the CRLH TL and

resonance frequencies. (b) Typical field distribution of resonance modes [6].

2.3.2 ZOR Characteristics

From the Eq. (2.9), it is clear that the balanced CRLH TL structure has no gap between
the LH and the RH range when it is in the propagating TL operation with good matching.

If the CRLH TL is unbalanced, it exhibits two resonance frequencies o, and @, , where it

is terminated by matched load. What will happen if the line is open-ended or short-ended?

16



In the open-ended case, the input impedance Z, seen from one end of the resonator

toward the other end is given by [2]

open . A0 . 1
Z3" =—jZ . cot(fl) =-JjZ; E

1 1 1

(2.19)
_ ﬁ(_)_;:
Ny —jNZ'Y L Y'l Y'(Np)

where N is the number of unit cell, and Y is the admittance of the CRLH unit cell, given
by Eqn.(2.1). This result shows that the input impedance of an operation is 1/ N times the
impedance of the anti-resonant L, /C, shunt tank. Because N is a simple integer, not
affecting the susceptance, the resonance of the whole resonator is the same as resonance

of the admittance. Therefore, there is a single resonance frequency,

open _
res

(2.20)

In contrast, no resonance occurs at @,, = 1/ VLG, .

In the short-ended case, the impedance of Z,, seen from one end of the resonator

toward the other end is given by [2]

£—0

Z;horl = jZcotan(pl) = —jZ.pl

7 ! (2.21)
=-J F(J\/Z'Y')i =Z'l=Z"'(Np)

where N is the number of unit cell, and Z' is the admittance of the CRLH TL unit cell,

given by Eqn.(2.1). The result shows that the input impedance of an open-ended is

N times the impedance of the resonant L, /C, shunt tank. Since N is a simple integer,
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not affecting the reactance, the resonance of the whole resonator is the same as the

resonance of the series impedance.

ol = o, = (2.22)

In contrast, no resonance occurs at @, = 1/ VL, Cp .

In the particular case of balanced resonance, the zeroth-order resonance occurs for

both the open-ended and the short-ended resonators, since o, = @,, = ®,), .

The remarkable feature of zeroth-order resonator is that, either for an open-ended or a
short-ended configuration, the resonance frequency depends only on the circuit elements
L,/C, or L,/C, of the unit cell and not the physical length / of the resonator. This

suggests that a zeroth-order resonator could be made arbitrarily small, the limitation in
size reduction being the minimum footprint by the LC elements for the required LC

values in a given technology.

2.3.3 Microstrip Realization

In 2003, the first ZOR in CRLH TL resonator is reported [6]. An open-ended CRLH TL

resonator is implemented in microstrip technology, as shown in Fig.2.6.
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Fig.2.6 The 7-cell CRLH TL resonator [6]

Later, a via-free microstrip CRLH TL antenna was proposed [7][8]. The metal patch

replaces the via to connect to the ground. The metal patch provides capacitance C, to
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the ground. When C, is large, it provides the virtual ground voltage. Thus the virtual

ground leads to a little change of the resonant frequencies, as shown in Fig.2.7.

S .[dB]

-20

At the same time, research shows when optimally matched to the air impedance the

balanced CRLH TL can be used as an efficient, frequency-scanned leaky-wave antenna

(a) Circuit pattern.

Meandar-ire
Inlerdigaad capactor  paaesnr

“ RH

(c) Measurement | S|, |of antenna.

;
?

Ahus)

il

(b) Equivalent circuit of the unit cell

A

— Experimetns (Co-polar)  «w e« « Simulation (co-polar)
w—— Experiments {cross polar) = e« »s Simulation (cross polar)

(d) Measurement radiation patterns.

Fig.2.7 The via-free ZOR CRLH TL antenna [7]

[9]. A 30-cell leaky-wave antenna structure, incorporating both series and shunt

varactors for optimal impedance matching and maximal tuning was reported [10].

The CRLH TL realized by interdigital capacitor and short stub cannot provide a large

series capacitance and inductance in small area. Several electrically small CRLH

antennas based on the modified mushroom structure was reported [11]. As shown in

Fig.2.8, a metal insulator metal (MIM) with high dielectric constant and thin substrate
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height can increase C, .The inductance L, is realized by a metallic via with additional
CPW stub connected to the ground. The via length and CPW length can be enlarged to

increase the shunt inductance. A small unit cell can be developed by combining the MIM

capacitor and via plus CPW stub with large values of C, and L, .

0 =
“ '.'
L 50mm 1
- o o H
1 © A
1 ~ i I
g 10| : ¥
S v ¥
- H n=-1 ]
/ £ 5| f u
r 2 ' H
= g I
o 20 i
—— measurement - = -HFSS
40mm -25 . - . L :
0 0.5 1 1.5 2 25 3
O.0mm 2.4mm Frequency (GHz)

(a) Configuration of the small antenna (b) Return loss of the small antenna

—— E-copol {x-7 plane) — H-copol (y-2 plane)
90 - = E-xpal (x-2 plane) 90 - - H-xpol (y-z plane}

180

270 270

(c) Measured radiation pattern in E-plane (d) Measured radiation pattern in H-plane

Fig.2.8 The electrically small resonant antenna [11].
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Chapter 3
Verification of the CRLH TL

3.1 Microstrip Unit Cell Model

There are many technologies to implement the artificial CRLH TL, as presented in
Chapter 2. Here we consider adapting the 1-D CRLH microstrip TL structure, which is
implemented on the microstrip TL with interdigital capacitors and stub inductor
connected to the ground plane. A unit cell of 1-D microstrip CRLH TL is shown in
Fig.3.1(a). Because this structure is based on the distributed components and therefore
compatible with the microwave monolithic integrated circuit (MMICs) technologies, it

has attracted a lot of attention in the scientific community [1]-[4].

