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Abstract

In the recent, metamaterials (MTMSs) have concentrated extensive attention in
many areas. This artificial material has simultaneously negative permittivity and
permeability. Therefore, MTMs have special characteristics not occur in
conventional materials. And the targets of miniaturization and low power loss can be
possible if MTMs are used in microwave component or system design.

In this thesis, the concepts and the fundamental properties of MTMs were
illustrated. And several unit cells for filter design based on coplanar waveguide
(CPW) MTM transmission line were proposed. First of all, a left-handed (LH) unit
cell and a dual left-handed (DLH) unit cell with high-pass property were devised by
the conventional composite right and left-handed (C-CRLH) theory based on folded
coplanar waveguide (FCPW). Secondly, a right-handed (RH) unit cell with low-pass
property was devised by the C-CRLH theory based on conductor-backed coplanar
waveguide (CBCPW). Moreover, a unit cell with a conductor-backed defected
ground (CBDG) structure based on dual composite right and left-handed (D-CRLH)
CBCPW, and a unit cell with a groove line (GL) structure based on D-CRLH CPW
showed band-rejection property.

The characteristics of the proposed unit cells were analyzed by using high
frequency structural simulator. By tuning the sizes of the unit cells, the parameters of
the RH and LH immittance components were optimized and the desired
characteristics of the unit cells were achieved. In addition, the equivalent circuits for
the unit cells were extracted and analyzed by employing advanced design system. As
a result, the S-parameter simulation results of the unit cells showed good agreements
with those of the equivalent circuits. On the other hand, the dispersion characteristics
and the energy distributions of the electromagnetic field were simulated to confirm
the characteristics of C-CRLH and D-CRLH structures. These simulation results

provided the design data of the proposed structures. Through the photosensitizing,



etching, plating and assembling processes, the proposed unit cells were fabricated on
the substrates made by Taconic with the relative dielectric constant of 2.5 and the
substrate thickness of 0.787mm. And then, the fabricated unit cells were measured by
the vector network analyzer of N5230A.

As a result, the LH unit cell based on C-CRLH FCPW exhibited high-pass
property with -9.88dB rejection in the range beyond 2.05GHz. And the DLH unit cell
based on C-CRLH FCPW showed high-pass property that the return loss is more
than 10dB in the range of 2.52 ~ 2.9GHz and the range beyond 4.23GHGHz of the
pass-band. On the other hand, the RH unit cell based on C-CRLH CBCPW exhibited
low-pass property with -16dB rejection and a 0.38dB insertion loss in the pass-band
and a good skirt effect. Moreover, the CBDG unit cell based on D-CRLH CBCPW
with band-rejection property showed a 0.6dB return loss and a 16dB insertion loss
from 869MHz to 894MHz of the stop-band. And the GL unit cell based on D-CRLH
CPW exhibited band-rejection property with an 11dB insertion loss and a 2dB return
loss in the stop-band from 869MHz to 894MHz.

In practical applications, since the proposed unit cells have good characteristics
with compact structures, they can be used not only in filter design but also in other
components of microwave systems, such as couplers and resonators. Especially, the
compact unit cells are very useful for the designs of dual-band or multi-band
duplexers, which have operational frequencies separated and combined by various

frequency bands.
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Chapter 1 Introduction

Recently, metamaterial (MTM) has concentrated extensive attention in many areas.
This artificial MTM with simultaneously negative permittivity (&) and permeability

(u), more commonly referred to as left-handed material (LHM), was presented in

1967 by the Russian physicist Viktor Veselago and several fundamental phenomena

occurring in MTM were predicted by Veselago [1]:

1. The phenomenon of backward wave with antiparallel group and phase velocities
referring to as left-handed (LH).

2. Reversal of Snell’s law.

3. Reversal of Doppler effect.

4. The nonlinear characteristics because of frequency dispersion.

After that, the first LHM was demonstrated experimentally in 2000 by a group at
the University of California, San Diego [2]. They combined a thin-wire (TW) and a
split-ring resonator (SRR) structures into a LH structure. However, the TW-SRR
LHM is not suitable for microwave applications because the structure is resonant and
consequently exhibits high loss and narrow bandwidth. Thus, a transmission line (TL)
approach of LHM was introduced in 2002 [3]-[4]. Since LHM is actually a
homogeneous structure, the artificial LH TL can be constructed effectively. The
advantages of LH TL are high frequency selectivity, low loss and wide bandwidth, as
well as it can be implemented in planar configurations, compatible with modern
microwave integrated circuits (MICs) [5]. Therefore, LH TL can be widely used for
the efficient designs of microwave applications, in order to get the targets of
miniaturization, low cost and low power loss. But a purely left-handed (PLH)
structure does not exist in fact because the parasitic elements exist, and that was the
motivation for the introduction of the term "composite right and left-handed
(CRLH)". A CRLH model has a LH range, which is due to the effect of the loading
elements, and a right-handed (RH) range, which is due to the parasitic elements of
the TL [5]-[6].



An effectively homogeneous CRLH TL can be constructed by cascading LC-based
unit cells in either a non-periodic or periodic fashion. The LC-based unit cell for a
conventional composite right and left-handed (C-CRLH) TL consists of an
impedance constituted by a RH inductance in series with a LH capacitance and an
admittance constituted by a RH capacitance in parallel with a LH inductance. On the
other hand, the unit cell for a dual composite right and left-handed (D-CRLH) TL
consists of an impedance constituted by a RH inductance in parallel with a LH
capacitance and an admittance constituted by a RH capacitance in series with a LH
inductance [15]. Since the structures of the LC-based unit cells are similar to
conventional filters, low-pass filter (LPF), high-pass filter (HPF), band-pass filter
(BPF) and band-rejection filter (BRF) can be designed by tuning to the RH and LH
contributions on the CRLH TLs, which are composed of cascading LC-based unit
cells [7]-[9].

Filters are essential components in precision measuring instruments, which are
commonly used in testing RF communication products. The development of the
precision measuring instruments requires filters to have a compact structure and low
insertion loss. Among the ways of configuring filters, which are used in high
precision measuring instruments without high power, a quarter wavelength
microstrip line is commonly used. However, filters designed by meta-unit cell, which
is basically one eighth wavelength, can be smaller in size and the insertion loss can
be decreased. In the respect of designing filters in MICs or monolithic microwave
integrated circuits (MMICs), coplanar waveguide (CPW) is more suitable because of
its advantages, such as the simplicity of fabrication, easy mounting of active and
passive devices in series and shunt, easy connections without via hole and possible
size reduction [10]-[12]. Conductor-backed coplanar waveguide (CBCPW) is similar
to conventional CPW, but it has an additional bottom layer ground plane. The bottom
layer ground plane of CBCPW increases mechanical strength of the circuit and gets
cooling effect for the circuit with active devices. Moreover, CBCPW gets less
dispersive than CPW [10], [14].

In this thesis, unit cells are proposed based on CPW MTM TL for designing the
filters used in precision measuring instruments. And the equivalent circuits for the

proposed unit cells are extracted to analyze the performances. Also, the dispersion



characteristics and the energy distributions of the electromagnetic field are simulated
to prove the properties of C-CRLH and D-CRLH structures. In the end, the unit cells
are fabricated and S-parameter characteristics are measured.

This thesis is organized as follows: Chapter 2 illustrates the theoretical
backgrounds of MTM and the C-CRLH and D-CRLH MTM TL theories. In addition,
the basic characteristics of CPW and CBCPW are introduced. In Chapter 3, unit cells
with high-pass property and low-pass property are proposed based on C-CRLH CPW.
In Chapter 4, unit cells with band-rejection property are implemented based on D-
CRLH CPW. Finally, Chapter 5 summarizes this thesis.



Chapter 2 Theoretical Backgrounds

2.1 Backgrounds of MTMs

MTMs are broadly defined as effectively homogeneous structures with special
electromagnetic properties not practically available in nature. Since the structural
average cell size of an effectively homogeneous structure is much smaller than the
guided wavelength, the structure can be regarded as the effectively homogeneous
structure when its average cell size is less than a quarter of the wavelength. In
medium with effective-homogeneity, the refractive index n can be calculated by the

permittivity & and the permeability # as follows:

n=+su. (2-1)
Depending on the signs of & and u, four possible combinations in the pair (&,
L) are available, as shown in Figure 2.1. The I, Il and IV quadrants of Figure 2.1 are

well known in conventional materials, but the 11l quadrant, with simultaneously

negative & and y, corresponds to the new class of LHMs [1]-[2], [5].

