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ABSTRACT

The work done in this thesis focuses on the design of a square-shaped 20-way
metamaterial power divider which is fabricated in microstrip technology and operates
at 1 GHz. The divider comprises 12 square-shaped left-handed unit cells and 13
square-shaped right-handed unit cells, and these unit cells have the same size and are
placed in a checker-board tessellation, where the left-handed unit cells are connected
only to right-handed unit cells and vice versa. The divider is based upon the infinite
wavelength phenomenon in two-dimensions, and this means that the insertion phase
between any two ports of the left-handed unit cell is equal, but with opposite sign, to
that of the right-handed unit cell. The divider gives an equal-amplitude equal-phase
power division from the central input port to the output ports which are located on a
straight line on each side. Thus, it is convenient to integrate with, or interconnect to,
other planar circuits in a system, such as power amplifier modules. The design
concept can be extended to an N-way power divider, where N = 4n and » is an odd

integer.
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ABBREVIATIONS AND ACRONYMS
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Chapter 1

INTRODUCTION

1.1 MICROWAVE POWER DIVIDER/COMBINER

Power dividers/combiners have been used widely in microwave applications. For
example, they have been used in antenna-array feeding networks and solid-state
power amplifier combiner networks. In recent years, it is desirable in developing
power combining techniques for solid-state power generation to achieve high output
power with low loss, high combining efficiency and wide bandwidth. Various
microwave power combining techniques have been summarised in the literature [1].

Power combining can be separated into two general levels: the device level and the
circuit level [1]. Device level combining techniques place devices in a small area
compared to a wavelength, so it is limited in the number of devices. Circuit level
combining techniques, on the other hand, are not limited to clustering devices in a
small region compared to a wavelength. In this thesis, we are more interested in
circuit level combining technique, such as a parallel combined power amplifier. In
general, a parallel combined power amplifier consists of a power divider network, N
amplifiers and a power combiner network. Since the power divider and combiner
networks are usually identical, the same network can be used as either a power divider
or a power combiner, and therefore it will be referred to as a divider/combiner
network.

There are many different methods for combining techniques. At the circuit level,
combining approaches can be classified into two categories: one is that the outputs of

all devices are combined in a single step, and one is that power is combined in several
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steps [1]. The former are also called N-way combiners, and can be divided into
resonant and nonresonant cavity combiners. The latter can be separated into chain (or
serial) and tree (or corporate) combining structures. The Figure 1.1 shows many

different methods for combining.

Combining Techniques

Circuit-level
Combiners

Device-level
Combiners

l

Single step Several steps
(N-way) Combiners
Combiners
I |
| | Chain Tree
Resonant Nonresonant Combiner Combiner
cavity Combiners
I
| |
Rectangular Cylindrical [ [ | |
waveguide Resonant Wilkinson Rucker Conical Radial line
Resonant cavity Combiners Combiners Combiners Combiners
cavity Combiners
Combiners

Fig. 1.1. Different combining techniques.

Each of these methods has its own advantages and disadvantages. Chain or tree
combiners have the advantage of wide bandwidth and isolation between devices [2],
but have the disadvantage of using couplers and connecting sections which cause
more losses and decrease the combining efficiency, especially for a large number of
devices [3]. Resonant N-way combiners have high combining efficiency but narrow
bandwidth. Nonresonant N-way combiners provide wide bandwidth, but have the

disadvantage of isolation problems, which lead to undesired higher order modes.
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1.2 LEFT-HANDED MATERIALS

In recent times, a hot topic in microwave engineering is left-handed (LH) materials,
also called metamaterials (MMs). Left-handed materials (LHMs) are artificial
structures that exhibit specific electromagnetic properties which are not shown in
natural materials. Novel applications and devices have been developed using these
unique properties of left-handed materials, so Science magazine chose left-handed
materials as one of the top ten scientific breakthroughs of 2003 [4].

Conventional materials simultaneously have positive permittivity and permeability,
and group and phase velocities both directed away from the source; hence the phase
lags in the direction of the positive group velocity. In the late 1960s, Veselago first
theoretically studied materials with simultaneous negative permittivity and
permeability [5]. Veselago named these materials left-handed materials (LHMs)
because electric field intensity vector E, magnetic field intensity vector H and
wavevector K would form a left-handed triplet. Yet, E, H and the Poynting vector S
maintain a right-handed relationship, thus left-handed materials exhibit a group
velocity directed away from the source whilst the phase velocity is directed toward
the source, hence the term backward waves. In other words, the phase leads in the
direction of the positive group velocity.

The first realisation of such materials was developed by Shelby ef al. [6], using thin
wire strips and Split Ring-Resonators (SRRs). However, these structures rely on
resonances and are inherently narrowband and lossy, so they are difficult to
implement for microwave applications. Structures using the transmission line (TL)
approach have been developed that do not rely upon resonances [7] [8], and are
amenable to microwave PCB technology [9]. These structures are based upon

periodically loaded transmission lines with lumped elements, inductors and capacitors.

1.2.1 TERMINOLOGY

There are several terminologies found in the literature to describe metamaterials with

simultaneous negative permittivity and permeability. The most frequently used terms

are listed as follows [10] [11]:
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e Left-handed (LH): This is the nomenclature named by Veselago, and it
describes the most fundamental property of these materials.

e Backward wave (BW): This terminology mentions the property of antiparallel
phase/group velocities.

e Negative-refractive-index (NRI): It shows a meaningful property for two
dimensional (2D) and three dimensional (3D) structures, but it cannot describe
one dimensional (1D) structures.

e Double-negative (DNG): It comes from the fact that these materials have

simultaneously negative permittivity and permeability.

1.3 N-WAY MCIROWAVE POWER DIVIDER USING TWO-
DIMENSIONAL METAMATERIALS

In this thesis, we propose a new structure of N-way power divider comprising 2D left-
handed and right-handed unit cells [12] [13]. To achieve equal magnitude and phase
for voltages at all the output ports, left-handed unit cells are connected only to right-
handed unit cells, and vice versa. This structure is square-shaped and is easily
integrated with amplifiers. In addition, this structure represents the infinite
wavelength phenomenon in two-dimensions and could replace a circular radial power
divider. To validate design methods and fabrication techniques, a 20-way power

divider was constructed and measured.

1.4 OUTLINE OF THESIS

The thesis is organized as follows. In Chapter 2, a background is given to N-way
power dividers in parallel combined power amplifiers, and the transmission line
approach to left-handed materials. In Chapter 3, we reveal in detail the structure and
principle of the 20-way power divider proposed in this thesis, and then discuss the

equivalent 1D model of the 2D unit cell, and finally give the design overview. In
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Chapter 4, we give the design details of 1D left-handed unit cell, and then we show
the simulation and measurement results. In Chapter 5, we design and fabricate the 20-
way power divider, and then simulation and test results are presented. In Chapter 6,
we conclude with the core results of this thesis and indicate possible future research.

Throughout this thesis, AWR Microwave Office was used to simulate all the circuits.






Chapter 2

BACKGROUND

In this chapter, we review the background materials related to this thesis. In section
2.1, we give general descriptions of several different N-way power dividers in a
parallel combined power amplifier. In section 2.2, we describe the transmission line
theory of left-handed transmission line and present the practical 1D and 2D unit cells

for left-handed material.

2.1 N-WAY POWER DIVIDER

2.1.1 DIFFERENT TYPES OF N-WAY POWER DIVIDER

The N-way power divider is used extensively in microwave applications, where it is
used to divide and combine microwave power. Microstrip line technology is used
widely in N-way power dividers, because it is cheap and easy to fabricate, and can be
integrated with amplifier modules. There are several useful microstrip line N-way
power dividers: radial power dividers [3] [14], fork power dividers [15], sector-
shaped power dividers [16] [17] and tapered line power dividers [18] [19]. The
examples of these power dividers are shown in Figure 2.1.

The radial power divider shown in Figure 2.1 (a) is well known for its ability to
achieve an N-way power split, especially for larger &, and it presents low loss and
excellent balance performance of amplitude and phase [3]. Radial power dividers
consist of two sections: the launcher and the radial line. The launcher section is a

coaxial line which feeds a radial line in the centre. The radial line is a circular, low
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loss parallel-plate transmission line, and it is used to split the signal into output ports

which are located around the side of radial line.

>

Q& <
‘B Input port [ % v;).mtion
/\' /\ 4.2, -

(a) (b)
°C
e /QE

© (d)
Fig. 2.1 Several different types of N-way power divider.
(a) Radial power divider. (b) Fork power divider.
(c) Sector-shaped power divider. (d) Tapered line power divier [19].

The fork power divider shown in Figure 2.1 (b) exhibits low loss, a good
performance of isolation between output ports and a broad bandwidth [15]. As shown
in Figure 2.1 (b), the splitter part consists of N transmission lines, which have
characteristic impedance Zy and quarter wavelength length at the centre frequency,
and N-1 isolation resistors between adjacent output ports. The sector-shaped power
divider shown in Figure 2.1 (c) uses a sectorial transmission line to divide signal into
N output ports which are located with evenly space on a sectorial side, and it has a
good amplitude balance performance and a wide bandwidth [16]. The tapered
microstrip line power divider presents a good balance performance of amplitude and
phase and a wide bandwidth [18]. In Figure 2.1 (d), it is a special tapered microstrip
line power divider [19], and its output ports are located on a straight line, and the
holes in the structure are used to equalise the transmission path lengths from the input

port to the output ports [19]. The three power dividers, which are fork, sector-shaped
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and tapered line power dividers, are all completely planar structure because they do
not need a vertical (or probe) coaxial line feed port which is used in the radial power
divider. In general, N-way power divider need good isolation over the bandwidth, and
isolation resistors located between adjacent output ports can be used to improve the

isolation performance [3] [16].

2.1.2 THE PARALLEL COMBINED POWER AMPLIFIER

The N-way power divider is often used in a parallel combined power amplifier as
shown in Figure 2.2. In a parallel combined power amplifier, an N-way power divider
is used at the input ports of N power amplifiers, and another N-way power combiner is
used at the output ports of N amplifiers to achieve the high output power. The N-way
power divider and combiner are identical in their structure, but with the opposite roles
of their input and output ports. To achieve the maximum combining efficiency when
the power divider/combiner is symmetrical, the combined signals from the amplifiers

should have equal magnitude and phase [21].

1 1
2 2
N-way , N-way
o—— power ! power —oO
divider 1 combiner
1
]
|
]
1
N I N
amplifiers

Fig. 2.2. A model for a parallel combined power amplifier [20].