L, _f} [F]
oY o
(1] -
Co 3L, [H]
Series interdigital Capacitor [F] | r
Shunt Stub Inductor e o} el
]
Via to ground — e—pm
(a) Unit cell of 1-D microstrip CRLH TL (b) Equivalent circuit model

Fig. 3.1 Unit cell of 1-D microstrip CRLH TL

The unit cell of microstrip CRLH TL consists of the interdigital capacitors and stub
inductor shorted to the ground plane by the via. This unit cell can be accurately mapped

to the model of Fig.3.1(b) with the help of Fig.3.2.
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Fig. 3.2 Equivalent-circuit models for the circuit model

of the microstrip unit cell shown in Fig. 3.1.(b).

The equivalent T and I networks of these two components can be characterized by

the following admittance and impedance matrices [1][4]:

o] | Ze

in Z

[Y t]: int int - 1
YZ] Y22

with

and

- Zint

Zint — J[a)Lle _ 1/(0)C;m )]
Ymt — j(OC;m

int

1
Z int

1
B Zinl
Ly (3.1.a)
(3.1.b)
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1 |
stub stub +7Z stu
[Z b ] 3 Z11 Zl2 3 Y stub Y stub

stub stub 1 1
Zy Zy 4 Zmb
Y stub Y stub

with

Ysrub — j[a)C;tub _ 1/(C()LS;M[))]
Zstuh — ja)Litub

(3.2.2)

(3.2.b)

Determination of the isolated inductances and capacitances in Eq. (3.1.b) and (3.2.b)

is difficult, but the derivation with respect to @ provides one additional equation for the

determination of all unknowns. The results are

int int
Yll + Y21

Cint —
P jCO
int
Li:lt — 1 (0) aZ + Zint)
T 2jw ow
int
Cj,m — l(a) aZ _ Zint)fl
jo ow
Lstub _ lelmb + ZZStlub
s ]a)
stub
Cstuh — 1 (0) 8Y + Yslub)
r 2jw ow
, 2 Y
Ls]:ub — _(a) a _ Y,stub)fl
jo ow

Finally, we obtain the four CRLH parameters:

Ly=L"+20" ~ L™
Cp=2C0+C"

L =L

Cp=C)"

(3.3)

(3.4)

(3.5)
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stub
The series inductance of the stub L, can be neglected, since it was found to be less

stub
than ten times smaller than the parasitic series inductance of interdigital inductance

This procedure is more elaborate than a simple magnitude curve-fitting technique
which may provide inaccurate results in terms of phase [1][4]

An important point to note is that the expressions for the extracted parameters depend
on frequency, since Eqn. (3.3) and (3.4) are explicit functions of @, as well as the Y and

Z parameters. Consequently, a frequency at which extraction is performed, an extraction

frequency ®s must be chosen. If the whole bandwidth (LH and RH) of the CRLH
structure is covered, a judicious choice for the extraction frequency is the transition

frequency @, .

3.2 Design of Unit Cell of CRLH TL

To design a unit cell of CRLH TL is like a reverse procedure to extract the parameters of
a unit cell of CRLH TL. The steps to design the unit cell of CRLH TL are listed here:
1. Decide the transition frequency f; .For balanced CRLH TL design, the shunt and

series frequency are equal, f,, = f,, = f,. For unbalanced CRLH TL design, there is a

relation between three frequencies: f, = m , then, choose appropriate shunt and
series frequency.
2. Accord to the RH and LH impendance Eq. (2.10) and (2.11), choose appropriate
values for the capacitors and inductances. If no appropriate value exist, repeat step 1.
3. Make an initial layout of the interdigital capacitor on the specific substrate. The
Momentum simulation is done next to get the S parameters at the frequency center

Jo with £10% bandwidth.

4. Change the S-parameters of the interdigital capacitor into Y-parameters at the
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frequency center f, based on the two-port network parameters relation [5]:

_ Yo (1 — Sll)(l + Szz) + S12S21
(1 + Sll)(l + Szz) - S12S21

=25,

= Yo

(1 + Sll)(l + Szz) - S12S21

Y, =Y — 2%
(1 + Sll)(l + Szz) - S12S21
_ Yo (1 + Sll)(l — Szz) + S12S21
(1 + Sn)(l + Szz) - S12S21

11

Y,

(3.6)
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Use the Eqn. (3.3) to get the results of C}", L"and C". From the Eqn.(3.5), we can

assume that C;‘“ is the majority of the C, .If necessary, adjust the gap, the finger

length and the pair number of the interdigital capacitor, then repeat step 1 to 5 to get
an appropriate capacitance value.

Make an initial layout of the stub inductor on the same substrate with the interdigital
capacitor, then momentum simulation is done to get the S parameters.

. Change the S-parameters of the stub inductor into Z-parameters based on the two-port

network parameters relation [5] :

_ (1+S11)(1_S22)+S12S21
! ’ (1_S11)(1_S22)_S12S21

Z,=2, 25,
(1 - Sn)(l - Szz) - S12S21
- (3.7)
Zy = 2

Zo
(1 - Sn)(l - Szz) - SIZSZI
-7 (1- Sn)(l + Szz) + S12S21
0
(1 - Sll)(l - Szz) - S12S21

22

. Use the Eqn. (3.4) to get the results of L\",C>"" and L)". From the Eqn.(3.5), we

know that L™ is the majority of the L,.If necessary, adjust the width, the length of

the stub inductor, then repeat step 6 to 8 to get an appropriate inductance value.
Based on the above results, use Eqn.(3.5) to calculate the parameters of the unit cell
to CRLH TL. Then the corresponding lumped element circuits are built. The

dispersion relation diagram of CRLH TL is based on the following equation
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ﬁ:_(/)(Szl) (3.8)
a

With a is the length of the unit cell of CRLH TL and ¢(S,,) is the phase value of the
transmission coefficient .

10. Verify the transition frequency f, where

B(f) =0 (3.9)

If a short section of the microstrip TL is added to each end of the capacitor or
inductor and then simulation is done, it is essential to de-embed the component, that is, to
subtract the phase shifts due to the additional microstrip line by appropriate reference

plane positioning.

3.3 The Initial Model Calculation

In the previous sections, the method to design of the CRLH unit cell is provided. It is
clear that the design method is based on the repeated calculations. To create an initial
model is an important beginning.

For the interdigital capacitor, we could use Alley’s method to calculate an initial

value [6]. But his method is based on the charts; here a different method is used [7].