"
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Veselago’s materials ferrites (@ < wp,)

left-handed (LH) / (ferrimagnetic materials)
backward-wave propagation evanescent wave

Figure 2.1 Permittivity-permeability (& - ) and refractive index (n) diagram of
materials.
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In LHMs, the phase velocity and the group velocity are antiparallel and the
refraction index has a negative value. In order to understand the differences of
fundamental phenomena between a LH medium and a common RH medium,
Maxwell's equations are considered. Assuming fields vary sinusoidally with time at
radian frequency and defining the time-harmonic fields as

E= Re(Ee"“’t ) (2-2a)
H= Re(ﬁej”’t). (2-2b)

Then Maxwell's equations can be written as

VxE =—jouH — Ms, (2-33)
VxH = jweE + Js, (2-3b)
VeD= Lo (2-3c)
VeB=p_. (2-3d)

Consider the plane waves in a lossless medium without sources (Ms = Js =0), the

equations of the electromagnetic field can be written as

E=Ege ", (2-4a)
H=Fogur (2-4b)
n

and substitute them into Equations (2-3a) and (2-3b). Then, the simplified equations

are
BxE = Sa)|,u|ﬁ, (2-5a)
B xH =—-sw|¢|E, (2-5b)
g=n2 (2-5¢)
c
where

s=+1 in a RH medium,

s=-1 inaLH medium.



Since the Poynting vector is defined as
S—ExH", (2-6)
the triad of the electric field, the magnetic field, the wave vector and the Poynting
vector in a medium can be built as Figure 2.2. In Figure 2.2, the direction of the
Poynting vector S, which can be considered as the direction of power flow over
time, is oriented towards the same direction of propagation of energy and parallel to
the group velocity vy (v, = 0w/0f ). However, the phase velocity v,, corresponds to

the propagation of a perturbation, is dependent on the constitution parameters (&

and ) of the medium,

(0]
- - (2-7)
P Jue B
where
RH medium: v,>0,

LH medium: v, <0.

As a result, the group velocity vy and the phase velocity v, of electromagnetic

waves in a LH medium are antiparallel, known as backward waves [2], [5].

>

|

.-
Al
o]
. ||\ﬁ

E H
(@) RH medium. (b) LH medium.
Figure 2.2 Electric field, magnetic field, wave vector and Poynting vector for an
electromagnetic wave in a medium.



2.2 C-CRLH MTM TL Theory

The TL approach for LHM is based on the dual configuration of a conventional

RH TL. The equivalent circuit for a lossless purely right-handed (PRH) TL consists
of a per-unit-length series inductance LS (H/m) and a per-unit-length shunt
capacitance C; (F/m), as shown in Figure 2.3(a). And the equivalent circuit for a
lossless PLH TL is dual to the equivalent circuit for the lossless PRH TL, which has
a times-unit-length series capacitance C° (F-m) and a times-unit-length shunt
inductance L] (H-m), as shown in Figure 2.3(b). However, due to the nature of a

TL of parasitic series inductance and shunt capacitance, the PLH TL does not exist.
Therefore, a C-CRLH TL combining the PLH TL with the PRH TL is formed [6]. As

shown in Figure 2.3(c), the equivalent circuit for a lossless C-CRLH TL consists of a

RH per-unit-length inductance LS (H/m) in series with a LH times-unit-length
capacitance C° (F-m) and a RH per-unit-length capacitance CS (F/m) in parallel
with a LH times-unit-length inductance LS (H-m). Consequently, the per-unit-

length impedance is

, ) . 1
Z. = LS ——— |, 2-8
Cc J(a) R a)CLC) ( )
and the per-unit-length admittance is
S |
Y, = J{a)CR - .CJ. (2-9)
ol

Then the characteristic impedance can be calculated as follows:

J(a)l_'c L j
' R_ c
ze= [% = ) (2-10)
R N |
J a)CR - 'c
ol

At low frequency (@ —0), the values of RH series inductance (L) and shunt

capacitance (C;) get very smaller and the LH components (C° and L) are left

only. So that the C-CRLH TL becomes equivalent to the PLH TL and the PLH TL is

of high-pass nature. The PLH characteristic impedance is
7



70=27= /'C‘L (2-11)
L

On the contrary, at high frequency (@ — o), the values of LH series capacitance

(C/) and shunt inductance (L) get close to zero and the RH components (LS and

C.) are left only. So the C-CRLH TL becomes equivalent to the PRH TL and the

PRH TL is of low-pass nature. The PRH characteristic impedance is

7 =76 = /éR (2-12)
R

In the entire frequency band, the C-CRLH TL shows band-pass or band-stop

nature depending on the characteristics of the RH and LH TLs. The characteristic

impedance becomes

>
Zc = _(.: = 2'13
=y (2-13)
e c l —
Lnhz CY/Az
—=CiAz %LE/AZ
o AZ O Az
(a) Equivalent circuit for a lossless (b) Equivalent circuit for a lossless
PRH TL. PLH TL.

O

(c) Equivalent circuit for a lossless C-CRLH TL.
Figure 2.3 Equivalent circuits for lossless PRH, PLH and C-CRLH TLs.



where

o, = 3 =, (2-14a)
I‘R L
o} =—.1 —. (2-14b)
L Ce
And the complex propagation constant of the C-CRLH TL can be calculated as
follows:
2 ¢ 2
ve=a, + 1B = J'S(w)\/(ﬁcj +[ﬂ] —k.w?, (2-15)
Wy w
where
-1, if w<aw,=min(eg,, o
s(0) = h = min(af o5 , (2-16)
+1, it @> o, =max(af, of,)
and the variables are
oy = 1 (2-17a)
o = L (2-17b)
k,=LCS+LCS. (2-17c)

As shown in Equation (2-15), the propagation constant can be purely imaginary
(7. = ]B.) and a pass-band exists. On the other hand, the propagation constant can
be purely real (y.=c.) and a stop-band occurs. The stop-band is the unique
characteristic of the C-CRLH TL, but does not exist in the case of the PRH TL or the
PLHTL.

Figure 2.4 shows the dispersion characteristics of the PRH, PLH and C-CRLH
TLs in accordance with the frequency and the phase constant. And the group velocity
and the phase velocity can be inferred by Figure 2.4. Figure 2.4(a) shows the

characteristic curve of the PRH TL, which is situated on the right side of the zero
point. That is, the phase constant is positive ( 35 = w, fC'FfL'; ). At the same time, the

group velocity and the phase velocity have the same sign (v v, >0). On the other



hand, the curve of the PLH TL is placed on the left of the zero point while the phase
constant is negative (Af =—1/a)\/(ﬁ ) and the group and phase velocities are
antiparallel (v,v, <0).

As shown in Figure 2.4(c), the C-CRLH TL has both RH and LH bands. When the
series resonant frequency (g, ) and the shunt resonant frequency (g, ) are not the

same, there is a gap between the RH band and the LH band. In this case, the C-

CRLH TL is said to be unbalanced. When the series resonant frequency and the
shunt resonant frequency are the same (@;, = @y, ), the gap closes up with nonzero
group velocity and the C-CRLH TL is said to be balanced, as shown in Figure 2.5. In
this case, the phase constant is the sum of the phase constants of PRH and PLH TLs
(B, =B+ B = o[CE L ~1 o [CELY).

As mentioned above, the C-CRLH TL shows LH characteristic at low frequencies

and RH characteristic at high frequencies. And the transition frequency between the
RH band and the LH band is

7,6(,:“". +ﬁ( +,8£

(a) PRH property. (b) PLH property.

Bru

Brry

max(ww » Wyh )
2]

min(wye, W)

B, «

(c) C-CRLH property.
Figure 2.4 Dispersion characteristics of PRH, PLH and C-CRLH TLs.

10



o= (2-18)

gieeiees

In the case of a balanced C-CRLH TL, the dispersion curve appears smooth and
the stop-band does not exist. The phase constant is 0 at @, and the phase shift of
the TL with length d is 0 (¢ =—£d =0). And the phase is advance (¢ >0) in the LH
band (@< @;) and delay (¢ <0) in the RH band (@ > @; ). Then the characteristic
impedance of the balanced C-CRLH TL is

Z8=27F=17¢. (2-19)

As shown in Equation (2-19), the characteristic impedance of the balanced C-

CRLH TL is independent of frequency and it allows for broadband matching.

Assuming that the electromagnetic waves transmit in a transverse electromagnetic
mode (TEM) in the MTM, the electrical parameters (LS, C<, LY, C°) representing

the characteristics of the C-CRLH TL can be associated with the constitutive

parameters (& and u ). The phase constant of the lossless C-CRLH TL is

B. =Mand the phase constant of a material is S, = w\/ue . Then the relation
can be set up as follows:
o ue=2Y,. (2-20)
Similarly, the characteristic impedance of the C-CRLH TL (Z; = M) can be

associated with the inherent impedance of a material (77 = «/y/g ) as follows:

Z, nu
—= = 2-21
S (2-21)

Beti o Pl

o i NN i 1} i } E o
i LRAZ i i ("LC/A: i ﬁPRH
% FEAZ p— i % Li/AZ%E
Az p
(a) Equivalent circuit. (b) Dispersion curve.