As shown in Figure 2.1 (a) (b) (c), the in-phase output ports of radial, fork and
sector-shaped power dividers are located on an arc or circle. In a parallel combined
power amplifier, it is necessary to have equal length interconnecting transmission
lines between the amplifier modules and the power divider and combiner to ensure

correct phasing. Figure 2.3 shows a parallel combined power amplifier using fork
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power divider and combiner [22]. It can be seen that the equal length interconnecting
transmission lines are non-identically curved. When a radial power divider and
combiner are used in a parallel combined power amplifier, the interconnecting
transmission lines are uniform, but the amplifier modules are mounted on a cylinder
[23] as shown in Figure 2.4. In this case, each amplifier is fabricated on a separate

printed circuit board (PCB).

Ampliﬁers\A

i

VYV VY

;pox — Fork power
divider / combiner

Equal length but non-
identically curved
interconnecting
transmission lines

Fig. 2.3. Fork power divider/combiner used in a parallel combined power amplifier.

Radial power divider

Radial power combiner

Amplifier

Fig. 2.4. Radial power divider/combiner used in a parallel combined power amplifier.

In a parallel combined power amplifier, it is desirable that the output ports of power

divider are located on a straight line, so that it is easier to interconnect or integrate
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with amplifier modules. As shown in Figure 2.1 (d), the tapered line power divider of
the type in reference [19] has the output ports on a straight line; therefore, the
interconnecting lines between the amplifiers and the power divider and combiner are
identical as shown in Figure 2.5. Another novel power divider is a square-shaped
power divider [12], which has four groups of output ports. In each group, the output
ports are located on a straight line. Therefore, amplifier modules can be integrated on
four PCBs, which allow them to conveniently interconnect to the power divider and
combiner as shown in Figure 2.6, compared to the radial power divider shown in
Figure 2.4. In this thesis, a novel square-shaped power divider will be designed,

fabricated and tested, and more detail will be presented in the following chapters.

O O

Tapered microstripline T Tapered microstripline
power divider power combiner

LU

>
— >
— >
— >
— >

L]

Amplifiers

Fig. 2.5. Tapered line power divider/combiner used in a parallel combined power amplifier.

Square shaped 20-way
power divider

~ Output port
V G-
N
I/
.
I/
>
P = Square shaped 20-way

power combiner

PCB with 5 amplifier
modules

Fig. 2.6. Square shaped power divider/combiner used in a parallel combined power amplifier.
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2.1.3 REQUIREMENTS FOR N-WAY POWER DIVIDER

When an N-way power divider is designed to achieve a good performance, some main
requirements need to be fulfilled [3] [21] [22].

1. One requirement is that the N-way power divider needs to give an equal-
amplitude equal-phase power division from the input port to the output
ports.

2. The input port of the N-way power divider needs to be matched to the signal
launching device. Therefore, there will be no power return loss due to
impedance mismatch at the input port.

3. Between the input port and the output ports, the N-way power divider needs
to have minimal insertion losses.

4. The output ports of the N-way power divider need to be matched to the
terminations, such as amplifier modules.

5. The N-way power divider needs good output port isolation to obtain
graceful degradation when it is used as the power combining structure and
some amplifier devices fail. The output port isolation is important to the N-

way power divider, and it is a requirement for high combining efficiency.

2.2 LEFT-HANDED TRANSMISSION LINE

2.2.1 DISTRIBUTED NETWORK APPROACH

Distributed L-C networks can be used to model dielectrics [7]. The per-unit-length
inductance and capacitance can describe the permeability and permittivity,
respectively [7]. Figure 2.7 shows the unit cell of a 2D distributed L-C network, and
we can obtain dielectric properties derived from distributed series impedances and
shunt admittances in the L-C network.

The effective dielectric parameters can be expressed as [7]

Jou, =7 = u == @.1)
ja)
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Fig. 2.7. The unit cell of a 2D distributed L-C network.

jos, =Y = ¢ = ]La) (2.2)

If we consider a 2D distributed low-pass topology with series distributed inductance

per unit length, L, and shunt distributed capacitance per unit length, C, then Z = joL

and Y = joC , hence
=1L, (2.3)
e =C. (2.4)

As L and C are positive, then y, and & are positive. Hence a 2D distributed low-pass
L-C topology can model a conventional dielectric with positive valued x; and ;. The

propagation constant can be written as
B=~N-2Y =aoNLC =o\/us, . (2.5)

And the phase and group velocities are given by

1
V¢:%:ﬁ, (26)
v =L:;. (2.7)
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This shows that the phase and group velocities are equal and both positive and parallel.
According to equation (2.5), the propagation constant, S, is positive; hence the phase
lags in the direction of the positive group velocity in a right-handed material (RHM).
Furthermore, the characteristic impedance of the network is equal to the equivalent

wave impedance and can be expressed as

_ LA
ZO_\EU\/:S' (2.8)

If we now consider a 2D distributed high-pass L-C topology so that Z =1/ joC’

and Y =1/jwL’, then

=— , 2.9
Hs *C' 29
P (2.10)

’ @*L'"’ '

Since L' and C’are positive, a 2D distributed high-pass L-C network can model a
material with negative u, and &,. The corresponding propagation constant can be

expressed as

1

oNL'C'’

B=—-ZY =- 2.11)

which shows that it is inversely proportional to the frequency. Furthermore, the phase
and group velocities can be yielded as

=—’L'C', (2.12)

vy =

@
B

g

-1
v =(%j =+’ JL'C". (2.13)
ow
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The negative root in equation (2.11) is chosen to ensure that the group velocity is
positive. This shows that the phase and group velocities are antiparallel, and
according to equation (2.11), the propagation constant is negative; thus the phase
leads in the direction of the positive group velocity in a left-handed material, known
as backward wave. In addition, the characteristic impedance of the network is also

equal to the equivalent wave impedance, and is given by
L Y7
Z,=.—=n= /_S . 2.14
0 C’ n g ( )

2.2.2 PERIODIC L-C LOADED TRANSMISSION-LINE NETWORK APPROACH

As discussed previously, the distributed L-C network in a high-pass configuration can
be considered as a left-handed material, where permittivity and permeability are all
negative, and can provide a backward wave performance. However, in practical
realisation, the distributed L-C network must be implemented as a periodic network
with nonvanishing physical dimensions [7]. The dimensions of a unit cell must be
much smaller than one guide wavelength, so that it can be satisfied the homogeneity
condition; therefore, this periodic structure can be considered distributed [10]. The
practical 2D structure can be realised as a 2D host transmission lines network
periodically loaded with lumped reactive elements [7] [24] as shown in Figure 2.8.
The host transmission line has a characteristic impedance Z, and a propagation
constant k, and provides the unit cell dimension d, so that it presents a total phase shift
0 = kd along both directions. Furthermore, the host transmission lines load with
discrete element components, series capacitors, 2Cy and a shunt inductor, Ly.

The practical 1D periodic left-handed material structure [9] [25] [26] is depicted in
Figure 2.9. It can be used in the applications such as compact zero-degree phase
shifters [9] and 1D power dividers [25] [26], and these applications are all based on

the 1D infinite wavelength phenomenon.
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Zo, kdl2
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Fig. 2.8. Practical 2D unit cell for left-handed material.

2C, Zy, kd/2 Zo, kd/2 26,
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Fig. 2.9. Practical 1D unit cell for left-handed material.



Chapter 3

20-WAY POWER DIVIDER USING METAMATERIAL

In this chapter, we describe in detail the square shaped 20-way power divider. In
section 3.1, we present the important principles and structure of this power divider,
and following we discuss the equivalent 1D model of the 2D unit cell in section 3.2.

Finally, in section 3.3, we describe the design overview.

3.1 STRUCTURE AND PRINCIPLE

3.1.1 THE STRUCTURE OF THE TESSELLATED METAMATERIAL

As discussed in above chapter, the square shaped power divider has the output ports
which are located on four straight lines, so that it is easier to integrate with or
interconnect to power amplifiers in a parallel combined power amplifier. Figure 3.1
depicts a 5 by 5 version of the 2D structure which is the main part of the square
shaped 20-way power divider [12]. This structure exhibits an infinite wavelength
phenomenon in two-dimensions [13]. As shown in Figure 3.1, L and R are considered
as square left-handed and right-handed unit cells, respectively. There are 12 left-
handed unit cells and 13 right-handed unit cells which are placed in a checker-board
tessellation. This structure is also called as the tessellated metamaterial (TMM). In the
structure, right-handed unit cells are connected only to left-handed unit cells, and left-
handed cells are connected only to right-handed cells. Port 0 is the input port, and it is
connected to the central right-handed unit cell in the central point. Ports 1 to 20 are

the peripheral output ports, which are located on a square shaped. Due to symmetry,
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the couplings from port 0 to ports 1 to 20 can be separated into three groups:

Sto =S50 = S60 = Si0.0 = Si10 = Sis0 = Sis0 = Sa00> (3.1
Sz,o = S4,o = S7,0 = S9,0 = S12,0 = S14,o = S17,o = S19,oa (3.2)
Sa,o = Sg,o = S13,0 = S18,0' (3.3)
1 2 3 4 5
20— RHLHRMHLHRIFFo6
I I I I I
19— L H R HLHRHMHL o7
I I I I I
18— R H L Hp*’H L HR o8
I I I I I
1770— L HRHLHZRHHL Fo9
I I I I I
lIl6— R HLHRMHLMHZRIF©I0
15 14 13 12 11

Fig. 3.1. 5 by 5 tessellated metamaterial (TMM) structure.

3.1.2 PRINCIPLE OF OPERATION BASED ON IDEAL TRANSMISSION LINES

If we use ideal transmission lines to realise the TMM structure, both left-handed and
right-handed unit cells are comprised of four transmission lines which form a 4 port
unit cell as shown in Figure 3.2. The 5" port is only in the central right-handed unit
cell and is connected to the central point. All transmission lines have the same
characteristic impedance Z, and, at the centre frequency, the insertion phase is ¢ in a
left-handed unit cell and is -¢ in a right-handed unit cell, where ¢ is a positive phase
angle. Therefore, the insertion phase between any two ports 1 to 4 is 2¢ in a left-
handed unit cell, and is -2¢ in a right-handed unit cell. Moreover, in the central right-

handed unit cell, the insertion phase between port 5 and any port 1 to 4 is -¢.
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Fig. 3.2. 2D ideal left-handed or right-handed transmission line unit cell in TMM structure.