The interdigital capacitor is shown in Fig. 3.3. [ is the finger length, w is the width

of the microstrip line, s is the finger space, N is the number of finger. ¢, is the dielectric

constant of substrate, /. All dimensions are in micrometers.
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Fig. 3.3 The layout of the Intergidital Capacitor

The equivalent value of the interdigital capacitor is calculated by [8]

107 K (k)
C(pF)=—= , N -1/
(pF) K(k)( ) (3.10)

Where & = tan>(2%),a="2 b= WS

4b 2 2
the elliptic function

Kk 1 144K

e _\/,)] for0<k<0.7 G.11)

Kk 1. 1+Jk

R \/,)fo F0.7<k<l

Where K'(k)=K(k), k' =+1-k*

and &, is the effective dielectric constant of microstrip line with width W,

e+l &-1 h W, w
:—+— 1+12—) +0.04(1 +— —<1
£o== (11220 +0.04(1+= ) ) or ™

g+l ¢-1 h
& =—+—_|1+12— 0r—>1
e = (I+ W)f

(3.12)
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For the stub inductance, the short circuit transmission line can provide the required
approximate value [8], Z(/) = jZ, tan(%z /). Choosing right value of the impedance and

the length of the transmission line , we could get the required inductance.

In the beginning of the calculation of the interdigtial capacitor, we have to tried many
size parameters to make the calculated value close to the desired one, the layout the
corresponding capacitor is made and simulated in ADS. Then S parameters are converted
to Y parameters in order to extract the accurate values, as mentioned in the previous two
sections. The experiments show that the geometric layout have great effect on the value
of the parasitic parameters, so many layouts are simulated and extracted in order to get a

design value.

3.4 The Design of the Balanced Unit Cell of CRLH TL

In this section, a balanced unit cell of the CRLH TL, whose transition frequency is
3.850GHz, is built to verify the characteristics of the CRLH TL [1][4], as shown in
Fig.3.4. ADS momentum simulations are done to get all the results. The substrate used is
Rogers RT/duriod 5880 with dielectric constant &, = 2.2 and thickness 1.57mm.

The dimensions of CRLH TL are chosen as follows. For the interdigital capacitor, the
finger width is 0.15mm, the gap between the fingers is 0.1mm, the gap at the end of
finger is 0.1mm, the length of overlapped region is 4.6mm, the number of finger pairs is
5, the with of interconnect is 0.1mm, the width of the feed line is 2.4mm. For the inductor

which is composed of the T section and short-circuit TL, the port width of the T section is
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2.4mm, 2.4mm, and 1.1mm separately, the width and length of open-circuit TL are

1.0mm and 5.6mm, the radius of the via is 0.025mm. All the sizes are listed in Table3.1

Fig.3.4 The balanced unit cell of CRLH TL

Table 3.1 The size table of the balanced CRLH TL structure (Dimension mm ).

wcC

gc

Ic

gl

IL

wL

0.15

0.1

4.6

0.1

8.0

1.0

The parameters we extracted from the CRLH TL is

L, =2418nH

L, =3.863nH

Thus we could get

£, =3.843GHz
f. =3.857GHz
£, =3.850GHz

C, =0.444 pF

C, =0.704nH
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Though there is a little difference between those three frequencies, taking into

account the errors in the calculation procedure, this unit cell is close to a balanced CRLH

TL structure.

phase(lump_unitcell1_1_2P..S(1,2))
phase(S(1,2))

[?

Cr=0.444pF
Lr=2.418nH
CI=0.704pF
LI=3.863nH

(@

Term
Term2
Num=2
Z=50 Ohm

S-PARAMETERS
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Start=0.0 GHz
Stop=7.0 GHz
Step=0.5 MHz

(©)

freq, GHz
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Fig.3.5 The result of balanced CRLH TL, (a) The equivalent lump circuit in Fig 3.4.

(b) The magnitude diagram. (The red curve is balanced unit cell; the blue curve is

equivalent circuit.) (c) The phase diagram. (The red curve is balanced unit cell; the blue

curve is equivalent circuit). (d) The dispersion relation of the unit cell of CRLH TL

The balanced CRLH TL is simulated and their result is shown in Fig.3.5. Fig.3.5 (a)

shows the equivalent lump circuit of the unit cell in Fig.3.4. From the magnitude diagram
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of Fig 3.5.(b) and the phase diagram of Fig3.5.(c), it is clear that the phase diagram of

the lump circuit matches pretty well that of the unit cell of the CRLH TL. This verifies

that the extraction method gives exact result. Based on Eqn.(3.8), one can get the

dispersion relation of the unit cell CRLH TL, as shown in Fig.3.5.(d). The frequencies

below the transition frequency belong to the LH range, and that the frequencies above the

transition frequency belong to the RH range.

A 4-section cascaded balanced unit cell CRLH TL is simulated in ADS momentum

and the corresponding lump equivalent circuits is also simulated. Their S-parameters is

shown in Fig.3.6. Fig.3.6.(a) is the S;; parameters of 4-section balanced design.

Fig.3.6.(b) is the S,; parameters of the 4-section balanced design. The properties of the 4-

section balanced design behaves like a high-pass filter.

(1.1))

4 2P.S
dB(S(T,1))

dB(lump_unitcell1

freq, GHz

(a) The S11 parameters

(1.2))

4 2P.S
dB(S(172))

dB(lump_unitcell1

-400—|
-500—|

-600-

0.

100"~
I,
200/

1
-300—]

0

freq, GHz

(b) The S21 parameters

( The red curve is 4-section balanced design. The blue curve is lump equivalent circuit.)

Fig. 3.6 The simulation result of 4-section cascaded balanced design

3.5 The Design of the Unbalanced Unit Cell of CRLH TL

In this section, an unbalanced unit cell of the CRLH TL, whose transition frequency is

3.0GHz, is built to verify the characteristics of the CRLH TL [1][4]. ADS momentum
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simulation is done to get all the results. The substrate used is Rogers RT/duriod 5880
with dielectric constant &, = 2.2 and thickness 1.57mm.