Figure 2.5 Characteristics of a lossless balanced C-CRLH TL.
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Thus, the relationship between the electrical parameters and the constitutive
parameters can be calculated by Equations (2-8), (2-9), (2-20) and (2-21) as follows:
5

jo

o 1

-, 2-22a
R wZCLc ( )

ﬂ:

goto _ceo L (2-22b)
Jo o'L;

At the lowest frequency, the equivalent parameters are equal to the dispersive
parameters of the PLH TL (,u(co—)O)z—]/(wZC'L") and g(a)—>0)=—1/(wzl_'f)).
And at the highest frequency, the equivalent parameters are equal to the non-
dispersive parameters of the PRH TL (u(w—>o)=L5 and e(w—>0)=CS). In
addition, the refractive index (n=cg, / @) plot for the balanced and unbalanced C-

CRLH TLs is shown in Figure 2.6, which shows a negative refractive index in the
LH band and positive in the RH band.

A homogeneous C-CRLH TL does not exist in nature, but an effectively
homogeneous C-CRLH TL can be manufactured in the conditions of continuity of
electromagnetic waves since the guided wavelength is much longer than the length of
TL within a certain frequency range. The effectively homogeneous C-CRLH TL of
length d can be constructed by cascading the LC-based unit cell of Figure 2.7(a) in

periodic or non-periodic. The unit cell consists of an impedance Z_ () constituted
by a RH inductance L; (H) in series with a LH capacitance C (F) and an
admittance Y, (S) constituted by a RH capacitance C; (F) in parallel with a LH
inductance L] (H).

Ory Oy O

Figure 2.6 Refractive index plots for balanced (solid line) and unbalanced (dotted
line) C-CRLH TLs.
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The unit cell in Figure 2.7(a) is non-dimensional unit cell, which is unlike the unit
cell with physical lengths in Figure 2.3(c). The phase of the LC-based unit cell can
be interpreted from the viewpoint of the electrical length (€ =A¢p(rad)). However,
the physical length p is determined by the inductors and capacitors used in
implementation. In the limit p=Az — 0, the LC-based unit cell of Figure 2.7(a) is
equivalent to the incremental model of Figure 2.3(c). Therefore, an ideal
homogeneous lossless C-CRLH TL of length d can be configured by cascading the
LC-based unit cell which satisfies the condition p — 0, as shown in Figure 2.7(b).
In practice, if the unit cell is smaller than a quarter of the guided wavelength, the
electrical length of the unit cell is smaller than /2 and the LC-based C-CRLH TL
can be seen as an effectively homogeneous structure by electromagnetic waves.

By applying the periodic boundary conditions related to the Bloch-Floguet theory
to the LC-based unit cell, the phase constant can be calculated as

B. = %cos‘l (1+ %} (2-23)
where the series impedance and the shunt admittance of the LC-based unit cell are
given by

Z, = j(ols -1/ aCt), (2-24a)

Y, = j(eCs -1/ 0l}), (2-24b)

with L, =LAz, ,CS=CSAz, LS =L /Az and C{=C°/Az.
Since the electrical length of the unit cell is small, the phase constant can be

calculated by applying the Taylor approximation (cos(ﬁcp)zl—(ﬁcp)Z/Z) as

50 [ e - L e L -
S J e N

And the dispersion characteristics of the balanced and unbalanced LC-based C-
CRLH TLs are shown in Figure 2.8.

follows:
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1l
Z, I 1
|
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(@) Unit cell.
P P P
__rrv-\_“ r‘v‘v\_“ ........ ._.rv‘vﬁ_| -
1 2 | N
d=Np
i
— S—
T Zo
— S
- - .
(b) LC periodic network equivalent to a homogeneous lossless C-CRLH of length d
for p—0.

Figure 2.7 Equivalent models for an LC-based C-CRLH TL.

RH Low-Pass Stop Band

12r

10+

Balanced
- - = Unbalanced

Frequency (GHz)

LH High-Pass Stop Band
0 /(2p) /p
B (rad/m)
Figure 2.8 Dispersion characteristics of an LC-based C-CRLH TL.
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2.3 D-CRLH MTM TL Theory

The equivalent circuit for a homogeneous lossless D-CRLH TL [15] is shown in

Figure 2.9. It consists of a RH per-unit-length inductance LS (H/m) in parallel with
a LH times-unit-length capacitance C," (F-m) and a RH per-unit-length capacitance
CY (F/m) in series with a LH times-unit-length inductance L' (H-m).
Consequently, the per-unit-length impedance is

'd
ol

Zy=j—"—, (2-26)
i l—(a)/a)sde)2
and the per-unit-length admittance is
. wCH
Y, =] £ 7 (2-27)
1—(a)/a)sh)
where
ol = ,1 —, (2-28a)
LC/’
d 1
g, = (2-28Db)

Jucs
Then the characteristic impedance and the propagation constant can be calculated

as follows:

(2-29a)

, (2-29b)

Figure 2.9 Equivalent circuit for a homogeneous lossless D-CRLH TL.
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where

Z! = jolg, (2-30a)

= ! , (2-30b)
L d~'d
I—LCL

+1, if o<y =min(of,of)

S(w) = (2-30c)

-1, if a)>a)F2:maX(a)Sde,a)fh)'

The characteristics of the homogeneous D-CRLH TL is determined by the
impedances (Z and Z=1/jwC') and the admittances (Y. = jwC. and
Y® =1/ joL). At low frequencies, the components L¢ and C! determine the
characteristic of the TL since Z? <<Z and Y;' <<Y,“. In this case, the D-CRLH

TL shows RH characteristic. At high frequencies, the components L and C/

determine the characteristic since Z! >>Z" and Y. >>Y*. In this case, the D-

CRLH shows LH characteristic. Therefore, the characteristic of the D-CRLH TL is
opposite to the C-CRLH TL, which is band-rejection in nature.

When the D-CRLH TL is balanced (ol =af =af or LiC°=L'CS), the

characteristic impedance and the propagation constant can be simplified as follows:

Z$ =73 (const.), Z3 =0, (2-319)
'd
aw,
Bi=—5 > 0 =0. (2-31b)
" —w

It can be seen that the characteristic impedance is a frequency-independent
quantity, allowing broadband matching to 50Q ports. Also, the phase constant

exhibits a pole at the transition frequency o between the RH band and the LH

band without a gap.

The dispersion and attenuation curve and the characteristic impedance curve for
the homogeneous D-CRLH TL are shown in Figure 2.10. There is a gap between the
low-frequency RH band and the high-frequency LH band due to the different

resonance frequencies (@) and S ) when the D-CRLH is unbalanced. The

characteristic impedance is imaginary in the stop-band and the attenuation exhibits

16



poles at @l and f . In the balanced case, since the resonance frequencies are

equal to the transition frequency (@S = @S = @] ), the gap width is reduced to zero

but the phase constant A, is discontinuous at f . In addition, the characteristic

impedance is purely real and frequency-independent, allowing broadband matching.

In the practical implementation of an artificial homogeneous LC-based D-CRLH

TL, real inductors (L% and L!) and capacitors (CS and C!) in chip or printed

form are required. The LC-based D-CRLH TL represents a good approximation of

the homogeneous D-CRLH TL in a limited frequency band when the physical length

is very small.

The stop-band cutoff frequencies can be calculated as follows:

d
a,

_od
e LR = @

[kd +1/ (20 )2}032 i\/[kd +1/(2a)g)1a;g“ 4

., (2-32a

) (2-32a)

@ =@, (2-32b)

l = dl =, (2-32¢)
JLcs

k, =LiC +LICs, (2-32d)

where the + sign is for the LH high-pass cutoff frequency g, and the - sign is for

the RH low-pass cutoff frequency oy, (@i, <@g,).

8t ,,unbal __ , bal
— “‘Jsh - wD
N
jan)
9
i
g . O{unbal |
5 .
& f“
2’ i A _ 1

0 )

w

unbal

se
L

unbal
RH

3T =2

BAz,

al\z

-t 0 47 427 +3x

(a) Dispersion and attenuation curves.
Figure 2.10 Characteristics of a homogeneous lossless D-CRLH TL.
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In the case of a balanced LC-based D-CRLH TL, Equation (2-32a) can be

simplified as follows:

d d d
o g = 1+ a)Ld T a)Ld 14+t : (2-33)
’ 8wy 4awn 16y
where
1
o = ——, (2-34a)
I-LCL
limLiCS - 0=1imLC —»owo=cf. (2-34b)

However, the gap between the RH band and the LH band always appears in a
practical D-CRLH TL, since the parasitic reactance limit for closure of the gap
cannot be attained in practice.