All unit cells have the same Bloch impedance Zj, and they are matched to each
other in the TMM structure. The output ports 1 to 20 in the TMM structure are
matched to a termination with impedance which is equal to the Bloch impedance of
the unit cell, Zy. At the centre frequency, we can yield that the insertion phase
between the input port 0 to an output port 1 to 20 is -¢ for ports of 1, 3, 5, 6, 8, 10, 11,
13, 15, 16, 18, 20, and is ¢ for ports of 2, 4, 7,9, 12, 14, 17, 19 [13]. This means that
the phase angles of the couplings between the input and output ports are two
alternating values which differ by 2¢. Furthermore, power is identically divided to all
peripheral ports, and the input impedance of the input port 0 is Z, /20, where Z, is the
Bloch impedance of the unit cell [13]. We can also see that the voltages at the central
point of each unit cell have the equal magnitude and phase [13]. These concepts can
be extended to an N-way TMM structure, where N =4n and »n is an odd integer, and

the input impedance of the input port 0 will be Z,/N and the coupling between the

input and output ports will be 1/ 2JN [13].

3.1.3 REALISATION USING REAL COMPONENTS

We use an example to demonstrate the behaviour of the TMM structure, which are
operating at 1 GHz [13]. The right-handed unit cell shown in Figure 3.3 (b) consists
of four conventional transmission lines with characteristic impedance, 100 €, and the

length, 4.7 mm, and at 1 GHz the insertion phase of -5.65°. The structure of left-
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handed unit cell is depicted in Figure 3.3 (a). To ensure ¢ = 5.65° for the left-handed
unit cell, we choose Ly = 43.7 nH, Cy, = 4.37 pF and the four conventional
transmission lines with characteristic impedance of 100 Q, and the length of 4 mm,
and at 1 GHz the insertion phase of -4.8°. The conventional transmission lines are all

filled air dielectric.

2C AN
0 100 Q, 4 mm 100 Q, 4.7 m%

2Co
o—?—{ }7 o ,_,Jﬁ 1o
2C, 4
100 Q, 4\mm 3¢, % Lo=43.7nH O/%oo Q, 4.7 mm
2C, = 8.74 pF

(@) (b)
Fig. 3.3. The structure of 2D unit cell: (a) left-handed unit cell, and (b) right-handed unit cell.

Before proceeding it is instructive to consider the 1D equivalent circuits and their
simulated S-parameter results as shown in Figure 3.4 and Figure 3.5. The values of
the components are the same as those in the 2D unit cells of Figure 3.3. More detail
about the equivalent 1D unit cells will be discussed in section 3.2. In Figure 3.4 (b),
the simulated S;; magnitude and S,; phase are shown and the simulated S,; magnitude
is not shown because it is almost equal to 0 dB over the range from 0.6 GHz to 1.4
GHz. In Figure 3.5 (b), the simulated S,; phase is only displayed, due to the simulated
S11 magnitude is below -100 dB and the simulated S,; magnitude is nearly 0 dB. The
simulation results show that the insertion phases of the 1D left-handed and right-
handed unit cells are equal but with opposite sign at 1 GHz, and they are 11.3° (2¢)
and -11.3° (-2¢), respectively.

3.1.3.1 THE INFINITE WAVELENGTH PHENOMENON IN TWO-DIMENSIONS

Figure 3.6 shows the branch circuit which connects two central nodes of two adjacent

unit cells in the TMM structure, where one is left-handed unit cell and another one is
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(a) (b)
Fig. 3.4. The equivalent 1D left-handed unit cell: (a) topology, and (b) the simulated S-parameters.
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Fig. 3.5. The equivalent 1D right-handed unit cell: (a) topology, and (b) the simulated S-parameters.

right-handed unit cell. Figure 3.7 shows the simulated ABCD parameters of this
branch circuit. We can see that, at 1 GHz, 4 and D are equal to one, and B and C are
equal to zero. This means that the branch circuit essentially behaves as a short circuit
connecting the two adjacent central nodes at 1 GHz.

This result can also be obtained using the equivalent series inductances of two

transmission lines. We have the equations

B=aoJLC (3.4)

Z, = (3.5)

2

L
C
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branch circuit

Fig. 3.6. The branch circuit connecting two central nodes of two adjacent unit cells.

* —A- ABCD; 4
3 || ABCD;
-5 ABCD,
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q

'2 T T T
0.8 0.9 1 1.1 1.2

Frequency (GHz)

Fig. 3.7. The simulated ABCD parameters of the branch circuit.
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where f is the propagation constant, Z, is the characteristic impedance of the
transmission line, and L (H/m) and C (F/m) are the equivalent series distributed
inductance and shunt distributed capacitance of the transmission line, respectively.

Then the equivalent series inductor can be yielded as

L -1d=-%%4, (3.6)
[0

where d is the length of the transmission line. Using equation (3.6), the equivalent
series inductor of the transmission line, L;, is equal to 1.33 nH for the left-handed cell,
and is 1.57 nH for the right-handed cell. Figure 3.8 shows the branch circuit using the

equivalent series inductors of two transmission lines. The resonant frequency of this
branch circuit is calculated as f :1/ 27V LC =1 GHz. This also means that the

branch circuit can be considered as a short circuit at 1 GHz.

2C, Ly L
°—| 1.33nH 1.57nH
8.74 pF
L R

Fig. 3.8. The branch circuit using the equivalent series inductances of transmission lines.

As a result, when a plane wave propagates on the TMM structure, all central nodes
of the unit cells will have the same voltage; thus, the TMM structure exhibits an
infinite wavelength phenomenon in two-dimensions. The 17 by 17 TMM structure is
simulated to show the spatial variation of voltages. The generator is connected at the
central node of the central right-handed unit cell of the TMM structure, and the
peripheral ports are terminated with 100 Q, and voltage probes are inserted at the
central nodes of each unit cell.

Figure 3.9 shows the spatial variation of the voltage across the TMM structure at 1
GHz. The step of contour in Figure 3.9 (b) is 0.2°. It is found that the voltage
magnitude across the TMM structure varies 0.2 dB and the phase varies 2°. Therefore,
the voltage across the TMM structure is almost constant, and the TMM structure

displays an infinite wavelength phenomenon in two-dimensions.
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For comparison, a 17 by 17 mosaic structure comprised of only right-handed unit
cells is simulated, and the simulation results are shown in Figure 3.10. The step of
contour in Figure 3.10 (a) is 2 dB, and the step of contour in Figure 3.10 (b) is 10°.
The voltage magnitude across the structure varies 13.5 dB and the phase varies 207.6°.
It is clear that the voltage across the structure varies significantly and this

phenomenon is similar to cylindrical waves.

(a) (b)
Fig. 3.9. Voltage across the 17 by 17 TMM structure at 1 GHz: (a) magnitude with range 0.2
dB, and (b) phase with contours in steps of 0.2°.

(a) (b)
Fig. 3.10. Voltage across the 17 by 17 mosaic structure comprised of only right-handed unit

cells at 1 GHz: (a) magnitude with contours in steps of 2 dB, and (b) phase with contours in

steps of 10°.
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3.1.3.2 THE SIMULATION OF THE 5 BY 5 TMM STRUCTURE

We now consider the simulations of the 5 by 5 TMM structure as shown in Figure 3.1,
and the 5 by 5 mosaic structure comprised of only right-handed unit cells for
comparison. Figure 3.11 shows the simulated frequency responses of S-parameters of
the 5 by 5 TMM structure. The reference impedance of S-parameter is 5 Q at input
port 0, and 100 Q at output ports 1 to 20. The simulation results show that the TMM
structure works as expected at 1 GHz: it divides power equally to 20 output ports,
where the coupling magnitude between the input and output ports is -13.1 dB which is
favourable compared to the theoretical value of -13 dB, and the coupling phases differ
by 0° or 11.3°, which is consistent with the simulation results of the 1D models shown
in Figure 3.4 and Figure 3.5. The coupling magnitudes across the range from 0.8 GHz
to 1.2 GHz are almost same and flat, and the corresponding coupling phases differ
less than 16.3°.

Figure 3.12 shows the simulated frequency responses of S-parameters of the 5 by 5
mosaic structure comprised of only right-handed unit cells which are the same as the
right-handed unit cell in the TMM structure. The best match at input port was
obtained when the reference impedance of input port became 5.7-j 6.4 Q. The
performance of this structure is similar to a parallel plate waveguide excited in the
centre point as discussed above, so it can explains why the reference impedance of
input port is complex [27]. The coupling magnitudes across the range from 0.8 GHz
to 1.2 GHz are an equal value of -13 dB, and the difference of coupling phases is 18°
at 1 GHz and less than 21.6° over this range. It is apparent that the TMM structure
displays a better performance than the mosaic structure using only right-handed unit
cells.

It is interesting to consider a 5 by 5 mosaic structure comprised of only right-
handed unit cells where the insertion phases of four transmission lines are -180° at 1
GHz. Thus, the size of the right-handed unit cell is one wavelength at 1 GHz. The
simulated frequency response is shown in Figure 3.13. It is observed that the excellent
match is obtained at 1 GHz, but the bandwidth is very narrow and the size of the
structure is very large, 54 by 54. Although, the high dielectric constant substrate and

meandering of transmission lines can be used, the structure will be larger than the
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Fig. 3.11. S-parameters of 5 by 5 TMM structure.
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Fig. 3.12. S-parameters of 5 by 5 mosaic structure comprised only right-handed unit cells.
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TMM structure which is only 0.164 by 0.164.
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Fig. 3.13. S-parameters of 5 by 5 mosaic structure of 360° right-handed unit cells.

3.2 THE EQUIVALENT 1D MODEL OF 2D UNIT CELL

To design the 2D left-handed and right-handed unit cells, it is of interest to consider
their equivalent 1D model for the TMM structure. We simulate a 25 by 17 TMM
structure as being representative of a large TMM structure, as shown in Figure 3.14,
where L and R denote the left-handed and right-handed unit cell, respectively. The
plane wave propagates in the longitudinal direction as the arrows shown in Figure
3.14, and the structure is terminated with loads in the longitudinal direction, but it is
opened on the two sides of the transverse direction, where the unit cells located on the
top and bottom sides remove the opened stubs. The lines of sources connected to the
left edge of the TMM structure are properly phased so that a plane wave is launched
into the TMM structure. There are two types of 1D model: one is shown in Figure
3.15 [7], where the unit cells have two opened stubs in the transverse direction and the

wave propagates in the longitudinal direction; and the other is the 1D line model
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without the transverse stubs as shown in Figure 3.16. We will discuss which 1D

model is the best model for the TMM structure.