The size of unbalanced CRLH TL has the following parameters. For the interdigital

capacitor, the finger length is 0.3 mm, the gap between the finger is 0.2mm, the gap at the

end of finger is 0.2mm, the length of overlapped region is 9.2mm, the number of finger
pairs is 5, the with of interconnects is 0.2mm, the width of the feed line is 4.8 mm. For
the inductor which is composed of the T section and short-circuit TL, the port width of
the T section is 4.8 mm, 4.8 mm, and 2.2 mm separately, the width and length of open-
circuit TL are 2.0 mm and 1.2 mm, the radius of the via is 0.1 mm. All the geometrical

shape is shown in Fig 3.4 , and those sizes are listed in Table3.2

Table 3.2 The size table of the unbalanced CRLH TL structure (Dimension mm ).

wce gc Ic gl IL wL

0.3 0.2 92 0.2 6.0 2.0

The parameters extracted from the CRLH TL is

L, =3.057nH C, =0.1.223pF
L, =1.380nH C, =1.564nH

Thus, the calculated frequencies are then

£, =3.873GHz
f. =2302GHz
£, =2.986GH:z
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Fig.3.7 The result of unbalanced CRLH TL. (a) The equivalent lump circuit of unit
cell. (b) The magnitude diagram. (The red curve is unbalanced unit cell, the blue curve is
equivalent circuit.) (c) The phase diagram. (The red curve is unbalanced unit cell, the

blue curve is equivalent circuit. ) (d) The dispersion relation of the unit cell of CRLH TL.

The unbalanced CRLH TL is simulated and the results are shown in Fig.3.7. Fig.3.7(a)
shows the equivalent lump circuit of the unit cell. As can be seen from the magnitude
diagram of Fig 3.7 (b) and the phase diagram of Fig3.7(c), there are many differences
between these two diagrams. This may be due to the extraction method being not accurate

for the higher frequencies for the same CRLH TL. Basing on the Eqn. (3.8), the
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dispersion relation of the unit cell CRLH TL can be obtained as shown in Fig.3.7.(d). We
can conclude that the frequencies below the transition frequency belong to the LH range,

and that the frequencies above the transition frequency belong to the RH range.

A 4-section cascaded unbalanced unit cell CRLH TL is simulated in ADS
momentum, and the lump equivalent circuits is also simulated. Their S-parameters are
shown in Fig.3.8. Fig.3.8.(a) is the S11 parameters of 4-section unbalanced design.
Fig.3.8.(b) is the S21 parameters of the 4-section unbalanced design. The proprieties of

the 4-section balanced design behaves like a high-pass filter.

< o & o7 T T T T
0 @ -100—~ ~
[N o 1/
N= N~ -200-{/
vl: N 4/
%% %% -400—]
3, =] -
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° 0 1 2 3 4 5 6 7 8 S 0 1 2 3 4 5 6 T 8
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(The red curve is 4-section unbalanced design. The blue curve is lump equivalent circuit.)

Fig. 3.8 The simulation results of 4-section cascaded unbalanced design.
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Chapter 4
Antenna Application of CRLH TL

4.1 The Tag Antenna Design Based on the CRLH TL

Our goal is to design an RFID tag antenna operating at the frequency of range
902~930MHz, which is the commercial RFID frequency band. The center frequency of
the tag antenna is 915MHz. Our aim is to design a commercially affordable antenna. It is
important to fabricate the antenna small, cheap, simple and affordable. At the same time,
the characteristics of the tag antenna also should include acceptable gain and radiation

efficiency.

Though there have many design examples for the tag antenna.[1][2][3],at the same
time, more design example from the website could be found, and most of those designs
have been used commercially. For most of those antennas, they are implemented by the
single layer PCB antenna on plastic substrate without ground plane. These antennas don’t
work well in most cases. When those antennas are mounted on containers with metallic
contents, such as on the surface of the box with metal cans inside, those antennas do not
work properly. The background metallic containers modify the antenna radiation

parameters.
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Thus a compact antenna with ground plane is our design goal. At the same time, the
small antenna should be cheap, simple and affordable and with acceptable gain and

radiation efficiency.

The Zeroth-Order Resonator antenna, as described in Section 2.6, also could be used
as the antenna[4][5][6]. The ZOR unit cell is composed of the series interdigital capacitor
and a shunt meander-linear inductor connected to a metal patch, which is 1-D CRLH unit
cell structure. The metal patch provides a capacitor to the ground. The ZOR antenna

based 2-D CRLH is also practical [7].

Initially, it is reasonable to replace the metal patch with a via to connect to the ground
due to the fact that the metal patch provides a “virtual ground” at the operating frequency.

At the same time, the single section antenna seems to be best due to its size

But this simple initial concept does not work too well. At the designed frequency, the
CRLH unit cell composed of interdigital capacitor and meander-line inductor with via
connected to the ground does not resonate when the energy is fed directly from a single

input port through the transmission line.

It is not clear why the initial thought does not work in practice as expected. A
reasonable explanation is that the structure of the transmission line connected directly to
the ZOR destroys the resonant structure. In order to verify this new assumption, a ZOR

with new coupling structure is made, as shown in Fig.4.1.
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(a) The layout of the ZOR with two coupling ports (b) The simulation result of (a)

Fig.4.1 The layout and result of ZOR with two coupling ports

Fig.4.1 proves our assumption that the best way to resonate the ZOR CRLH antenna is

to couple energy into it through a gap.

The gap in the transmission line could be regarded as a Il network composed of
capacitors [8]. Similar to the I network shown in Section 3.1 and Section 3.2, it is easy to

extract the accurate capacitor parameters.

Two types of ZOR CRLH antenna designs are provided: balanced and unbalanced

design and they are summarized in the following two sections.