The S-parameter characteristic and the dispersion characteristic of the LC-based
D-CRLH TL are shown in Figure 2.11. Compare with Figure 2.10, the difference is
the gap between the RH band and the LH band is no longer determined by « and

wf, , but by o) and % , which always follow the sequence

o <min(wl, o)) < ol <max(el, o)< o] . Consequently, in contrast to the C-

CRLH TL, a gap always presents between the RH band and the LH band in the
balanced and unbalanced D-CRLH TLs. The balanced D-CRLH TL does not have

gap-less infinite A, property as the C-CRLH TL, but it provides complementary

characteristics of direct current (DC) and theoretically unlimited high-frequency
propagation.
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(c) Dispersion curve.
Figure 2.11 Characteristics of an LC-based D-CRLH TL.
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2.4 Characteristics of CPW

A conventional CPW consists of a dielectric substrate and a conductor placed on
the substrate, which was proposed by C. P. Wen in 1969. As shown in Figure 2.12, a
signal line is placed in the middle of the dielectric substrate and two ground planes
are placed on both sides of the signal line, separated by a narrow gap. In addition, the
effective dielectric constant, the characteristic impedance and the attenuation are
determined by the width of the signal line, the gap width and the thickness of the
dielectric substrate.

The CPW is widely used in MIC and MMIC and it offers several advantages over
the conventional microstrip line. For example, since the signal line and the ground
planes are placed on the same plane, it is easy to connect lumped elements in series
or parallel and there is no need for drilling and plating via holes to connect with the
ground plane. In addition, distributed elements can be created by the parasitic effects
occur on the signal lines and the dispersion effect is low in the design of microwave
circuits. Therefore, the CPW has the advantages of low loss, low dispersion and easy
miniaturization. However, the structural interpretation of the CPW is not simple and
the abilities to adjust the low power and analysis field are not sure [10]-[12].

The characteristic impedance of the CPW has different values depending on the
structure of the dielectric substrate. As shown in Figure 2.12, W is the width of the
signal line and G is the gap width between the signal line and the ground planes.
Moreover, T is the conductor thickness and H is the dielectric substrate thickness.

When the CPW is lossless, the characteristic impedance Z. and the effective

dielectric constant &, can be calculated as follows:

Strip

g
=G> e G >
Figure 2.12 CPW geometry.
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= (2-35a)

T e Kiko)'
_ K (k
,seff=1+(‘Sr l)K(kl.) (0), (2-35b)
2 K(k) K(ko)
where
W
k, = , 2-36
W +2G (2-362)
smh(zz\N /4H) (2-36b)

' sinh[#(W +2G)/4H]’

ky = J1—kZ, (2-36c)
K =1-K2, (2-36d)

K( ) is the complete elliptic integral of the first kind and &, is the relative
permittivity.

According to [13], if the substrate thickness H is less than twice the gap width G,
10-15% deviation occurs when the dielectric substrate is infinite. And the attenuation
and crosstalk caused by leakage power can be avoided by using a thin dielectric
substrate. Therefore, the propagation characteristics of lines with high characteristic
impedance and large gap width on thin substrates should be determined using
Equation (2-35) above.

2.4.1 CPW Open Circuit

As shown in Figure 2.13(a), a CPW open circuit is formed by ending the center
signal line a short distance before the slot ends. An electric field presents at the gap
between the terminated signal line and the surrounding ground plane, so that
capacitive reactance is generated. Figure 2.13(b) shows the equivalent circuit for the
CPW open circuit.

When S <0.1(W +2G), the open circuit capacitance C,. of the equivalent circuit

can be calculated as follows:

C,=Cl¢ (2-37)

oc “eff ?
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where

c;g-@{M+G>[mw+F+n2>+.n[1+r+q
T

n n
(2-38)
1 1 1 2
—= + —|W+-=G |,
3£l+\/1+772 77+\/1+772J]( 3 j}
S
= 2-38b
T“w+e (2-380)

2.4.2 CPW Short Circuit

As shown in Figure 2.14(a), as the current flows around the termination of the
signal line in a CPW short circuit, the magnetic energy stored behind the termination
and inductive reactance is produced. And Figure 2.14(b) shows the equivalent circuit
for the CPW short circuit. The short circuit inductance Lg of the equivalent circuit

can be calculated as follows:

L, = (Ej ot (A +D)Z5 | 1- : (2-39)
7 [ 607 J
cosh

where 2a=W and 2b=W+2G.

2.4.3 Step Change in the Width of Center Strip Conductor of CPW

As shown in Figure 2.15(a), the discontinuity due to the step change in the signal
line width perturbs the normal CPW electric and magnetic fields and gives rise to
additional reactances. And by using the hybrid finite element method, this step
change structure can be modeled as a T-network, which consists of two series
inductances and a shunt capacitance.

Assuming that the conductor thickness T, is constant, the values of the inductance
and the capacitance get larger when the ratio W»/d is larger the ratio W;/d. When the
ratio Wo/d is constant, the inductance value decreases as T. increases, but the
capacitance value increases at the same time. In addition, the reduction rate of the

inductance is greater than the growth rate of the capacitance [11]-[12].
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(a) Physical geometry. (b) Equivalent circuit.
Figure 2.13 CPW open circuit.
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Figure 2.14 CPW short circuit.
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(@) Physical geometry. (b) Equivalent circuit.
Figure 2.15 Step-changed geometry in the width of center strip conductor of a CPW.
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(a) Calculated équivalent inductance.  (b) Calculated equivalent capacitance.
Figure 2.16 Calculated equivalent inductance and capacitance of symmetric step
change as a function of a normalized width W,/d [16]-[17].
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2.4.4 CBCPW

A CBCPW is a variant of the CPW that an extra ground plane is implemented on

the bottom layer. As shown in Figure 2.17, the CBCPW consists of a dielectric

substrate and two conductors placed on both sides of the substrate. The conductor on

the top layer formed a center signal line separated by a narrow gap from two ground

planes on either side and the conductor on the bottom layer formed a ground plane.

The characteristic impedance of the CBCPW can be calculated as follows [14]:

7 _ 607 1

: Eett K(k9)+K(kll)’

K(k)  K(k)

1+, K(k(‘)) K(kl.)

L K (ko) K (k,)
' 1 K k‘;)K(kl) ,

+ .
K (ko) K (k;)
where a:V?V,b=—+G and

Figure 2.17 CBCPW geometry.
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Chapter 3 Unit Cell Design Based on C-CRLH MTM TL

3.1 Unit Cell with High-Pass Property Based on C-CRLH FCPW

3.1.1 LH Unit Cell Based on FCPW and Simulation Results

A LH unit cell is designed on folded coplanar waveguide (FCPW) with C-CRLH
structure and the physical geometry is shown in Figure 3.1 [18]-[19]. On the top and
bottom layers of the FCPW, both of which are structured as CPW. The CPW
structure on the top layer is transformed by connecting a metal rectangular grounded
patch (RGP) with a side ground plane, as shown in Figure 3.1(a). As shown in Figure
3.1(b), metal rectangular conductor patches (RCPs) are installed on the bottom layer
of the FCPW and they connect with feeder lines by via holes.

The LH unit cell is fabricated on a printed circuit board (PCB) with the relative

dielectric constant &, of 2.5, the dielectric substrate thickness H of 0.787mm and

the conductor thickness T, of 35um. Since only the top layer connects the input and
output ports directly, the values of the signal feeder line width W and the gap width
G between the feeder line and the side ground planes can be calculated by the tool
Linecalc in the advanced design system (ADS), responding to 50Q characteristic
impedance of a CPW structure. The calculated results are W = 8.74mm and G =
0.3mm.

As shown in Figure 3.1, the LH unit cell is centrally symmetric based on the
central axis of the unit cell. When the signal transmits along the LH unit cell, the
series component C, is generated in proportion to the relative area of the RGP and
RCP, and the parallel component L, is created at the narrow line which connects the
RGP to the side ground plane. According as the signal transmits along the same
geometry repeatedly, those components are generated again. Therefore, the RH
characteristic is suppressed, and the LH characteristic dominates on the LH unit cell.
By tuning the values of the parameters Ly, L,, D, D1, S; and S, the cutoff frequency

and the characteristics of pass-band and stop-band can be adjusted.
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The equivalent circuits for the LH unit cell are shown in Figure 3.2. And the

cpl

equivalent values of the capacitances (CLz(CS//Csz)//(C /2) and

Cr =C,//C,;) and the inductance (L,_=L,) can be calculated according to [21] as

C,=¢(e +1) (L= D1)|E|VV ~25) : (3-1a)
C, =G, x2L,, (3-1b)
T.(W-2S
Ccpl =& (geff 2 +l)%a (3'1C)
1
T.(W-2S
Ccpz = &o(&ers +1)¥, (3-1d)
2T (L, - K
Ccp3 =& (geﬁl +1)%1 (3-18)
2
L, =C?Z, =(C,, x2K)*Z,, (3-1f)
G, ] :
I ¢ G |
S T VTVI i l
=D ! S Y !
FE o 3 —
(@) Top view. (b) Bottorh view.