R L R L R =
12
— - HH HH .
L R L =
+ + 1
3 1 2 17
m— | - HH HH .
R L R =
+ + 1
14
) | |_:[_| H |_:E| | — ] |_:[_| H |_I_| | — 1 |_:[_| |_\/v\:L
L R L R L =
- T T u
) | H | — ] H — ;.
R L R L R L

Fig. 3.14. The 25 by 17 TMM structure with the wave propagated in the longitudinal

direction, where the arrows show the direction of the plane wave.

Fig. 3.15. The 1D model with opened transverse stubs [7], where the arrow shows the

direction of the plane wave.

| 2 1 9 i 0 17
— [} it
R L W R v L R =

Fig. 3.16. The 1D line model without the transverse stubs, where the arrow shows the

direction of the plane wave.



3.2 THE EQUIVALENT 1D MODEL OF 2D UNIT CELL 29

3.2.1 2D RIGHT-HANDED STRUCTURES USING IDEAL TRANSMISSION
LINES

First, we consider the homogeneous structures which comprise only right-handed unit
cells and are similar to the Figure 3.14, Figure 3.15 and Figure 3.16. The right-handed
unit cell is based upon ideal transmission lines as shown in Figure 3.2, where we
choose Zp is 100 Q and ¢ is 5.65° at 1 GHz. Figure 3.17 shows the currents and
voltages in the central right-handed unit cell (No.9) of the 25 by 17 mosaic structure
using only right-handed cells. Figure 3.18 and Figure 3.19 show the currents and
voltages in the central right-handed unit cells (No.9) of the two different 1D models
comprised of only right-handed cells, respectively. It can be seen that the currents and
voltages in the central right-handed unit cell of the 1D model shown as Figure 3.15
are consistent with those in the mosaic structure shown as Figure 3.14. This means
that the 1D model with opened transverse stubs is a good equivalent model for the 2D
mosaic homogeneous structure comprised of entire right-handed unit cells. Table 3.1
and Table 3.2 summarise the currents and voltages in the central right-handed cells of
these three structures at 1 GHz, respectively. Moreover, if we repeat the simulations
using the left-handed unit cell to replace the right-handed unit cell, we can also obtain

the similar results [7].
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Fig. 3.17. Simulated currents and voltages of the central right-handed unit cell (No.9) in

mosaic structure: (a) currents, and (b) three nodes (a, b, and ¢) voltages.
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Fig. 3.18. Simulated currents and voltages of the central right-handed unit cell (No.9) in the
1D model shown as Fig. 3.15: (a) currents, and (b) three nodes (a, b, and ¢) voltages.
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Fig. 3.19. Simulated currents and voltages of the central right-handed unit cell (No.9) in the
1D model shown as Fig. 3.16: (a) currents, and (b) three nodes (a, b, and ¢) voltages.

Longitudinal currents Transverse
First arm Second arm currents
Mosaic
structure 5.16 mA 5.45 mA 0.36 mA
1D model
shown as Fig. 5SmA 525 mA 0.36 mA
3.15
1D model
shown as Fig. 4.47 mA 4.47 mA /
3.16

Table 3.1. The currents in the central right-handed cells of three different structures at 1 GHz.
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Voltages
a b c
Magnitude Phase Magnitude Phase Magnitude Phase
Mosaic
structure 039V 153.58° 038V 146.36° 037V 138.41°
1D model
shown as 038V 156.63° 037V 149.52° 035V 141.71°
Fig. 3.15
1D model
shown as 045V -174.8° 045V 179.6° 045V 173.9°
Fig. 3.16

Table 3.2. The voltages in the central right-handed cells of three different structures at 1 GHz.

3.2.2 TMM STRUCTURE USING IDEAL TRANSMISSION LINES

We now use the model based upon ideal transmission lines as shown in Figure 3.2 to
describe the left-handed and right-handed unit cells in the TMM structure, where we
also choose Zj is 100 Q and ¢ is 5.65° at 1 GHz. Figure 3.20 shows the longitudinal
and transverse currents of the right-handed (No.9) and left-handed (No.10) unit cells
in the centre of the TMM structure shown in Figure 3.14. It is found that, at 1 GHz, in
both cells the longitudinal currents are equal to 4.47 mA and the transverse currents
are equal to 0.0002 mA, which are almost zero and very small compared to the
longitudinal currents. Therefore, the transverse currents can be neglected, and this
means that currents would only flow in the longitudinal direction and not in the
transverse direction; thus, the transverse arms can be ignored. Figure 3.21 and Figure
3.22 show the longitudinal and transverse currents of the right-handed (No.9) and left-
handed (No.10) unit cells of the 1D structures shown in Figure 3.15 and Figure 3.16,
respectively. In the 1D model shown in Figure 3.15, at 1 GHz, in both cells the
longitudinal currents are equal to 4.54 mA or 4.45 mA, and the transverse currents are
equal to 0.44 mA, which over-estimate the transverse currents for the TMM structure.
In the 1D model shown in Figure 3.16, the longitudinal currents are equal to 4.47 mA

at 1 GHz in both cells, and the transverse currents are not present due to the absence
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of the transverse stubs. All the currents at 1 GHz are summarised in Table 3.3.
Therefore, according to the currents, the 1D line model without the transverse stubs

shown in Figure 3.16 provides a good model for the TMM structure.
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0.9 0.95 1 1.05 11 0.9 0.95 1 1.05 11
Frequency (GHz) Frequency (GHz)
(a) (b)

Fig. 3.20. Simulated longitudinal and transverse currents in the TMM structure of Fig. 3.14:
(a) right-handed cell (No.9), and (b) left-handed cell (No.10).
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Fig. 3.21. Simulated longitudinal and transverse currents in the 1D model with opened

transverse stubs of Fig. 3.15: (a) right-handed cell (No.9), and (b) left-handed cell (No.10).
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Fig. 3.22. Simulated currents in the 1D model without transverse stubs of Fig. 3.16:
(a) right-handed cell (No.9), and (b) left-handed cell (No.10).
Longitudinal currents Transverse currents
RH unit cell (No.9) LH unit cell (No.10) RHunit | LH unit cell
First arm Second arm First arm Second arm | cell (No.9) (No.10)
TMM 4.47 mA 4.47 mA 4.47 mA 4.47 mA 0.0002 mA | 0.0002 mA
1D model
shown in 4.54 mA 4.45 mA 4.45 mA 4.54 mA 0.44 mA 0.44 mA
Fig. 3.15
1D model
shown in 4.47 mA 4.47 mA 4.47 mA 4.47 mA / /
Fig. 3.16

Table 3.3. The currents of three different structures at 1 GHz.

This conclusion can also be established according to the voltages. Figure 3.23

shows the three nodes (a, b and c) voltages of the central right-handed unit cell (No.9)

and the three nodes (c, b’ and a’) voltages of the left-handed unit cell (No.10) in the

TMM structure shown in Figure 3.14. Figure 3.24 and Figure 3.25 show the three

nodes (a, b and c) voltages of the central right-handed unit cell (No.9) and the three

nodes (c, b’ and a’) voltages of the left-handed unit cell (No.10) for the two different

1D models. These voltages at 1 GHz are summarised in Table 3.4 and Table 3.5. It is

clear that the voltages in both unit cells of the 1D model shown in Figure 3.16 are

consistent with the results of the TMM structure. Therefore, according to voltages, the

1D line model without the transverse stubs can be considered as a good model for the

TMM structure.
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Fig. 3.23. Simulated voltages in the TMM structure of Fig. 3.14: (a) right-handed cell (No.9)
at three nodes (a, b, ¢), and (b) left-handed cell (No.10) at three nodes (c, b’, a').
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Fig. 3.24. Simulated voltages in the 1D model of Fig. 3.15: (a) right-handed cell (N0.9) at
three nodes (a, b, ¢), and (b) left-handed cell (No.10) at three nodes (¢, b’, a’).
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Fig. 3.25. Simulated voltages in the 1D model of Fig. 3.16: (a) right-handed cell (No.9) at
three nodes (a, b, ¢), and (b) left-handed cell (No.10) at three nodes (¢, b’, a’).
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Voltages
b c
Magnitude Phase Magnitude Phase Magnitude Phase
T™MM 045V -84.33° 045V -90° 045V -95.66°
1D
model of 044V -89.89° 045V -95.65° 045V -101.3°
Fig. 3.15
1D
model of 045V -84.35° 045V -90° 045V -95.65°
Fig. 3.16

Table 3.4. The voltages in the central right-handed cells (No.9) of three different structures

at 1 GHz.
Voltages
b’ a
Magnitude Phase Magnitude Phase Magnitude Phase
T™MM 045V -95.66° 045V -90° 045V -84.34°
1D
model of 045V -101.3° 045V -95.65° 044V -89.89°
Fig. 3.15
1D
model of 045V -95.65° 045V -90° 045V -84.35°
Fig. 3.16

Table 3.5. The voltages in the left-handed cells (No.10) of three different structures at 1 GHz.

3.2.3 TMM STRUCTURE USING REALISATION MODELS
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We now consider the simulations which are repeated using the realisations of the 2D

left-handed and right-handed unit cells, which are discussed in the section 3.1 and are

shown in Figure 3.3. We will refer to Figure 3.14, Figure 3.15 and Figure 3.16 in this

section noting that the left-handed unit cells of Figure 3.14 and Figure 3.15 use the
topology in Figure 3.3 (a) whilst the 1D left-handed unit cells of Figure 3.16 use the
topology in Figure 3.4 (a).
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Figure 3.26 shows the longitudinal and transverse currents in the right-handed
(No.9) and left-handed (No.10) unit cells of the TMM structure. The transverse
currents are 0.34 mA in the left-handed unit cell, and 0.1 mA in the right-handed unit
cell, at 1 GHz. It is clear that, in both unit cells, the transverse currents are very small
compared to the longitudinal currents. Figure 3.27 and Figure 3.28 show the
longitudinal and transverse currents in the right-handed (No.9) and left-handed (No.10)
unit cells of the two different 1D models, respectively. All currents in the right-
handed (No.9) and left-handed (No.10) unit cells of these three structures at 1 GHz
are summarised in Table 3.6. We can see that, according to currents, although there
are the differences between the results of the 1D model shown in Figure 3.15 and the
TMM structure, the results of the 1D model shown in Figure 3.15 are much closer to
those of the TMM structure, compared to the 1D model shown in Figure 3.16. We
also consider the voltages. Figure 3.29, Figure 3.30 and Figure 3.31 show the three
nodes (a, b and c) voltages of the central right-handed unit cell (No.9) and the three
nodes (c, b’ and a’) voltages of the left-handed unit cell (No.10) in the TMM structure
and the two different 1D models, respectively. These voltages at 1 GHz are
summarised in Table 3.7 and Table 3.8. It is clear that, in both unit cells, the voltages
in the 1D model shown in Figure 3.15 are much closer to those in the TMM structure,
compared to the 1D model shown in Figure 3.16. Therefore, the 1D model with

opened transverse stubs seems to be a good model for the TMM structure.
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0.8 0.9 1 1.1 1.2 0.8 0.9 1 11 12
Frequency (GHz) Frequency (GHz)
(a) (b)

Fig. 3.26. Simulated longitudinal and transverse currents in the TMM structure of Fig. 3.14:
(a) right-handed cell (No.9), and (b) left-handed cell (No.10).
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Fig. 3.27. Simulated longitudinal and transverse currents in the 1D model of Fig. 3.15:
(a) right-handed cell (No.9), and (b) left-handed cell (No.10).
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Fig. 3.28. Simulated currents in the 1D model of Fig. 3.16: (a) right-handed cell (No.9), and
(b) left-handed cell (No.10).