4.2 The Unbalanced ZOR CRLH antenna

In this section, an unbalanced ZOR CRLH unit cell is designed, as shown in Fig.4.2. and
ADS momentum simulation is done to get all the results. The substrate used is Rogers

RT/duriod 5880 with dielectric constant &, = 2.2 and thickness 1.57mm.
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For the interdigital capacitor: the finger length is 0.3mm, the gap between the finger
is 0.2mm, the gap at the end of finger is 0.2mm, the length of overlapped region is 9.2mm,
the number of finger pair is 5, the with of interconnect is 0.2mm, the width of the feed
line is 4.8 mm; the inductor which is composed of the T section and short-circuit TL, the
port width of the T section is 2.4mm, 4.8mm, and 0.7 mm separately, the width and
length of meander-line are 0.6 mm and 8.5 mm, the width of the bend is 0.6mm, the
radius of the via is 0.2mm.

The dimensions (mm) of CRLH TL are given in Table 4.1,

Table 4.1 The dimensions of unbalanced CRLH TL

lc wce gc gl Nc IL gl wL NL

9.2 0.2 0.2 0.2 5 8.5 0.6 0.6 7

Ic -I+Q1

Fig.4.2 The unbalanced ZOR CRLH unit cell

The parameters extracted from the CRLH TL are

42




L, =3.470nH C, =1.323pF
L, =23.525nH C, =1.247nH

The corresponding frequencies are:

f., =0.902GHz
f. =2420GHz
f, =1.477GHz

From the relation between the resonant frequencies, we know that the above CRLH
antenna is an unbalanced design.

Naturally, a gap is added to couple energy into the balanced ZRO CRLH antenna, as
shown in Fig.4.3 (a). Like cascaded CRLH TL unit cell, the ZRO CRLH unit cell also

can be cascaded with only one input port. The resulting S11 parameters are shown in

Fig.4.3.(b).
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(a) The layout of the ZOR CRLH antenna (b) The S;; parameters of different cells number

(The red curve is the 1-cell ZOR ,the blue curve is the 2-cell ZOR, the pink curve is the 3-cell ZOR, the

indigotic curve is the 4-cell ZOR)

Fig. 4.3 The layout and the simulation result of the unbalanced ZOR CRLH antenna
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From the S11 parameter data of the ZOR CRLH antenna, the ZOR antenna has a
different resonant frequency. It is due to the capacitor effecting of the gap and could be
easily corrected by adjusting the length of meander line .At the same time, when the
number of cell is 2, the ZRO CRLH antenna has the best VSWR, which means the

maximum energy is radiated in this case.

Adjusting the length of meander line of each ZRO antenna cell, the corresponding

results are shown in Fig.4.4.
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Fig. 4.4 The layout and the simulation result of the unbalanced ZOR CRLH antenna with

adjusted meander length . (a) The layout of the ZOR CRLH unit cell with adjusted meander length.(b)

The S11 parameters of different cells number ZOR CRHL antenna. (The red curve is the 1-cell ZOR ,the

blue curve is the 2-cell ZOR, the pink curve is the 3-cell ZOR, the indigotic curve is the 4-cell ZOR)

44



The radiation characteristics of the 4 unit cell ZOR CRLH antenna are shown as Fig.4.5.

Power radiated (watts) 0.0001932436858

Effective angle (degrees) 23781

Directivity (dB) 4814743436

Gain (dB) 412285757

Maximum Intensity 4 659533422e-005

ALdeattn IO i

Angle of U Max (theta, phi) §1.00 213
Eftheta) Max (mag. phase) 01873522364 147.0905919
Eiphi) Max (mag.phase) 0.003025643721 -123.0709333
Eix) Max (mag.phase) 0.02445511325 -36.75033766
E{y) Max (mag.phase) 0.01642965195 F24.07639013
E(z) Max (mag.phase) 0.1850456195 -32.90940812

Fig. 4.5 The radiation pattern of the unbalanced multi-cell ZOR CRLH antenna

From the above simulation results, some conclusion can be summarized as follows;

e The cell number of the ZOR antenna does not effect on the radiation pattern. The
radiation range is above the antenna plane and the maximum radiation appears away from

the antenna broadside plane and the minimum appears at the broadside plane.

e The cell number of the ZOR antenna has negligible effect on the directivity, but the
larger the number, the higher is the gain, which means the efficiency improves with the
increase of the cell number. But it is also noted that the radiated power is increased with the

increase of cell number due to the S11 parameter decrease.
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4.3 The Balanced ZOR CRLH Antenna

In this section, a balanced ZOR CRLH unit cell is designed as shown in Fig.4.6. ADS
momentum simulations are done to get all the results. The substrate used is Rogers
RT/duriod 5880 with dielectric constant &, = 2.2 and thickness 1.57mm.

The dimension of the balanced CRLH TL is listed in Table 4.2.

Fig.4.6 The balanced ZOR CRLH unit cell

Table 4.2 The dimension (mm) of balanced CRLH unit cell

lc wce Gce gl Nc IL gl wL NL

19 0.15 0.1 0.2 5 17.5 0.6 0.6 2

The parameters of CRLH TL are as follows: for the interdigital capacitor, the finger
length is 0.15mm, the gap between the fingers is 0.1mm, the gap at the end of the fingers
is 0.2mm, the length of overlapped region is 19mm, the number of finger pairs is 10, the
with of interconnect is 0.2mm, the width of the feed line is 4.8 mm; the inductor which is

composed of the T section and short-circuit TL, the port width of the T section is 2.4mm,

46




4.9mm, and 0.7 mm separately, the width and length of meander-line are 0.6 mm and
17.5 mm, the width of the bend is 0.6mm, the radius of the via is 0.2mm.
The parameters we extracted from the CRLH TL are
L, =5307nH C, =2.167pF
L, =14.226nH C, =5.771nH

Thus we could get

£, =0.905GH:z
f. =0.909GH:z
£, =0.907GHz

Though there is a little difference between those three frequencies, taking into
account the accuracy of errors in the calculation procedure, we still think that this unit
cell is a balanced CRLH TL.

Similarly, a gap is added to couple energy into the balanced ZRO CRLH antenna, as
shown in Fig.4.7 (a). Like cascaded CRLH TL unit cell, the ZRO CRLH unit cell also

could be cascaded with only one input port. The S11 parameters also shown in Fig.4.7(b).