Figure 3.1 Physical geometries of LH unit cell.
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(a) Detailed eauivalent circuit. (b) Approximate gquivalent circuit.

Figure 3.2 Equivalent circuits for LH unit cell.
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where C; is created between the overlapped parallel patches (RGP and RCPs), C; is
distributed on the RGP and L, is created on the narrow line which connects the RGP
to the side ground plane. Ccpz is created at the interval S;+G between the RGP and the
side ground plane. And Ccp1 and Cgp, are created at the interval D between two RCPs
and the interval D between the feeder line and the RGP, respectively. However, the
values of Ccp, Cepa, Ceps Can be ignored since they have little effect on the

characteristics of the equivalent circuit. On the other hand, ¢, is the permittivity of
free space and the values of the effective permittivity ¢, and the characteristic

impedance Z.can be calculated responding to the sizes of the signal line width and
the gap width between the signal line and the side ground planes, according to [22].

C, and C, are the inherent capacitances of the FCPW, which can be also

calculated by the equations in [22]. However, the equations in [22] do not exactly
match the LH unit cell because the proposed structure in [22] is not totally the same
with it. Therefore, the values of the inherent capacitances are not correct and
Equation (3-1f) should be modified by the approximation process, based on the
simulation results.

The influences of the parameters L;, L,, D1 and S, are investigated and Figure 3.3
shows the simulated return loss characteristics done by high frequency structural
simulator (HFSS). As the value of L; increases doubled and quadrupled, the resonant
frequencies do not change much. That is, L; does not have much effect on the
characteristics change. However, as the value of L, increases, the resonant
frequencies change much. When L, changes to 12.7mm (A4/8), two resonant
frequencies get closer and a pass-band becomes visible. In addition, as the values of
D; and S, increase, the resonant frequencies decrease slowly due to the series
capacitance increases. Moreover, when the length of D; gets shorter, the magnitude
of S-parameter Sy; in the pass-band gets better.

The S-parameter characteristics of the LH unit cell and the equivalent circuit are
simulated by HFSS and ADS, respectively. The S-parameter simulation results are
plotted in Figure 3.4. And Table 3.1 shows the electrical and physical lengths of the
parameters in the LH unit cell. As shown in Figure 3.4, the LH unit cell exhibits

high-pass property. By changing the lengths of the parameters, the cutoff frequency
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and the S-parameter characteristics can be changed to get the desired high-pass
property. Comparing the simulation results of the LH unit cell with the ones of the
equivalent circuit, the S-parameter graphs show good agreements. Table 3.2 gives the
cutoff frequencies of the LH unit cell and the equivalent circuit, and the error rates,
which are calculated based on the cutoff frequencies. Among the data, Case | gets the
best error rate and other three are similar.
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Figure 3.3 Return loss characteristics as a function of geometrical parameters.

Table 3.1 Electrical and physical lengths according to cases of LH unit cell.

Electrical length (f;=1.87GHz) Physical length (unit: mm)

L, S,+G Dy Lo © 56_3) Dy
Case | A4/8 A4/64 Agl32 12.7 1.29 3.18
Case Il A4/16 A4/64 Agl32 6.35 1.29 3.18
Case IlI A4/8 A4/64 Ag/16 12.7 1.29 6.35
Case IV Agl8 Agl32 Agl32 12.7 2.88 3.18
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Figure 3.4 S-parameter simulation results of LH unit cell according to cases.

Table 3.2 Error rates of S-parameter simulation results according to cases.

S27(dB)

Cutof req.of LA unitcell | OO freq. ofequivalent. | Error
Case | 1.55GHz 1.57GHz 1.29%
Case Il 2.20GHz 2.32GHz 5.45%
Case Il 1.56GHz 1.65GHz 5.77%
Case IV 1.70GHz 1.80GHz 5.88%
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Comparing the S-parameter simulation results done by HFSS in Figure 3.4, Case |
shows the best characteristics that return loss in the pass-band is more than 17.01dB.
At the same time, the magnitude of S,; curve is maximum flatness in the pass-band
and less than -54.88dB in the stop-band. When the cutoff frequency is 1.55GHz, the
length of L, in Case | is A4/8, Sy is A4/64 and D is A ¢/32. In general, the lengths of

filter stubs are being A4/8 [24] or Ay/4 [25]. Therefore, the LH unit cell is more

advantageous to achieve miniaturization in filter design.

3.1.2 DLH Unit Cell Based on FCPW and Simulation Results

As shown in Figure 3.5, the geometrical configurations are called dual left-handed
(DLH) unit cell structure, which is opposite to the structure of the LH unit cell [19].
In the DLH unit cell, the metal RCPs are placed on the top layer of the FCPW. And
the RGP, which connects with a side ground plane, is placed on the bottom. Because
the series component C, can be generated without via holes in the DLH unit cell, the
DLH unit cell is easier to be manufactured on the PCB than the LH unit cell.

The equivalent circuit for the DLH unit cell is same with Figure 3.2(b). And the
equivalent values of the capacitances (C. and Cg) and the inductance (L.) can be

calculated as
W=25)L |

CL =& (1+ Eeft )T oe —! (3'23.)
C,=C,(2L+D), (3-2b)
L, =C?Z, =(C,, x2K)’Z, (3-2¢)

FE

(@) Top view. (b) Bottom view.
Figure 3.5 Physical geometry of DLH unit cell.
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where C, is created between the overlapped parallel patches (RGP and RCPs), Cg is

distributed on the RGP and L, is created at the narrow line which connects RGP to

the side ground plane. Additionally, the inherent capacitances C,, and C,,, the

characteristic impedance Z. and the effective permittivity &, can be calculated by
the equations in [22]. Since the calculated inherent capacitances have an error with
the real values, Equation (3-2c) should be modified by the approximation process
based on the simulation results.

The influences of the parameters L, D and S are investigated and Figure 3.6 shows
the simulated return loss characteristics. As L gets close to 6.4mm (A 4/16), the two
resonant frequencies get closer and a pass-band appears. And as D increases doubled
and quadrupled, the resonant frequencies decrease due to the shunt capacitance
increases. Additionally, when the length of S is shorter than 1.3mm (A 4/64), the
resonant frequencies decrease slowly. And when S is longer than 1.3mm (A ;/64) the
resonant frequencies change a little, but the magnitude of the pass-band gets worse.

The S-parameter simulation results are plotted in Figure 3.7 and the electrical and
physical lengths of the parameters in the DLH unit cell are shown in Table 3.3.
Comparing the S-parameter simulation results of the DLH unit cell with the ones of
the equivalent circuit, the graphs have similar characteristics. Table 3.4 gives the
cutoff frequencies of the DLH unit cell and the equivalent circuit, and the error rates
are calculated based on the cutoff frequencies. Among the data, Case VI gets the
smallest error rate and Case VIII has the worst result. Comparing the parameter
lengths in Table 3.3, only the value of S in Case VI is different from Case VIII. Since
the inherent capacitances are calculated based on the signal line width, S has the
main effect on the value of the inherent capacitances. Thus, the energy accumulated
on the RGP is less than the calculated value.

Comparing the four simulation results of the DLH unit cell done by HFSS in
Figure 3.7, Case VIII exhibits the best characteristics that the return loss in the pass-
band is more than 18.2dB until 4GHz, and the magnitude of S,; curve is maximum

flatness. When the cutoff frequency is 1.65GHz, the length of L in Case V is A (/16, S
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is shorter than A o/128 and D is A /8. That is, the DLH unit cell is advantageous to

achieve miniaturization in filter design.
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Figure 3.6 Return loss characteristics as a function of geometrical parameters

Table 3.3 Electrical and physical lengths according to cases of DLH unit cell.