Longitudinal currents Transverse currents
RH unit cell (No.9) LH unit cell (No.10) RHunit | LH unit cell
First arm Second arm First arm Second arm | cell (No.9) (No.10)
T™MM 4.62 mA 4.45 mA 4.01 mA 4.22 mA 0.1 mA 0.34 mA
1D model
shown in 4.74 mA 4.34 mA 391 mA 431 mA 0.24 mA 0.21 mA
Fig. 3.15
1D model
shown in 4.47 mA 4.47 mA 4.51 mA 4.44 mA / /
Fig. 3.16

Table 3.6. The currents of three different structures at 1 GHz.
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Fig. 3.29. Simulated voltages in the TMM structure of Fig. 3.14: (a) right-handed cell (No.9)
at three nodes (a, b, ¢), and (b) left-handed cell (No.10) at three nodes (c, b’, a').
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Fig. 3.30. Simulated voltages in the 1D model of Fig. 3.15: (a) right-handed cell (No.9) at
three nodes (a, b, ), and (b) left-handed cell (No.10) at three nodes (c, b’, a").
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Fig. 3.31. Simulated voltages in the 1D model of Fig. 3.16: (a) right-handed cell (No.9) at
three nodes (a, b, ¢), and (b) left-handed cell (No.10) at three nodes (¢, b’, a’).
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Voltages
b c
Magnitude Phase Magnitude Phase Magnitude Phase
T™MM 022V -139.2° 025V -146.1° 029V -151.1°
1D
model of 021V -140.3° 025V -147.3° 028V -152.3°
Fig. 3.15
1D
model of 045V -82.63° 045V -88.24° 0.44V -93.91°
Fig. 3.16

Table 3.7. The voltages in the central right-handed cells (No.9) of three different structures

at 1 GHz.
Voltages
b’ a'
Magnitude Phase Magnitude Phase Magnitude Phase
T™MM 029V -151.1° 026 V -146.2° 023V -139.8°

1D
model of 028V -152.3° 025V -147.4° 022V -141°
Fig. 3.15

1D
model of 044V -93.91° 045V -88.37° 045V -82.87°
Fig. 3.16

Table 3.8. The voltages in the left-handed cells (No.10) of three different structures at 1 GHz.
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3.2.4 TMM STRUCTURE USING REALISATION MODELS WITH 4 PLANE
WAVES

We can see that the conclusion in section 3.2.3 is different from the conclusion in

section 3.2.2, so we need to continue to discuss which 1D model is a good model for

the TMM structure. As discussed above, all the structures were simulated based upon

a single plane wave which propagates in the longitudinal direction. However, when

the TMM structure is used in a power divider, such as the simulations in Figure 3.9
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and Figure 3.11, it involves four plane waves: one travels left, one travels right, one
travels up and the other travels down. Therefore, we simulate a 17 by 17 TMM
structure with four plane waves as shown in Figure 3.32, where the arrows show the
directions of the plane waves. That is, a plane wave incidents on each boundary of the
TMM structure. L and R denote the left-handed and right-handed unit cell,
respectively. For comparison, we also simulate the two different 1D models with two
plane waves excited at both ends, as shown in Figure 3.33 and Figure 3.34,
respectively. We use the realisation models of Figure 3.3 in simulations. For clarity,
Figure 3.32, Figure 3.33 and Figure 3.34 do not explicitly show the details of the left-
handed unit cells. It is understood that the left-handed unit cells of Figure 3.32 and

Figure 3.33 use the topology in Figure 3.3 (a) whilst the 1D left-handed unit cells of

I
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Fig. 3.32. The 17 by 17 TMM structure with four plane waves, where the arrows show the

directions of the plane waves.
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Fig. 3.33. The 1D model with opened transverse stubs excited by two plane waves at both

ends, where the arrows show the directions of the plane waves.

1 2 i 9 (i 10 ; 17
— g (S T <
R L W R v L R

Fig. 3.34. The 1D model without the transverse stubs excited by two plane waves at both

ends, where the arrows show the directions of the plane waves.

Figure 3.34 use the topology in Figure 3.4 (a).

Figure 3.35, Figure 3.36 and Figure 3.37 show the currents in the right-handed
(No.9) and left-handed (No.10) unit cells of the TMM structure shown in Figure 3.32
and the two different 1D models shown in Figure 3.33 and Figure 3.34, respectively.
All the currents at 1 GHz are summarised in Table 3.9. It is apparent that, at least at 1
GHz, the currents of the both unit cells in the 1D model shown in Figure 3.34 are
much closer to those in the TMM structure, compared to the 1D model shown in
Figure 3.33. Figure 3.38, Figure 3.39 and Figure 3.40 show the three nodes (a, b and c)
voltages of the central right-handed unit cell (No0.9) and the three nodes (c, b’ and a")
voltages of the left-handed unit cell (No.10) in the TMM structure of Figure 3.32 and
the two different 1D models of Figure 3.33 and Figure 3.34, respectively. The
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Fig. 3.35. Simulated currents in the TMM structure of Fig. 3.32: (a) right-handed cell (No.9),
and (b) left-handed cell (No.10).
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Fig. 3.36. Simulated currents in the 1D model of Fig. 3.33: (a) right-handed cell (No.9), and
(b) left-handed cell (No.10).
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Fig. 3.37. Simulated currents in the 1D model of Fig. 3.34: (a) right-handed cell (No.9), and
(b) left-handed cell (No.10).
Currents (mA)
Right-handed unit cell (No.9) Left-handed unit cell (No.10)
left right up down left right up down
TMM of
. 1.7e-5 5.3e-6 2.8e-6 2.5e-5 0.16 0.003 0.084 0.084
Fig. 3.32
1D model
of Fig. 3.33 0.09 0.09 0.09 0.09 0.25 0.069 0.076 0.076
1D model
of Fig. 3.34 2.1e-6 2.1e-6 / / 0.16 0.17 / /

Table 3.9. The currents of three different structures at 1 GHz.
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Fig. 3.38. Simulated voltages in the TMM structure of Fig. 3.32: (a) right-handed cell (No.9)
at three nodes (a, b, ¢), and (b) left-handed cell (No.10) at three nodes (c, b’, a’).
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Fig. 3.39. Simulated voltages in the 1D model of Fig. 3.33: (a) right-handed cell (No.9) at
three nodes (a, b, ¢), and (b) left-handed cell (No.10) at three nodes (¢, b’, a’).
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Fig. 3.40. Simulated voltages in the 1D model of Fig. 3.34: (a) right-handed cell (No.9) at
three nodes (a, b, ¢), and (b) left-handed cell (No.10) at three nodes (c, b’, a’).
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Voltages
a b c
Magnitude Phase Magnitude Phase Magnitude Phase
TMM of
Fig. 3.32 0.09V -90.48° 0.09V -90.48° 0.09V -90.48°
1D
model of | 0.089V -90.89° 0.091V -90.89° 0.089 V -90.89°
Fig. 3.33
1D
model of | 0.089 V -89.98° 0.089V -89.98° 0.089 V -89.98°
Fig. 3.34

Table 3.10. The voltages in the central right-handed cells (No.9) of three different structures

at 1 GHz.
Voltages
c b’ a'
Magnitude Phase Magnitude Phase Magnitude Phase
TMM of
Fig. 3.32 0.09 vV -90.48° 0.092 V -90.48° 0.091 V -90.48°
1D
model of | 0.089V -90.89° 0.092 V -90.89° 0.092 V -90.89°
Fig. 3.33
1D
model of | 0.089V -89.98° 0.091V -89.98° 0.089 V -89.98°
Fig. 3.34

Table 3.11. The voltages in the left-handed cells (No.10) of three different structures at 1 GHz.

voltages of the both unit cells at | GHz are summarised in Table 3.10 and Table 3.11.
We can also see that, at least at 1 GHz, the voltages of the both unit cells in the 1D
model shown in Figure 3.34 are consistent with those in the TMM structure.

In conclusion, according to the simulation results of the 17 by 17 and 5 by 5 TMM
structures shown in Figure 3.9 and Figure 3.11 and the simulations with four plane
waves discussed in this section, at least at the design frequency of 1 GHz, the 1D line

model without the transverse arms provides a good equivalent model for the 2D left-
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handed and right-handed unit cells of the TMM structure which is non-homogeneous,
where the left-handed unit cells are connected only to the right-handed unit cells and
vice versa. Therefore, to design the 2D left-handed and right-handed unit cells, we can
design their equivalent 1D unit cells firstly, and then use these results in the 2D unit

cells.

3.3 DESIGN OVERVIEW

The 5 by 5 TMM structure exhibits a 20-way equal power division but with the
coupling phases alternated between two values which differ by 2¢ at the centre
frequency. In order to obtain the equal phases at peripheral ports, extra compensating
right-handed transmission lines with two different electrical lengths can be connected
to the output ports of the TMM structure as depicted in Figure 3.41. These two
different length transmission lines are denoted as TL1 and TL2, respectively, and their
characteristic impedances must be equal to the Bloch impedance of left-handed and
right-handed unit cells. Since the difference of coupling phases is 2¢ at the output
ports of the TMM structure, the insertion phase should be -6+¢ in TL1 and -6-¢ in
TL2 at the centre frequency, where € is a positive constant, so that the divider
coupling phases are equal at the output ports of the 20-way power divider at the centre
frequency.
To design this 20-way power divider, some main conditions need to be satisfied as

follow:

1. The insertion phases in the left-handed and right-handed unit cells are equal

but with opposite sign;
2. Each unit cell has the same Bloch impedance and is matched to each other;
3. The physical sizes of the left-handed and right-handed unit cells are the
same and each unit cell is square shaped.