(a) The layout of the ZOR CRLH antenna
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Fig. 4.7 The layout and the simulation result of the balanced ZOR CRLH antenna
From the S;; parameters of the ZOR CRLH antenna, the multiple ZOR antennas have
different resonant frequencies. It is due to the capacitor effecting the gap and could be
easily corrected by adjusting the length of meander line .At the same time, when the
number of cells is 2, the ZOR CRLH antenna has the best VSWR, which means the

maximum energy is radiated in this case.

The effect of adjusting the length of the meander line of each ZOR antenna cell, the

corresponding results are shown in Fig.4.8.
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(a) The layout of the ZOR CRLH unit cell with adjusted meander length

——

a..S(1
a.S(1
a..S(1

o

C_mom
 C_mom
- C_mo
o
|
)
)

-10—|

ple
ple
ple

-15—

unitcell2_2_1P_Cou

20—

unitcell2_1_1P_Cou

-25

LN S I N Y B Y BN B B
870 880 890 900 910 920 930 940 950 960

freq, MHz

unitcell2_3_1P_Cou

dB(
dBy(
dB(

(b) The S;; parameters of different cells | ZOR CRHL antenna
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Fig. 4.8 The layout and the simulation result of the balanced ZOR CRLH antenna

with adjusted meander length

The simulated radiation characteristics of the 3 unit cell ZOR CRLH antenna are shown

in Fig.4.9.
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Power radiated (watts) 0.002095422357

Effective angle (degrees) 238.65

Directivity (dB) 4795770311

Gain (dB) 4536131934

Maximum Intensity (0.0005030819555

Adbnstn IO A Ain )

Angle of U Max (theta. phi) 81.00 225
E(theta) Max (mag. phase) 0.6154694933 75.13323532
E(phi) Max (mag.phase) 0.01580511085 169.5964154
E(x) Max (mag.phase) 0.06984482815 -114.0461033
E(y) Max (mag.phase) 0.06812828581 -95.45406912
E(z) Max (mag.phase) 0.6078320425 -104.8667647

Fig. 4.9 The radiation pattern of the balanced 3 unit cell ZOR CRLH antenna

From the above simulation results, and compared with the simulation results in Section
4.2, it is clear that two types of CRLH antennas have similar radiation patterns. It seems

that the balanced CRLH antenna have better radiation efficiency.
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Chapter 5

Additional Simulations and Experimental Measurements

5.1 Patch Antenna Design
For comparison, a half-wave patch antenna using the same substrate, Rogers RT/duriod
5880 with dielectric constant &, =2.2 and thickness 1.57mm, is designed as shown in

Fig.5.1.

(a) The layout of the half-wave patch antenna
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(b) The S11 parameters of half-wave patch antenna

Power radiated (watts) 0.002206532314
—60 60 Eftective angle (degrees) 128.52
Directivity {dB) 7.483714554

—90

Gain (dB)

Maximum Intensity

6944404445

0.0003837208669

R e T =2 -4 -5 B AR nta I T e i nmY
Angle of U Max (theta, phi) 0.00 0
E(theta) Max (mag. phase) 0.6609268523 27.31284445
Cion 150 Eiphi) Max (mag.phase) 0 -180
E(x) Max (maqg,phase) 0.6609268523 27.31284445
Eiy) Max (mag.phase) 0 0
— 150 150 E(z) Max (mag,phase) 0 EE

(c) The radiation pattern of the half-wave antenna

180

Fig.5.1 The matched half-wave patch antenna

(b) The radiation parameters of half-wave antenna




5.2 Comparisons of ADS Simulation Results

Comparisons are made between the half-wave patch antenna and those ZOR CRLH
antennas based on the ADS simulation results, which are all operated at 915MHz and
fabricated on the same substrate. All those parameters for the ZOR CRLH antennas are
shown in Section 4.3, 4.4 and 5.1. During the simulation, the metal conductor using both
the perfect conductor and the real metal copper is taken into account, and the results are
summarized in Table 5.1.

Table 5.1 The simulation results of the designed antennas

Parameters of antenna | Size (mm) Directivity (dB) | Efficiency Efficiency
(perfect (copper)
conductor)

Half-wave patch 110x110 6.94 89.1% 79.4%

antenna

Balanced I-cell | 25%7.2 4.83 40.4% 3.82%

ZOR CRLH | 2-cell | 45.5x7.2 4.80 71.3% 7.52%

antenna 3-cell | 66.0x7.2 4.80 95.5% 10.61%
4-cell | 86.5x7.2 4.80 96.5% 13.74%

Unbalance I-cell | 15.2x13.2 4.80 59.1% 3.53%

ZOR CRLH | 2-cell | 25.9x13.2 4.80 78.7% 5.40%

antenna 3-cell | 36.6x13.2 4.80 86.4% 7.76%
4-cell | 47.3x13.2 4.83 40.4% 9.88%

Conclusion drawn from these results can be summarized as follows.

1. Size comparisons. The size of the half-wave patch antenna is 110x110mm. While,

for those balanced ZOR antennas, the size is 25%7.2mm, 45.5X7.2 mm , 66X7.2mm and
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86.5%X7.2mm.And for those unbalanced ZOR antennas, the size is 15.2x13.2mm,

25.9%X13.2 mm, 36.6X13.2mm and 47.3x13.2mm. The ZOR CRLH antennas have 94%

less antenna area compared with the half-wave patch antenna.

2. Radiated power. When all the input ports are fed by the same sinusoidal wave,
with a peak-to-peak magnitude of 1V, the half-wave patch antenna has the biggest
capability to radiate power, and its value is 0.0022W. The 3-cell balanced ZOR CRLH
antenna has the second highest power radiated of 0.0021W.

3. Effective angle. The effective Half-Power angle of the half-wave patch antenna is
128°, which is far narrower than that of the ZOR CRLH antenna 238°.

4. Directivity. The directivity of the half-wave patch antenna is 6.94dB, with the
different unit numbers, the directivity of the balanced and unbalanced ZOR CRLH
antenna is around 4.80dB.