Electrical length (fo=1.85GHz) Physical length (unit: mm)
L S+G D L | Geosmm | D
Case V A4/16 A¢/128 Agl8 6.4 0.5 12.8
Case VI A4/16 A4/64 A4/16 6.4 1.3 6.4
Case VII 24/8 A¢/128 A4/16 12.8 0.5 6.4
Case VIII A4/16 A4/128 A4/16 6.4 0.5 6.4
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Figure 3.7 S-parameter simulation results of DLH unit cell according to cases.
Table 3.4 Error rates of S-parameter simulation results according to cases.
. Cutoff freq. of the Error
Cutoff freq. of DLH unit cell . g.ortn
equivalent circuit rate
Case V 1.65GHz 1.51GHz 8.48%
Case VI 1.78GHz 1.76GHz 1.12%
Case VI 1.41GHz 1.33GHz 5.67%
Case VIII 1.86GHz 1.68GHz 9.68%
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When the cutoff frequencies of the LH unit cell and the DLH unit cell are the same,
the S-parameter simulation results are compared, shown in Figure 3.8. In the stop-
band, the Sy; curves increase straightly and the skirt effects are similar. In the pass-
band, the return loss of the DLH unit cell is more than 13dB in the pass-band of 2.2 ~
4.5GHz, and of the LH unit cell is more than 10dB in the range of 2.05 ~ 4.5GHz. In
addition, the physical dimensions of the LH unit cell and the DLH unit cell are
shown in Table 3.5 and Table 3.6. The total length of the DLH unit cell is 27.04mm
and the LH unit cell is 54.70mm, which is twice as large as the DLH unit cell. In

summary, the DLH unit cell gets better characteristics than the LH unit cell.
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Figure 3.8 S-parameter simulation results of LH unit cell and DLH unit cell.
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Table 3.5 Physical dimensions of LH unit cell. (unit: mm)

Parameters Ls L, Ls Gr | FE S1 S, S3 K
Values 6.35 | 11 | 1752 | 10 3 05 288|835 1
Parameters D D, W G Te H
Values 7 (318 | 874 | 0.3 | 35 | 0.787

Table 3.6 Physical dimensions of DLH unit cell. (unit: mm)
Parameters L K D Gy FE S G W
Values 6.35 2 6 5 4.2 0.5 03 | 8.74
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In order to identify if the C-CRLH effect occurs in the LH unit cell and the DLH
unit cell, the dispersion diagram is simulated by HFSS with the phase constant
calculated by the S parameters as follows:
1-S5,,S,, +S,,S

2S,,

B, =cos™( 2Ly, (3-3)

Figure 3.9 shows the direction of the propagation in the LH unit cell and the DLH
unit cell. As shown in Figure 3.9, the proposed unit cells exhibit the C-CRLH
characteristics and Table 3.7 gives the bands where the LH or RH effect occurs.
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Figure 3.9 Dispersion characteristics of LH unit cell and DLH unit cell.

Table 3.7 Bandwidth of LH range and RH range.

LH bandwidth

RH bandwidth

LH unit cell

1.46 ~ 1.81GHz

2.05 ~ 3.05GHz

DLH unit cell

1.76 ~ 2.66GHz

2.77 ~4.5GHz
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In the LH unit cell and DLH unit cell, the energy distributions of the electric field
correspond to the accumulated energy distribution of the series composition C, that
generated according to the relative area of the RGP and the RCPs, as shown in
Figure 3.10(a) and Figure 3.11(a). As time elapses, the electric energy turns to be the
magnetic energy. The magnetic energy distribution corresponds to the accumulated
energy distribution of the shunt circuit component L., which is created by the narrow
line which connects the RGP to the side ground plane, as shown in Figure 3.10(b)
and Figure 3.11(b). This process is done repeatedly over time, while the signal
energy is transmitted from the input port to the output port. Therefore, the energy
transference and suppression of the input signal are achieved by the inductances and
capacitances, which form the LH characteristics. And according to the values of the
inductances and capacitances, the unit cells show the nature of an HPF. Eventually,
the LH unit cell and the DLH unit cell get the characteristics of preserving the input
electromagnetic energy and transmitting the energy to the output port without loss, as

well as the characteristic of high-pass frequency selectivity.

(a) Energy distribution of electric field.  (b) Energy distribution of magnetic field.
Figure 3.10 Energy distributions of LH unit cell.

(a) Energy distribution of electric field.  (b) Energy distribution of magnetic field.
Figure 3.11 Energy distributions of DLH unit cell.
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3.1.3 Measurement Results of LH Unit Cell and DLH Unit Cell

The layout patterns of the LH unit cell and the DLH unit cell are shown in Figure
3.12 and Figure 3.13, respectively. The unit cells are fabricated on the substrates
made by Taconic, through the photosensitizing, etching, plating and assembling
processes. After these production processes, the characteristics of the LH unit cell
and the DLH unit cell are measured by vector network analyzer of N5230A.

The comparisons of S-parameter simulation and measurement results of the LH
unit cell and the DLH unit cell are shown in Figure 3.14. The graphs have similar
shapes, but the cutoff frequencies are partially mismatched. The measured result
shifted to the high frequencies because of the imperfection of the ground effect,
which reduces the electrical energy accumulated between the RGP and RCPs. The
measured Si; magnitude of the LH unit cell is below -9.88dB in the range beyond
2.05GHz, but tends to rise slightly beyond 4.05GHz. And the measured S;;
magnitude of the DLH unit cell is below -10dB in the range of 2.52 ~ 2.9GHz and
the range beyond 4.23GHz, but above -8dB from 3.04GHz to 4.07GHz, which is not
good enough as a filter. In the pass-band, the insertion loss of the LH unit cell is less
than 0.74dB and of the DLH unit cell is less than 1.76dB.

() Top view. (b) Bottom view.
Figure 3.12 Fabricated LH unit cell.

(@) Top view. (b) Bottom view.
Figure 3.13 Fabricated DLH unit cell.
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Comparing the measurement results of the LH unit cell and the DLH unit cell
shown in Figure 3.15, the magnitudes of Sy; curves in the stop-band increase rapidly
and have similar shapes. However, the LH unit cell exhibits deeper rejection than the
DLH unit cell in the pass-band. Even so, the DLH unit cell is better for HPF design
because the ripples of S;; curve in the pass-band get a regulation and it is favorable to
get a broad pass-band. As long as the ground plane can be made good enough, the

return loss will be on the increase and the DLH unit cell can be used for compact
HPF design.
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Figure 3.14 S-parameter simulation and measurement results of LH unit cell and
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Figure 3.15 Measurement results of LH unit cell and DLH unit cell.
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3.2 Unit Cell with Low-Pass Property Based on C-CRLH CBCPW

3.2.1 RH Unit Cell Based on CBCPW

A RH unit cell based on C-CRLH CBCPW is proposed and its physical geometry
Is shown in Figure 3.16 [18], [20]. The geometry consists of a dielectric substrate
between two metallic layers. And the top layer is composed of two ground planes
and a signal line, while the bottom layer is a ground plane only. This structure is

designed on a PCB with the relative dielectric constant &, of 2.5 and the dielectric

substrate thickness H of 0.787mm. And the width of the feeder line W is 8.74mm,
and the gap width between the feeder line and the round planes on the same layer G
is 0.3mm, which are calculated by the tool Linecalc in ADS.

As shown in Figure 3.16, the input port is symmetric with the output port, based
on the central axis of the unit cell. When the signal transmits through the broad
signal line, the parallel component Cg is generated between the signal line and the
ground plane on the bottom layer. Then the signal transmits through the narrow
signal line, the series component Lg is distributed on it. According as the signal
transmits along the same geometry repeatedly, those components are generated again.
Between the broad signal lines, coupling capacitance C, can be generated when the
value of the parameter D is very small. And L, can be achieved along the stub lines
toward the side ground planes. By tuning the sizes of L, L, L3, D, K, S3, S, and T,
the cutoff frequency and the S-parameter characteristics can be changed. In other
words, the values of the components Lr, Cr (Cr: and Cgy), L., which are shown in
Figure 3.17(b), change with the sizes of the unit cell. As a result, the RH
characteristic dominates on the RH unit cell, and the LH characteristic is suppressed.

As shown in Figure 3.17, the equivalent circuit values of the inductances (L = L,
and L =L,) and the capacitances (C;, =C,,+C_, and Cg,=2C_,+C ) can be
calculated according to [21] as

_ Zcsin(2zD/ A) Zc27rD| _ 2Dy (3-49)
Wy Ay @y ‘ & ¢ |

D<-2
8

L

S
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(a) Detailed equivalent circuit. (b) Approximate equivalent circuit.
Figure 3.17 Equivalent circuits for RH unit cell.

:
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where Ls and L, are distributed on the narrow signal lines and L, controls the skirt
effect of the RH unit cell in the stop-band. On the other hand, Cy; and Cpsare created
between the broad signal lines and the bottom ground plane. And C,; is created at the
discontinuities of the signal lines with different widths [21]. But it has little effect on

the characteristics since the value is small. Moreover, c is the velocity of light, &, is

the permittivity of free space, A g is the guided wavelength. And the values of the
effective permittivity &, and the characteristic impedance Z. can be calculated

responding to the signal line width and the gap width between the signal line and the
side ground plane in CBCPW structure by the tool Linecalc in ADS.

3.2.2 Simulation Results of RH Unit Cell

The S-parameter simulation results of the RH unit cell and the equivalent circuit
are plotted in Figure 3.18, which exhibits low-pass characteristics. Comparing the
simulation results of the unit cell with the ones of the equivalent circuit, the graphs of
S parameters exhibit similar forms and similar characteristics. As shown in Figure
3.18(a), the cutoff frequency of the RH unit cell is 1.37GHz and of the equivalent
circuit is 1.33GHz. Therefore, the cutoff frequency error rate is 3.13%. Similarly, the
error rates are calculated as 4.48%, 5.37% and 7.17% in Figure 3.18(b), (c) and (d),
respectively. Comparing the lengths of the parameters, it is obvious that the error rate
becomes larger when the length of the parameter L, approaches to A4/8. In other
words, the electrical energy preserved between the broad signal line and the bottom
ground plane is more than the calculated value when L; gets longer.