Before left-handed and right-handed unit cells are built, their 1D version unit cells are
designed firstly to achieve the above conditions. Therefore, the 2D unit cells can be
designed directly from their 1D version unit cells. Finally, because the transmission
line TL2 is longer than TL1, it must be meandered to ensure that the output ports are

located on a straight line; thus the 20-way power divider is square-shaped.
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Fig. 3.41. Square shaped 20-way power divider based on a TMM structure.



Chapter 4

DESIGN AND TEST OF 1D TEST UNIT CELLS

In this chapter, we present the details about the 1D left-handed and right-handed unit
cells. In section 4.1, we give the design processes of the 1D left-handed and right-
handed unit cells, and then the simulation results are shown in section 4.2. Finally, we

fabricate these unit cells and give the measurement results in section 4.3.
4.1 DESIGN 1D UNIT CELLS

To validate design methods and fabrication techniques, the 1D version left-handed
and right-handed unit cells are built before the 2D unit cells are designed. In this
section, we analyse the 1D left-handed unit cell firstly, and then present the design

processes of the 1D left-handed and right-handed unit cells.
4.1.1 ANALYSIS OF THE IDEAL L-C NETWORK

Before analysing the 1D left-handed unit cell, we analyse an ideal L-C network in a
high-pass topology structure. It can help us to choose the values of the inductor and
capacitors in the 1D left-handed unit cell. This network is depicted in Figure 4.1.

Its ABCD matrix is expressed as

1 1 0 1
A B 1 - 1 -
c D = J20C, |- 1 : j20C, |, (4.1)
0 1 joL, 0 1
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2G, 2G,
[ | [ |
© | | —©°
Port 1 § Lo Port 2
O O

Fig. 4.1. An ideal L-C network in a high-pass topology structure.

and the ABCD parameters are derived as

A=1 _+ (4.2a)
20°L,C,
B=— 1 1- 21 (4.2b)
joC, 4a°L,C,
1
C= (4.2¢)
JoL,
1
=l-—5—= (4.2d)
20°L,C,

Then the Bloch impedance of the network is given by [28]:

L
Z, = B L 1—%, (4.3)
c \C\ 4aLC,

where @, =27 f, and f; is the design frequency. Its S-parameters, S;; and S, are
calculated using equations [28]:

A+B/Z,~CZ,~D
A+B/Z,+CZ,+D

R L P T, )
jo|CZ,\ 40’LC,) L,

= (4.4)

1 1] 1 1 z, |
2-—; +— l1—— +—
@’L,C, jo|CZ\ 40’LC,) I,

S, =
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2
A+B/Z,+CZ,+D

21

_ 2 (4.5)

1 1] 1 1 |
22—+ — 1—— + 20
o' L,C, jo|CZ, 4o°L,C, ) L,

where Z, is the port reference impedance. To ensure that S; is equal to zero at the

design frequency, we have
5 =2 (4.6)
and then S,; at the design frequency can be reduced to

2w;L,C,
Sy = 5 ) > >
Q@ZL,C, 1) - j\J4@? L,C, ~1

(4.7)

and the phase angle of S, at the design frequency is

JADL,C, —1 49)

Z8S,, = arctan—— .
2w0,L,C,—1

In general, the phase angle is very small (¢4, < 1), thus tang,, ~ ¢,, and @’L,C,>1,

and (4.8) can be written approximately as

1

@y L, C, .

In this thesis, the design frequency is 1 GHz, and we use (4.3) and (4.8) to plot the

8, ~ (4.9)

graphs of the Bloch impedance and the phase angle of S»; versus Ly and 2Cy, at 1 GHz,
where the range of Ly is 0 to 80 nH and the range of 2Cy is 0 to 10 pF. These graphs
are shown in Figure 4.2 and Figure 4.3.

Also, we have several choices of values of Ly and 2Cy to design the 1D left-handed
unit cell, where Ly is from the values of 12 nH, 22 nH and 43 nH, and 2C is from 1
pF, 2 pF, 4.7 pF and 10 pF. Then the Bloch impedance and the phase angle of >,
from these twelve combinations at 1 GHz are calculated using (4.3) and (4.8), and

plotted in Figure 4.2 and Figure 4.3, and summarised in Table 4.1 and Table 4.2.
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1] 1 2 3 4 ) G 7 d =) 10

Fig. 4.2. The graph of the Bloch impedance versus Ly and 2C at 1 GHz.

|

1] 1 2 3 4 = G 7 g 9 10
2C0 (pF)

o

Fig. 4.3. The graph of the phase angle of S,, versus L, and 2C at 1 GHz.
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Z (Q) 2Co (pF)
1 2 4.7 10
12 / 75.28 62.93 46.33
Lo (nH) 22 136.64 | 125.17 90.64 64.39
43 246.31 191.49 | 130.96 91.36

Table 4.1. The Bloch impedance from the twelve combinations at 1 GHz.

P, (deg) 2G (pF)
1 2 4.7 10
12 / 93.18 56.57 37.92
Lo (nH) 22 98.71 64.89 40.97 27.77
43 65.74 45.13 28.99 19.76

51

Table 4.2. The phase angle of S, from the twelve combinations at 1 GHz.

4.1.2 ANALYSIS OF THE PRACTICAL 1D LEFT-HANDED UNIT CELL

We now analyse the 1D left-handed unit cell as shown in Figure 4.4. Zy; and ¢, are

characteristic impedance and phase shift of host transmission line, respectively. It is
observed that the difference between the left-handed unit cells shown in Figure 4.4
and Figure 3.4 is that the capacitors and transmission lines are exchanged their places.
This change ensures that the left-handed unit cell can be fabricated in microstrip line,
and it causes an insignificant effect provided the length of transmission line is much

smaller than one wavelength.

2C, Zot, @, Zot, @, 2C,

f - H -
3

Fig. 4.4. The 1D left-handed unit cell.
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The ABCD matrix of this network is derived as

4 B |- 1 co.s ¢ JZ,sing 1 0
= J20C, |-| . sing, 41
CcC D j—— cosg . 1
0 1 Z, JjoL,
cosd,  jZ, sing, | 1
i 20C, 4.10
.sin g, cosd, Jeol, 1, (4.10)
Z,, 0 1
and the ABCD parameters are
A= 1—+ cos” ¢, + ! + Zu, sin @ cos @ —sin’ ¢, (4.11a)
20°L,C, wCZ, oL,

1

1
- 1—
jaC, ( 40°L,C,

20°L,C, 40°C,’Z},

B Jcos2 ¢+ j2Z,, (1 —~ Jsin ¢, cos ¢,

2
+,[@+¢jsin2¢1 (4.116)

oL, oC,

o= J2singicosdy cos’ ¢,
Zy, joL,

(4.11c)

1 1 Z
D=|1-——|cos* ¢ + +29% Ising cosg —sin’ g = A. 4.11d
[ 2a’zLoCoj é ( j ’ ’ ’ ( :

wCZ, oL,

The Bloch impedance of the network is calculated using (4.11b) and (4.11c¢)

B
Z, = \E (4.12)

And S-parameters, S;; and S, are obtained using equations [28]

_A+B/Z,-CZ,~-D
" A+B/Z,+CZ,+D

(4.13)

2
Sy = ’
A+B/Z,+CZ,+D

(4.14)
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where Z, is the port reference impedance. To ensure that Sj; is zero at the design

frequency, we also obtain

=7, (4.15)

Then the phase angle of S»; is found from (4.14)

2
{ ! (1— 21 J—i— Zo }cos2 ¢1—1(Z°1+1jsin2 &
wC,Z, 4°L,C, ) oL, Z,\ oL, @C,
_{Z(H(l_ 21 - 212 2]+Z(’}sin2¢l
Z, 20°L,C, 40°C)Z; ) Z,

2 1—% cos’ @ +2 1 +@ sin ¢ cos ¢, —2sin’ ¢,
20°L,C, wC,Z, oL,

/S, = arctan

. (4.16)

4.1.3 DESIGN PROCESSES OF THE 1D LEFT-HANDED AND RIGHT-HANDED
UNIT CELLS

To fabricate the unit cells, microstrip line is used to realise the transmission lines in
left-handed and right-handed unit cells, and the inductor and capacitors of the left-
handed unit cell are surface mount components. The inductor is placed in a hole
which is drilled through the substrate in the centre of microstrip line, and this method
has been validated in [7]. Figure 4.5 and Figure 4.6 show the 1D left-handed and

right-handed unit cells realised by microstrip line, respectively.

E: dLH FE
- d, 2d, ——>a—d. >
5 2C) Zog, EeffL Zog, EeffL ;_2{C0 5
WLa dLs ¢1 WL; dL: ¢1
Ly

Fig. 4.5. Microstrip line 1D left-handed unit cell.
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Zor, Eefirs Wr

— =

l— 2ddp—»!

Fig. 4.6. Microstrip line 1D right-handed unit cell.

Zo, and &5 denote the characteristic impedance and effective dielectric constant of

microstrip line in the left-handed unit cell, and Wy, d; and ¢, denote its width, length

and phase shift, respectively. Similarly, Zog, ez, Wr and dr denote those parameters
of microstrip line in the right-handed unit cell. A gap with length d. is used to

accommodate the capacitor, hence the size of the left-handed unit cell is
dy,=2(d +d,), (4.17)

and the length of microstrip line, d;, is
=2 =T (4.18)

To achieve the same size left-handed and right-handed cells:
2d, =d,, =2(d . +d,). (4.19)

In the left-handed unit cell, Z, is calculated using (4.3)

L 1
Zy = |2 N (4.20)
C, 4w, L,C,

where @, =27 f, and f, is the design frequency. In general, the Bloch impedance of
the left-handed unit cell is a function of d;y, and the phase of Sy, ZS,,,, is an

nonlinear function of d;y. However, if we use (4.20), we can see that the sensitivity
between the Bloch impedance and d; 5 will be considerably reduced, and the phase of

S$1, £8,,, , will be an approximate linear function of d; .