5. Efficiency. In the simulation with the perfect conductor, the half-wave antenna
has an efficiency 89.1%, while the efficiency of the balanced ZOR CRLH antenna is
40.4%,71.3% ,95.5% and 96.5% and that of unbalanced ZOR CRLH antenna is 35.5%,
59.1%, 78.7% and 86.4%. In the simulation with the real copper conductivity, the half-
wave antenna has an efficiency 79.4%, while the efficiency of the balanced ZOR CRLH
antenna is 3.82%, 7.25% and 10.61% and 13.74% with the increase of the unit
number .And the efficiency of the unbalanced ZOR CRLH antenna is 3.53%, 5.40%,
7.76% and 9.88% respectively. This indicates that the real ZOR antenna has poor
radiation efficiency, but its efficiency is increases with increasing unit number.

6. Radiation pattern. Both antenna types radiate above their antenna plane, but their

radiation patterns are different. The half-wave patch antenna radiates largest at the
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direction vertical to the plane (broadside), while the ZOR CRLH has greatest radiation

near parallel to the antenna ground (endfire).

From the above comparison of the simulation results, it is clear that the ZOR CRLH
antennas have unique radiation characteristics. Due to the small size, the ZOR CRLH

with a ground plane is a possible choice for RFID tag antenna.

5.3 Experiment results.

In order to verify the ADS simulation results, previously designed antennas are fabricated
and measured in the lab.

Due to the slim finger and the narrow spacing between the fingers of the interdigital
capacitor, the technique of photolithography is required to ensure the accuracy of the

fabrication process. We chose the Datak negative acting liquid photo resist ER-8 and the

corresponding developer.

(a) The 1 unit cell unbalanced ZOR antenna (b) The 2 unit cell unbalanced ZOR antenna

55



(c) The test holder with a 2 unit cell unbalance ZOR antenna
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(d) The S11 parameter of 1 unit cell antenna (e) The S11 parameter of 2 unit cell antenna

Fig. 5.2 The layout and the test results of the 1& 2 unit cell unbalanced ZOR antenna

After several experiments, 1 unit cell and 2-cell unbalanced ZOR CRLH antennas are
implemented and shown in Fig.5.2 (a) and (b). During the test, the antenna is mounted on
the test hold, shown in Fig. 5.2 (c). Their measured S11 parameters are shown in Fig.5.2

(d) and (e).
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the test results of the 1 unit cell antenna

36—

(a) The test results of the 1 unit cell ZOR antenna

The test reuslts of the 2 unit cell antenna
38—

(b) The test results of the 2 unit cell ZOR antenna
( The top summit is the 0 degree, the initial point of test process, the test holder rotate
clockwise, same with the figure. The red line is the endfire test results and the blue line
is the broadside test results. For the endfire test, the initial point is the position that the
ZOR unit cell is laid between the input port and the transmitter antenna. For the broadside
test, the initial point is the position the ZOR unit cell facing the transmitter antenna. )
Fig. 5.3 The radiation pattern of the ZOR antenna.
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The radiation pattern of the CRLH antenna was tested in Microwave and Millimeter
Lab at University of Cincinnati.

Inside of the microwave chamber, the transmitter antenna, a quarter wave monopole
antenna with a big ground plane is mounted and connected to the signal synthesizer on
one side, on the other side, the receiver antenna, the CRLH antenna with the antenna
holder is connected to the power meter and mounted on a test platform, which is rotatable
and is driven by a stepper motor. A VEE program is executed to control the signal
synthesizer, the power meter and the stepper motor. At the same time, the results from the
power meter is recorded.

Two radiation faces are measured: endfire and broadside.

The test results of the radiation pattern are shown in Fig 5.3. Compared with the
simulation results shown Fig 4.12, we could get some interesting points:

The measured S11 parameters are not as good as the simulation results in ADS . A
possible explanation is the electromagnetic effect that metal block at the antenna input
port and the way the antennas are mounted on the holder for test measurements. As can
be seen from the Fig.5.2¢, when the antenna is rotated in the plane of the antenna, the
coax-adapter metal is protruding above the antenna plane and may affect the radiation
pattern measured when this part of the fixture faces the receiving system.

Because of the fixture, the measured radiation patterns are different from the
simulation results in ADS. It is also because in ADS, the simulations are based on the
assumption that the antennas have infinite ground planes and radiation results in the ADS

simulation results only in the broadside.
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5.4 Effect of the Ground size

In ADS momentum simulation processing, the ground plane of the antenna is assumed to
be infinite. But in realization of the actual antenna it is not. In this section, we simulate 1
unit cell ZRO antenna at 915 MHz with different ground sizes in HFSS software. It will
be assumed that the square ground size increases and the 1 unit cell antenna is located in
the center of the ground size

When the ground size is 40x40mm, the radiation pattern is shown in the Fig.5.4.
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(a) The S11 parameters of the 1 unit cell Antenna with the ground size 40x40mm.
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(b) The radiation pattern of the lunit cell Antenna with the ground size 40x40mm.

Fig.5.4 The parameters of the lunit cell Antenna with the ground size 40x40mm.
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When the ground size is 500x500mm, the radiation pattern is shown in the Fig.5.5.
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(a) The S11 parameters of the lunit cell Antenna with the ground size 500x500mm.
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(b) The radiation pattern of the lunit cell Antenna with the ground size 500x500mm.

Fig.5.5 The parameters of the lunit cell Antenna with the ground size 500x500mm.

From Fig.5.4 and Fig.5.5, it is clear that the ground size has great effect on the
resonant frequency and the radiation pattern and gain. Table 5.2 shows that relation
between the ground size and the peak frequency of S11 parameters.

For the 1 unit cell CRLH antenna, with the increase of the ground size, the peak

frequency in the S11 parameters changes in an unpredicted way.
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The radiation power increase in the direction above the ground plane and decrease in
the direction under the ground plane with the bigger ground size.

For an infinite ground plane, all power is radiated above the ground plane and as
expected no radiation is observed under the ground plane. So this is in compliance with

the ADS simulation results shown in Fig 4.12,.

Table 5.2 the relation between the peak frequency of S11 and the ground size

Size of the ground (mm) The peak frequency of S11 (GHz)
40X 40 0.917
50X50 0.917
60X 60 0.922
80X 80 0.896
100X 100 0.910
200 X200 0.905
300X300 0.868
400 X400 0.850
500X500 0.920

5.5 The Metal Sidewall Effects

The 1 unit cell antenna is located in the center of the ground plane and the ground
plane size is 40 X 40mm.