Comparing these four figures, the S-parameter characteristics are different. The
magnitude of S;; curves in Figure 3.18(a) and (b) is the maximum flat in the pass-
band, but gets ripples in the stop-band. Therefore, it can be seen as a quasi-elliptic
filter [23]. On the other hand, the S,; curves in Figure 3.18(c) and (d) get ripples in
both the pass-band and the stop-band, which are similar to the characteristics of an
elliptic filter [23]. Overall, Figure 3.18(b) exhibits the best characteristics that the
return loss is more than 17.78dB and the maximum magnitude of S,; is flat in the
pass-band, while decreases monotonically in the stop-band. Compare the lengths of
the parameters in Figure 3.18, the characteristics of the RH unit cell turn better when
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the lengths of L4, L, approach to A ¢/32. Since the lengths of LPF stubs are being A ¢/8

[24] or Ag/4 [25] in general, the RH unit cell is more advantageous to achieve

miniaturization in filter design.

5,4 (dB)

S27(dB)

A0}

S0k

60+

70

10

-10

20

-30

QF

-50

60

]

T — 71— 10
n'u__ ‘
'-‘._\“\ 1-10
O £
-===ADS dB(S,) K
e ADS dB(S, ) *
— P55 dB(5,) 30
----- HFSS_dB{5, )
1 I 1 1 1 1 1ih A0
05 10 15 0 25 30 35 40
Frequency (GHz)
(a) L;=A 9/32 and L,=A g/l6
T T T T T T T T 10
----j}www.—-"-;-\
A . n 0
\;,.é.‘.
. {-10
{ """"""" - {20
e ADS dB(S, ) "
........ ADS dB(S, ) "
[ ——HFSS_dB(S,)
-eee+ HFSS_AB(S, )
1 1 1 1 1 1 1 1 _40
0.5 1.0 1.5 2.0 25 30 35 40
Frequency (GHz)

(c) Li=A 9/16 and Lo=A 9/32

Sy (dB)

Syy(dB)

S27 (AB)

Sa7 (dB)

15

Frequency (GHz)
(b) L1=A 9/32 and Lo=A 9/32

10 T T T T T T T T T T T T
0 -.---f o
h‘w,:.. - '.‘:‘\ {\
-10 i U
20 Y,
-40
e DS B,
SOF W ADS_dB(S“)
60k — HF$S_dB(S, )
----- HFSS_dB(S, )
270 L 1 1 L e
05 10 15 20 25 30 35 40
Frequency (GHz)

(d) Li=A 9/8 and L,=A 9/32

Figure 3.18 S-parameter simulation results of RH unit cell.
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The energy distribution of the electric field, corresponding to the accumulated
energy distribution of the parallel circuit composition Cg, which is generated between
the broad signal lines and the bottom ground plane, is shown in Figure 3.19(a).
Because of the electromagnetic interaction, the electric energy turns to be the
magnetic energy as time elapses. The energy distribution of the magnetic field,
corresponding to the accumulated energy distribution of the series circuit component
Lr, which is distributed on the narrow signal lines, is shown in Figure 3.19(b). This
process is repeated while the signal energy transmits from the input port to the output
port. Therefore, the transference and suppression of the input signal energy are
achieved by the inductances and capacitances, which build up the RH unit cell. And
according to the values of the inductances and capacitances, the RH unit cell shows
the nature of a LPF. Eventually, the RH unit cell gets the characteristics of
preserving the input electromagnetic energy and transmitting the energy to the output
port without loss, as well as the characteristic of low-pass frequency selectivity.

3.2.3 Measurement Results of RH Unit Cell

The RH unit cell is fabricated with the physical dimensions shown in Table 3.8,
and the layout pattern is shown in Figure 3.20. Then, the fabricated RH unit cell is
measured and the S-parameter characteristics are plotted in Figure 3.21. It can be
seen that a good agreement between the measurement and simulation results has
been achieved. The measurement shows a 0.38dB insertion loss with -16dB
suppression until 1.6GHz in the pass-band and a good skirt effect. Moreover, the
maximum magnitude of the measured S,; curve decreases monotonically in the stop-

band. As analyzed above, the RH unit cell can be used for LPF design.

(a) Energy distribution of electric field. (b) Energy distribution of magnetic field.
Figure 3.19 Energy distributions of RH unit cell.
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Figure 3.21 S-parameter simulation and measurement results of RH unit cell.

Table 3.8 Physical dimensions of RH unit cell. (unit: mm)

Parameters

Ly

Lo

L3

Gr

D

St

S,

FE

Values

4.32

4.32

3

10

10

0.2

0.2

0.25
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Chapter 4 Unit Cell Design Based on D-CRLH MTM TL

4.1 Unit Cell with Band-Rejection Property Based on D-CRLH CBCPW

4.1.1 CBDG Unit Cell Based on CBCPW

A unit cell is proposed based on D-CRLH CBCPW with a conductor-backed
defected ground (CBDG) structure on the bottom layer, which is shown in Figure 4.1.
The geometry consists of a dielectric substrate between two metallic layers and the
signal line on the top layer is transformed into a U-shaped structure. In order to get
band-rejection property, a U-shaped CBDG structure is etched on the bottom layer
and one port of the CBDG structure is shorted to the bottom ground plane, the other
is opened. Thus, the U-shaped signal line on the top layer and the U-shaped CBDG
structure on the bottom layer make up a resonator. The characteristic impedance of
the input and output ports is 50Q, and the substrate thickness of 0.787mm and the

relative dielectric constant ¢, of 2.5 is used for all cases.

As shown in Figure 4.1, the input port is symmetric with the output port on the top
layer, based on the central axis of the U-shaped signal line. When the input signal
transmits along the unit cell, the equivalent series LC parallel resonant circuit
component Lg is distributed on the U-shaped signal line and the component C, is
generated in proportion to the coupling area of the resonator. On the other hand, the
equivalent parallel LC series resonant circuit components L, and Cg are created on
the U-shaped CBDG structure. Since one port of the CBDG structure connects with
the bottom ground plane, when the length of it is set to a quarter of the wavelength,
the inductance L_ and the capacitance Cg can be generated at the same time.
Therefore, the band-rejection resonance frequency can be moved to the desired
frequency by adjusting the parameters Wy, CW,, L1, L,, L3 and S. In other words, the
values of the components Lg, Cg, L., C. in the equivalent circuit of Figure 4.2 change

with the values of the parameters.

4.1.2 Simulation and Measurement Results of CBDG Unit Cell
The influences of the parameters L;, L3, Wy and CW, are investigated and Figure

4.3 shows the simulated insertion loss characteristics done by HFSS. As L; increases
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doubled and quadrupled, the resonant frequency decreases due to the series
inductance of the series LC parallel resonant circuit Lg and the parallel LC series
resonant circuit components L. and Cr increase. And when L3 increases, the values of
the inductances L and Lg, and the capacitance Cgincrease. Therefore, the resonant
frequency decreases as Ls increases. On the other hand, the resonant frequency
decreases as W, increases, but increases as CW, increases. The reason is that the
value of the inherent capacitances of the TL changes with the widths of the U-shaped
signal line and the CBDG structure. And the interaction between the inherent

capacitances effects different results.
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Figure 4.1 Physical geometry of CBDG unit cell.

RS
A

O

e

Figure 4.2 Equivalent circuit for CBDG unit cell.



The CBDG unit cell is fabricated with the physical dimensions shown in Table 4.1,
which layout patterns are shown in Figure 4.4. Figure 4.5 shows the S-parameter
simulation and measurement results. The fabricated CBDG unit cell exhibits good
band-rejection characteristics as predicted by HFSS. The simulated resonant
frequency of the CBDG unit cell is 885MHz and the measured resonant frequency is
883MHz. Therefore, the error rate of the resonant frequency is 0.23%. The
measurement shows that the return loss is less than 0.6dB and the insertion loss is
more than 16dB from 869 to 894MHz of the stop-band. And the insertion loss of
pass-band at lower frequencies is less than 0.52dB and at higher frequencies is less

than 1.34dB.

10 T T T T T 10 M T M 1 M T M T ' T

o

10 k

L
-~ N
2 i
o iio4d
b} IS |
ST ol ]
n
H EE —1[ =2.15mm
30r B [SSe £ =5.15mm
; ; ........ I =8.15mm
40 1 1 1 1 1 - L : |
0.4 06 08 1.0 12 14 1.6 04 0.6 0.8 1.0 12 1.4 1.6
Frequency (GHz) Frequency (GHz)
(a) L1 (b) Ls.
10 T T T T T T T T T T T 10 T T T T T
g g
< )
5- x-
o] n

U.IS 1.I0 o4 0.6 0.8 Lo 12 14 1.6
Frequency (GHz) Frequency (GHz)
(c) Wo. (d) CWeo.