Then W, and &, can be obtained using microstrip line design equations [28].

Therefore, the phase shift ¢, is [28]
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27 f, 27 f, d,, —2d.
¢l = ‘c"et}‘LkOdL :TO getﬂdL =TO"€¢Z7L (LHTJ (421)

We can find the Bloch impedance of the left-handed unit cell using (4.10) and (4.12),
S11 using (4.13) and S,; using (4.14). If (4.15) is satisfied, S;; becomes zero at the
design frequency. Thus, to ensure that the left-handed and right-handed unit cells are

matched to each other, we get

Zp=2Z,=Z,. (4.22)

Using (4.16), the phase of S»1, £8S,,,, can be calculated as a function of dyz.

In the right-handed unit cell, Zoz is obtained from (4.22), and Wy and e are
obtained using microstrip line design equations [28]. Hence, the insertion phase of
microstrip line can be expressed [28]

2r f,
LSy p=— getkaozdR == c : Eopir

2d, = _—27Zf° ndyy . (423)
and it is also a function of d; .

Since £S§,,, and Z£S,,, are all functions of d; 4, we use Matlab to plot the curves of
Z8,,, and —Z8§,,, versus dry using (4.16) and (4.23). The intersection point gives a

value of diy which ensures that the insertion phases of the left-handed and right-
handed unit cells are equal but with opposite sign. Finally, d; and dy are calculated
using (4.18) and (4.19), respectively.

In the design the 1D left-handed and right-handed unit cells, we choose a Taconic
TLY-5 substrate [29] with dielectric constant &, = 2.2 and dielectric height H = 1.575
mm (62 mils). Ly and 2Cy are chosen 43 nH and 10 pF, respectively, from the twelve
combinations, because they ensure that the left-handed and right-handed unit cells are
small and can be fabricated. d. is chosen 1 mm to accommodate the capacitor. The
unit cells are designed to operate at 1 GHz. Using the design process discussed in

above, £S,,, and —Z8S,,, versus d;y using (4.16) and (4.23) are plotted as shown in
Figure 4.7.

The intersection point gives that d;y = 7.128 mm, and £S,,, =-Z28S,,, =11.42".
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Hence, d; = 2.564 mm and 2dz = 7.128 mm. Moreover, other parameters are

calculated as: Zy;, = 91.36 Q, Zor = Z=93.52 Q, W; = 1.699 mm and Wy =1.618 mm.

angle21 (deg)

. ; i ; ;

2 3 4 5 B 7 3 9 10
length (rmrm)

Fig. 4.7. Insertion phases of the left-handed and right-handed unit cells versus d;.

4.2 SIMULATION RESULTS

AWR Microwave Office is used to simulate the circuits of the left-handed and right-
handed unit cells, shown in Figure 4.5 and Figure 4.6, with above calculated
parameters, and doing a little tuning to optimise the simulation results, we obtain the
final design parameters: W, = 1.668 mm, Wy = 1.586 mm, Zy. = 91.3 Q, Zogp = Zp =
93.5 Q, d; = 2.55 mm, and the size of the left-handed and right-handed unit cells is
dig=2dr=7.1 mm.

Figure 4.8 and Figure 4.9 show the simulated S;; magnitude and S»; phase for the
1D left-handed and right-handed unit cells, respectively. The simulated S,;
magnitudes in both unit cells are almost 0 dB over the range from 0.6 GHz to 1.4 GHz,
so they are not shown in the figures. The S-parameter port reference impedance for
these two unit cells is 93.5 Q. The simulation results show that the 1D left-handed and

right-handed unit cells are matched to each other, and operate as expected at 1 GHz.
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The insertion phases of the left-handed and right-handed unit cells at 1 GHz are 11.4°

and -11.4°, respectively.

0 60

Phase (Deg)

Magnitude (dB)
)
o
o

S

[S14] 1 40

60 / -60
0.6 0.8 1 1.2 1.4

Frequency (GHz)

Fig. 4.8. Simulated responses of the 1D left-handed unit cell.
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Fig. 4.9. Simulated responses of the 1D right-handed unit cell.
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The above analysis has not considered the parasitic effects of lumped inductor and
capacitor. In practice, the capacitor has a parasitic series inductance, and the inductor
has a parasitic shunt capacitance. Therefore, the capacitor has a series resonant
frequency, Fsg, and the inductor has a parallel resonant frequency, Fpg. The
equivalent models of capacitor and inductor are shown in Figure 4.10 and Figure 4.11,
respectively. And the equivalent 1D left-handed unit cell with parasitic effects of

lumped components is shown in Figure 4.12.

c c Ls
Ideal model Equivalent model

Fig. 4.10. The equivalent model of capacitor.

L
L SR
| |
Cp
Ideal model Equivalent model

Fig. 4.11. The equivalent model of inductor.

2Cy  Lg ZoLs Eef Zots Eefi 2Cy Lg
WL> dL, ¢1 WL3 dLs ¢l
Cr__ Lo

Fig. 4.12. The equivalent model for the 1D left-handed unit cell.

We choose the ATC 600S Series capacitors [30] and ATC 0603 Series inductors
[31] in design and fabrication. For the 600S 10 pF capacitor, we find that its series
resonant frequency Fsg = 4.1147 GHz, from Tech-SELECT Component Selection
program (version 3.3.1) [32] which is provided by American Technical Ceramics

(ATC) company. Using the equation
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DrFy =, (4.24)

L,2C,
we obtain Lg= 0.15 nH. For the 0603 43 nH inductor, we obtain a parallel resonant
frequency of Fpr = 2 GHz, from Tech-SELECT Component Selection program
(version 3.3.1) [32]. Using the equation

2rF, = (4.25)

L,C,

we calculate Cp=0.15 pF.

Figure 4.13 shows the simulation results of the 1D left-handed unit cell with
parasitic effects shown in Figure 4.12. The simulated S>; magnitude is not shown due
to its value is nearly 0 dB. The S-parameter port reference impedance is 93.5 €. The
simulation results reveal that the insertion phase of the 1D left-handed unit cell
becomes 8.3° at 1 GHz, and the insertion phases of the 1D left-handed and right-
handed unit cells become equal but with opposite sign at 0.93 GHz. The 1D left-
handed unit cell also operates at 1 GHz with a wide bandwidth, and is matched to the
1D right-handed unit cell. Therefore, the effect of parasitics is not significant at 1

GHz.

0 50
-10 25
a \ S,4 Phase —
© o
~ (&)
2 \K )
g -20 0 o
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= ]
//
-30 + -25
1S4
-40 T T T T T '50
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Frequency (GHz)

Fig. 4.13. Simulated responses of the equivalent 1D left-handed unit cell.
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4.3 EXPERIMENTAL RESULTS

4.3.1 FABRICATION OF THE TEST CIRCUIT

To fabricate and test the 1D left-handed and right-handed unit cells, we choose the
components discussed above and the SMA coaxial connectors [33].

Figure 4.14 and Figure 4.15 show the physical layout of the left-handed and right-
handed unit cells with design parameters, respectively. A drill hole whose diameter is
1.5 mm is located in the centre of the microstrip line of the left-handed unit cell, and it
is used to accommodate the inductor. The length of the left-handed unit cell is equal

to the length of the right-handed unit cell, which are all 7.1 mm.

e 71 mm ————>

<—1 mn_1>~_ 5.1 mm 1 mnl»-

Z |26 |

The diameter of
° holeis 1.5 mm

Fig. 4.14. The physical layout of the left-handed unit cell.

«— 7.1 mm —»

ZOR
1.586 mm

Fig. 4.15. The physical layout of the right-handed unit cell.

The left-handed and right-handed unit cell are measured in a 50 Q microstrip line
test fixture, so we build a 10 mm long microstrip interconnection line with 93.5 Q
(width is 1.586 mm) to match and connect to both sides of the left-handed and right-
handed unit cells, and a 20 mm long 50 € microstrip feeding line (width is 4.8 mm) to

connect to the SMA connector. Figure 4.16 shows the physical layout of this test
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circuit. The total length of the test circuit is 67.1 mm. To determine the parasitic
parameters of the SMA connector to microstrip line transitions, a 67.1 mm long 50 Q
microstrip test line (width is 4.8 mm) is fabricated in the same substrate with the test
circuits of the left-handed and right-handed unit cells. Figure 4.17 displays the
physical layout of the test circuit board, and Figure 4.18 shows a photograph of the

fabricated test circuit board with SMA connectors.

Fig. 4.16. The physical layout of the test circuit for left-/right-handed unit cell.

’4729 mm4w729 mm—ﬂ
r @ (- (- -] L
s 0 @ © ®
3
10 mm I 67.1mm
o o o o
o o o o
14 110 mm #1

Fig. 4.17. The physical layout of the test circuit board.
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Fig. 4.18. The photo of the fabricated 1D test circuit board.

4.3.2 MEASUREMENT RESULTS

All measurements were carried out on a HP8753D network analyzer, and we obtained
three groups of measurement results: 1D test circuit of the left-handed unit cell, 1D
test circuit of the right-handed unit cell and a 67.1 mm long 50 Q microstrip test line.
We firstly describe the processes of obtaining the parasitic parameters of the SMA
connector to microstrip line transitions, and then describe the de-embedded results.
Because the measurement results include the effects of discontinuities between the
SMA connector and microstrip line, we need determine these parasitic parameters so
that we can eliminate these effects from the measurement results and obtain the final
test results. Figure 4.19 shows the cross section view of the SMA connector
connected to microstrip line. Figure 4.20 shows the equivalent circuit model of the
SMA connector with the parasitic parameters of discontinuity between the SMA
connector and microstrip line. L;, C; and C, are the parasitic inductance and
capacitance of discontinuity, and Z, and E/ are characteristic impedance and electrical
length of the coaxial transmission line in the SMA connector, respectively, where Z;

is 50 Q. We simulate a circuit which comprises the 50 Q microstrip test line and the
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SMA connectors using the equivalent circuit model, as shown in Figure 4.21. Using
simulated results of this circuit and test results of the 50 Q microstrip test line, we
ensure that simulated |S;;| is equal to (measured |S};| +measured |S>,|)/2, and simulated
|S21] 1s equal to measured |S>|, and simulated S>; phase is equal to measured S>; phase;
therefore we can obtain the optimisation results of L;, Ci, C, and EL. Figure 4.22
shows the optimisation results, and the optimised model values are: L, = 0.46 nH, C;
= 0.3 pF, C; = 0.03 pF, and E/ = 11.39°. The simulated and measured |S,;| are not

shown in the figure because they are approximately equal to 0 dB.