The metal sidewall may be used to prevent radiation from the sides of the dielectric
substrate. The metal sidewall is shown in Fig 5.6. In this case, the 1 unit cell antenna is
mounted inside of an open metal box which is composed of sidewalls and the ground

plane.
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Fig 5.6 The 1 unit cell antenna with the metal sidewall.

Considering the gain and directivity into account, the efficiency of the antenna can be

calculated. In fact, through these, some interesting simulation results are obtained. These

results are shown in Fig. 5.7 to Fig. 5. 11, and in Table 5.3.

Table 5.3 the simulation results of the 1 unit cell antenna with different height of the

metal sidewall

The height of the The peak frequency | The difference The efficiency
metal sidewall(mm) | of S11 (GHz) between Gain and
Directivity (dB)
0 0.902 10.6 8.8%
1.57 0.908 11.2 7.6%
3.14 0.908 11.7 0.8%
10 0.900 15.7 2.7%
40 0.909 37.9 0.002%
80 0.892 65.0 0
165 0.888 121.0 0

When the metal side wall is removed, the result is shown in Fig 5.7
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(b) The radiation pattern of 1 unit cell antenna with no metal sidewall.

Fig.5.7 The parameters of the 1 unit cell antenna with no metal sidewall.
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The radiation pattern of 1 cell antenna with 1.57mm metal box (the same height of

substrate) is shown in Fig 5.8
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(a) The S11 of 1 unit cell antenna with the metal sidewall 1.57 mm high
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(b) The radiation pattern of lunit cell pattern with 1.57 mm metal sidewall

Fig. 5.8 The parameters of 1 unit cell antenna with 1.57mm metal sidewall
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The radiation pattern of 1 cell antenna with a metal sidewall 10 mm high is shown in

Fig. 5.9
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(b) The radiation pattern of lunit cell pattern with the metal sidewall 10 mm high

Fig. 5.9 The parameters of 1 unit cell antenna with the metal sidewall 10mm high
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The radiation pattern of 1 cell antenna with a metal sidewall 40 mm high is shown in

Fig 5.10
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(a) The S11 of 1 unit cell antenna with the metal sidewall 40 mm high
MLLC Radiation Fattern 1 |
Curve Info
_— max(dB(GamTota\)]
Setup] - LastA aptlve
Freq="0.909G

(dB(GamTuta\)] 1
Setup1 LastAdaptiv
Freq="0.909GHz’
_— max(dB(DerotaI])
Setup] : LastAdap
Fregq="0.909GHz
—_— max(dB(DerotaI]) 1
Setup] : LastAdaptive
Freq="0 909GHz

Name | Theta Phi Ang Mag
mi 0.0000 0.0000 | -7.7976 |-,
m2 360.0000/-0.0000|-12.9260
m3 0.0000 0.0000 | 45.6658
md 360.0000/-0.0000|-50.7943

-90

-180

(b) The radiation pattern of lunit cell pattern with the metal sidewall 40 mm high

Fig. 5.10 The parameters of 1 unit cell antenna with the metal sidewall 40mm high
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The radiation pattern of 1 cell antenna with a metal sidewall 80 mm high is shown in

Fig 5.11
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(b) The S11 of 1 unit cell antenna with the metal sidewall 80mm high
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(b) The radiation pattern of lunit cell pattern with the metal sidewall 80 mm high

Fig. 5.11 The parameters of 1 unit cell antenna with the metal sidewall 80mm high
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Some conclusions:

1) The results in Fig. 5.7 are different from that in the Fig. 5.4. It is because the size
of the ground in Fig. 5.7 is a little bigger than that in Fig. 5.4. It seems that the peak
frequency of S11 is sensitive to the size of the antenna ground.

2) The metal sidewall changes the peak frequency of S11 parameters

3) The height of the metal sidewall has negative effect on the radiation pattern and the
efficiency. The higher the mental sidewall, the less power is radiated in the vertical
direction. So is the efficiency. It is clear that the electromagnetic field radiated from the 1
unit cell antenna is confined in a limited space above ground plane. The increase of the
metal can be treated as a waveguide and the antenna radiation properties are affected by
the wave guiding effects of the side walls.. According to calculation, the cutoff frequency
of 40mm square waveguide is 3.75GHz. At 915MHz, the propagation is actually
attenuated with the mental sidewall. So the higher the sidewall, the less power is radiated.
4) In HFSS simulation for the 1 cell antenna without the mental box, its efficiency is
about 8%. In the ADS, the efficiency of 1 cell antenna is about 4%, as shown in Table 5.1.
The reasonable explanation to this difference is that the ADS simulation is based on the

infinite ground plane.

5.6 Further Research Suggestions.

Compared with the traditional patch antennas, the ZOR CRLH antennas is not

dependent on the physical restrictions of the resonant frequency, but on the values of the
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series capacitors and the shunt inductors. So the ZOR CRLH antenna is implemented in a
small size.

Based on the theory of the CRLH TL, the resonant frequencies of the ZOR CRLH
antenna are dependent on the value of the parameters L , Cr and L , CL. The
simulation results verify the theories of the CRLH TL and the ZOR CRLH antenna .As
expected, the ZOR CRLH antennas have compact sizes, easy to match and good radiation
patterns.

In order to design the ZOR CTLH antenna operating at lower frequency range, such as
HF, VHF or UHF, bigger values of parameters are required. Unfortunately, The CRLH
TL technology based on the interdigital capacitor and short stub inductor just could
provide the limited values of the capacitances and inductances. Some new technologies,
such as the 2-D CRLH structure based on the metal insulator metal (MIM) with high
dielectric constant and thin substrate height, can generate the higher values. More
attention should be paid in this area.

Experiments show that the 1 unit cell CRLH antenna has a poor efficiency. The
improvement of the efficiency is the most important part to its commercial usage. The

possible ways to improve the performance of these antennas are: 1) using them at higher

frequencies and 2) incorporate multi-cell antennas
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