Figure 4.3 Insertion loss characteristics as a function of geometrical parameters.
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The dispersion characteristics to confirm the D-CRLH structure are shown in
Figure 4.6. The propagation in the CBDG unit cell is forward at both low frequencies
below the series resonant frequency of 850MHz and high frequencies above the
shunt resonant frequency of 961MHz where the right-handed effect occurs.
Otherwise, the propagation is backward between the series and shunt resonant
frequencies, and left-handed effect occurs. Thus, the proposed CBDG unit cell
exhibits the D-CRLH characteristics.
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Figure 4.5 S-parameter simulation and measurement results of CBDG unit cell.

Table 4.1 Physical dimensions of CBDG unit cell. (unit: mm)

Parameters Gix Gry G w FE Wo Ly
Values 10 25.8 0.3 8.74 2.8 4.3 5.15
Parameters L, Ls S Gr BG, CWy

Values 11.6 1.3 0.3 2.1 1 0.35
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The energy distribution of the electric field corresponds to the accumulated energy
distribution of the capacitance C_ generated in the U-shaped resonator, and the
capacitance Cg distributed on the U-shaped CBDG structure on the bottom layer. As
shown in Figure 4.7(a), the energy generated more at the open port of the CBDG
structure. As time elapses, the electric energy turns to be the magnetic energy. The
energy distribution of the magnetic field corresponds to the accumulated energy
distribution of the inductance L., which is also created on the CBDG structure. As
shown in Figure 4.7(b), most of the magnetic energy accumulates at the short port of
the CBDG structure. This process is repeated while the signal energy transmits from
the input port to the output port. Therefore, the CBDG unit cell gets the
characteristics of preserving the input electromagnetic energy and transmitting the
energy to the output port without loss, as well as the characteristic of band-rejection
frequency selectivity. As analyzed above, the proposed CBDG unit cell can be used
for BRF design.
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Figure 4.6 Dispersion characteristics of CBDG unit cell.

(a) Energy distribution of electric field. (b) Energy distribution of magnetic field.
Figure 4.7 Energy distributions of CBDG unit cell.
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4.2 Unit Cell with Band-Rejection Property Based on D-CRLH CPW

4.2.1 GL Unit Cell Based on CPW

The geometric configuration of the proposed unit cell based on D-CRLH CPW
with a groove line (GL) structure is shown in Figure 4.8. In order to get band-
rejection property and small size, a GL structure is etched on a side ground plane and
one port is shorted to the side ground plane, the other is opened. Also, the signal line
is transformed into a GL-like structure, which makes up a resonator with the GL
structure. The characteristic impedance of the input and output ports is 50Q, the

substrate thickness H is 0.787mm and the relative dielectric constant ¢, is 2.5.

As shown in Figure 4.8, the input port is symmetric with the output port, based on
the central axis of the groove signal line. But the groove resonator is not a symmetric
structure because one port is open, the other is short. The equivalent circuit for the
GL unit cell is shown in Figure 4.9. When the input signal transmits along the unit
cell, the equivalent series LC parallel resonant circuit component Lg is distributed on
the signal line. And the component C, is generated in proportion to the coupling area
of the resonator. On the other hand, the equivalent parallel LC series resonant circuit
components L. and Cgare created on the GL structure of the side ground plane. Since
one port of the GL structure connects with the side ground plane, when the length of
it is set to a quarter of the wavelength, the inductance L, and the capacitance Cg can

be generated at the same time.

4.2.2 Simulation and Measurement Results of GL Unit Cell

The influences of the parameters Yo, Y4, S; and X. are investigated and Figure 4.10
shows the simulated insertion loss characteristics. As Yo, Y4 and X. increase doubled
and quadrupled, the resonant frequency decreases due to the capacitance of the series
LC parallel resonant circuit C, and the parallel LC series resonant circuit components
L. and Cg increase. And according as S; increases, the capacitance of the series LC
parallel resonant circuit C_ decreases. Therefore, the resonant frequency increases as

S; increases.

50



Sz7 (dB)

S271(dB)

G, L
P
Lr
i)
154
g%il'l X Ml
et ER Ly
il 1
Y, X, Y,
Gry Sy ¥, s S G,

Figure 4.8 Physical geometry of GL unit cell.

R L,
o AMA AN
— .1
1] C.
CL
LL
o, O
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Figure 4.10 Insertion loss characteristics as a function of geometrical parameters.
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The GL unit cell is fabricated in the dimension of Table 4.2, as shown in Figure
4.11. And Figure 4.12 shows the comparison of S-parameter simulation and
measurement results. The measurement shows a good agreement with the simulation
results. The simulated resonant frequency is 881MHz and the measured result is
880MHz. Therefore, the error rate of the resonant frequency is only 0.11%. The
measurement shows a 2dB return loss and an 11dB insertion loss from 869 to
894MHz of the stop-band. And the insertion loss of low frequency pass-band is less
than 0.25dB and of high frequency pass-band is less than 0.98dB.
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Figure 4.12 S-parameter simulation and measurement results of GL unit cell.

Table 4.2 Physical dimensions of GL unit cell. (unit: mm)

Parameters Gy L G W Gix Gy X1 X2
Values 10 36.9 0.3 8.74 1 2.8 0.7 7
Parameters X3 X4 Xs Xe Y1 Y, Y3 Y4
Values 4.9 0.7 9.6 7 1 0.8 1 11
Parameters Ys Yo S1 Sy S3 S4
Values 1 3.9 0.3 2 2.5 0.9
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The dispersion characteristics of the GL unit cell are shown in Figure 4.13. The
propagation is forward and the right-handed effect occurs at low frequencies below
the series resonant frequency of 824MHz and at high frequencies above the shunt
resonant frequency of 895MHz. Otherwise, the propagation is backward between the
series and shunt resonant frequencies, and left-handed effect occurs. Thus, the
proposed GL unit cell exhibits the D-CRLH characteristics.

The energy distribution of the electric field is shown in Figure 4.14(a),
corresponding to the accumulated energy distribution of the capacitance C, generated
in proportion to the coupling area of the resonator, and the capacitance Cr distributed
on the GL structure on the side ground plane. As time elapses, the electric energy
turns to be the magnetic energy and the magnetic energy distribution corresponds to
the accumulated energy distribution of the inductance L, which is also distributed on
the GL ground structure. This process is repeated while the signal energy transmits
from the input port to the output port. Eventually, the GL unit cell gets the
characteristics of preserving the input electromagnetic energy and transmitting the
energy to the output port without loss, as well as the characteristic of band-rejection

frequency selectivity.
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Figure 4.13 Dispersion characteristics of GL unit cell.

(a) Energy distribution of electric field.  (b) Energy distribution of magnetic field.
Figure 4.14 Energy distributions of GL unit cell.
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Chapter 5 Conclusions

This thesis focused on an analysis of the fundamental properties of MTMs and the
unit cells with high-pass, low-pass and band-rejection property on CPW MTM TL.
The equivalent circuits for the proposed unit cells were derived from the physical
geometries and the characteristics of the unit cells. As a result, the equivalent circuits
for the proposed unit cells showed good agreements with the proposed unit cells.
And the dispersion characteristics and the energy distributions of the electromagnetic
field were simulated to identify the C-CRLH and D-CRLH structures.

The LH unit cell based on C-CRLH FCPW showed high-pass property with -
9.88dB suppression in the range beyond 2.05GHz. And the DLH unit cell based on
C-CRLH FCPW exhibited high-pass property that the return loss is more than 10dB
from 2.52GHz to 2.9GHz and beyond 4.23GHz of the pass-band. On the other hand,
the RH unit cell based on C-CRLH CBCPW exhibited low-pass property with a
16dB return loss and a 0.38dB insertion loss in the pass-band.

The CBDG unit cell based on D-CRLH CBCPW with band-rejection property had
a 0.6dB return loss and a 16dB insertion loss from 869MHz to 894MHz of the stop-
band. Moreover, the GL unit cell based on D-CRLH CPW showed band-rejection
property with a 2dB return loss and an 11dB insertion loss from 869MHz to 894MHz.

Since the proposed unit cells have good characteristics with small sizes, they can
be used not only in filter design but also in other components of microwave systems,
such as couplers and resonators. Especially, they are very useful for the dual-band or
multi-band duplexers over operational frequencies separated and combined by
various frequency bands. Contrary to conventional couplers, the unit cells based on
MTM TL are good choices for coupler design by changing the DC offset and phase

slope to intercept the desired phases at any arbitrary frequencies.
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