— ~+—TReference Plane

. |: Microstrip line

Fig. 4.19. The cross section view of the SMA connector connected to microstrip line.

Zo, El L

A T T

G C

The SMA connector
with effect of
discontinuity

Microstrip
line

Fig. 4.20. The equivalent circuit model of the SMA connector with parasitic parameters of

discontinuity.

The model for measurement results of the 1D left-handed and right-handed test
circuits includes 1D left-handed and right-handed unit cells, 93.5 Q microstrip
interconnection lines, 50 € microstrip feeding lines, and the SMA connectors with
effects of discontinuities, as shown in Figure 4.23. Figure 4.24 shows the de-
embedding method to eliminate the effects of the SMA connectors, the discontinuities,
the microstrip feeding and interconnection lines; thus, we obtain the de-embedded
measurement results of the 1D left-handed and right-handed unit cells. In de-
embedding, -L;, -Cj, -C, and -EI are used in the SMA connector part to remove the
effects of the SMA connector and discontinuity. A microstrip line with 50 Q and -20
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Fig. 4.21. The circuit model for the 50 € microstrip test line and the SMA connectors in

Microwave Office.
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Fig. 4.22. Optimisation results of the 50  test line.
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mm length is used to eliminate the effect of the 50 Q microstrip feeding line. The 93.5
Q microstrip interconnection line is eliminated from the measurement results using a

microstrip line with 93.5 Q and -10 mm length.

—

Measurement
results
50 Q microstrip 50 Q microstrip
feeding line feeding line
The SMA 935Q 1D unitcell 93.5Q The SMA
connector with microstrip microstrip connector with
effect of interconnection interconnection effect of
discontinuity line line discontinuity

Fig. 4.23. Circuit model of measurement results.
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unit cell

-+

Measurement
results

inter-
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. . SMA SMA Lo i
c‘onnectlon f'eedmg : . . : feeding line' cionnectlon
line line | connector with connector with | !
! effect of effect of ! I
[ discontinuity discontinuity [ :

Fig. 4.24. De-embedding method.

Figure 4.25 and Figure 4.26 show the measured and simulated S;; magnitudes and
S>1 phases of the 1D left-handed and right-handed unit cells, respectively. The
measured and simulated S,; magnitudes are not displayed because they are
approximately equal to 0 dB over this range, and the simulated S;; magnitude for the
right-handed unit cell is below -70 dB, so it is not shown in Figure 4.25. The S-
parameter port reference impedance for these two unit cells is 93.5 Q. The
measurement results display that the 1D left-handed and right-handed unit cells are

matched to each other over a wide bandwidth, and operate at 1 GHz. It is observed
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that the measured S>; phases of the 1D left-handed and right-handed unit cells
correspond very closely to the simulated results. The measurements indicate that the
insertion phases of the 1D left-handed and right-handed unit cells are 6.8° and -11.5°,
respectively, at 1 GHz, and they are 8.3° and -11.4° in simulations. It is also clear that
the measured insertion phases of the 1D left-handed and right-handed unit cells
become equal but with opposite sign at 0.93 GHz, which is same as the result in

simulations.
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Chapter 5

DESIGN AND TEST THE 20-WAY POWER DIVIDER

In this chapter, we present the details about the 20-way power divider proposed in
Chapter 3. In section 5.1, we describe the design details of the 20-way power divider
and the simulation results. Then we discuss fabrication in section 5.2, and finally we

give the experimental results in section 5.3.
5.1 DESIGN AND SIMULATE THE 20-WAY POWER DIVIDER

In chapter 4, the 1D left-handed and right-handed unit cells were designed and tested;
therefore, the 2D left-handed and right-handed unit cells can be designed directly
from the corresponding 1D unit cells. Figure 5.1 and Figure 5.2 show the circuit
models for the 2D left-handed and right-handed unit cells, respectively. As calculated

in chapter 4, we choose the Taconic TLY-5 substrate [29] with dielectric constant of

Ls
2GC

ZOL’ WL3 dL

2C, Ls

Ly

Fig. 5.1. Microstrip line 2D left-handed unit cell

included the parasitic effects of the surface-mount components.
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Fig.5.2. Microstrip line 2D right-handed unit cell.

2.2 and dielectric height of 1.575 mm (62 mil), and we obtain the parameters of 2D
unit cells: W, = 1.668 mm, Wr = 1.586 mm, d; = 2.55 mm, dg = 3.55 mm, Zy; = 91.3
Q, Zor = 93.5 Q, Ly = 43 nH with parasitic effect C, = 0.15 pF, and 2C = 10 pF with
parasitic effect Lg = 0.15 nH. The length for accommodating the capacitor is 1 mm;
thus, the size of the 2D left-handed unit cell is 7.1 mm x 7.1 mm, and it is the same as
the size of the 2D right-handed unit cell.

Figure 5.3 shows the simulated frequency responses of S-parameters of a 5 by 5
TMM structure using circuit models in Figure 5.1 and Figure 5.2. The reference
impedance of the input port is 4.7 Q, and those of the output ports are 93.5 Q. The
simulations include the parasitic effects of lumped components. The simulation
results display that the difference between the coupling phases is either 0° or 11.4° at
the design frequency, 1 GHz. To achieve the equal phases at peripheral ports, extra
compensating microstrip lines with two different lengths should be connected to the
output ports of the TMM structure as shown in Figure 3.41. The characteristic
impedance of these two different length microstrip lines is equal to 93.5 Q. As
denoted in Figure 3.41, TL1 which is connected to the peripheral right-handed unit
cell is chosen to be 7 mm, and TL2 which is connected to the peripheral left-handed
unit cell is chosen to be 15.18 mm. These values ensure that the TL1 and TL2 are
compact. In order that the output ports of the 20-way power divider are located on a
straight line, TL2 must be meandered to ensure that the distance between its ports is 7
mm which is equal to TL1. Moreover, the phase shift difference of these two
microstrip lines is 11.4° at 1 GHz, when TL2 is curved.

Figure 5.4 displays the simulated frequency responses of S-parameters of the 20-
way power divider. The reference impedance is 4.7 Q at input port and 93.5 Q at
output ports. The simulations include the parasitic effects of lumped components,

inductors and capacitors. The simulated Spo shows that good match is achieved at
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input port over a wide bandwidth, and the best match occurs at 1.07 GHz. Residual
mismatch is mainly reason which causes the discrepancy from 1 GHz. The simulated
S10, 20 and S3p reveal that the coupling phases from input port to output ports
become equal at 0.97 GHz, and this means that equal magnitude and phase power
division can be obtained at this frequency. The parasitic effects of lumped
components cause the deviation from the theoretical value of centre frequency, 1 GHz.
Furthermore, the coupling magnitudes are -13.1 dB at 1 GHz, which is similar to the
theoretical value of -13 dB, and over a range 0.9 GHz to 1.1 GHz, they are almost
identical and flat, and the corresponding coupling phases differ less than 4°. Figure
5.5 shows the simulated representative output port isolations. It is observed that all
output port isolations are -26 dB at 0.97 GHz, and this value is consistent with the
theoretical value of a lossless 20-way power divider. Isolations between ports 1 and
20, 5 and 6, 10 and 11, 15 and 16 are the same and hence only |Sy| is shown in
Figure 5.5, and other isolations vary in the same manner. Moreover, it can be seen

that |S».1| increases most rapidly away from the centre frequency.

Magnitude (dB)

Frequency (GHz)

Fig. 5.5. The simulated representative output port isolations.



5.2 FABRICATION OF THE TEST CIRCUIT 73

5.2 FABRICATION OF THE TEST CIRCUIT

To fabricate the 20-way power divider, we use the same components as in the
experiment of the 1D unit cells. Figure 5.6 and Figure 5.7 show the physical layout of
the 2D left-handed and right-handed unit cells with design parameters, respectively.
In the 2D left-handed unit cell, the width of two cross microstrip lines is 1.668 mm,
and the length of those is 5.1 mm, and their characteristic impedances, Z., are 91.3 Q.
A drill hole which is in the centre of the microstrip lines is used to accommodate the
inductor, and its diameter is 1.5 mm. The distance with 1 mm is used to allow for the
capacitor length. In the 2D right-handed unit cell, two cross microstrip lines have the
width of 1.586 mm and the length of 7.1 mm, and their characteristic impedances, Zg,
are 93.5 Q. Therefore, the sizes of the 2D left-handed and right-handed unit cells are
the same, and they are 7.1 mm x 7.1 mm.

Figure 5.8 depicts the physical layouts of the compensating microstrip lines, TL1
and TL2. These two microstrip lines have the width of 1.586 mm, and hence their
characteristic impedances are 93.5 Q, which are matched to the peripheral left-handed
and right-handed unit cells of the TMM structure. The length of microstrip line is 7
mm for TL1, and 15.18 mm for TL2; however, TL2 is meandered so that the distance

between its ports is also 7 mm.

-

The diameter of
hole is 1.5 mm

Fig. 5.6. The physical layout of the 2D left-handed unit cell.
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Fig. 5.7. The physical layout of the 2D right-handed unit cell.
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Fig. 5.8. The physical layouts of the compensating lines: (a) TL1, and (b) TL2.
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Fig. 5.9. The physical layout of the 20-way power divider.

Figure 5.9 shows the physical layout of the 20-way power divider based upon the

TMM structure and compensation lines. The gaps between the left-handed unit cells

and right-handed unit cells, and between the left-handed unit cells and TL2 microstrip
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lines, accommodate the capacitors. The drill hole in the central right-handed unit cell
is used to put the input probe feeding connector, and its diameter is 1.3 mm. Since
TL2 microstrip lines are meandered, it is clear that the output ports are located on a
straight line on each side; hence, the power divider is a square shape, and the size is
49.5 mm x 49.5 mm.

The divider test circuit is measured in a 50 Q microstrip line test fixture, so quarter-
wave transformers are used to transform 50 Q to 93.5 Q to match the output ports of
the divider at 1 GHz, and 50 Q feeding lines are used to connect to transformers and
the SMA connectors. Therefore, the output ports of the divider are matched
terminations only at 1 GHz.

Using the formula for a quarter-wave transformer [28], the characteristic
impedance of the quarter-wave transformer is equal to 68.4 €, and using microstrip
line design equations [28], the transformer has the width of 2.9 mm and the length of
55.228 mm. As shown in Figure 5.9, it is apparent that the distance between the two
adjacent output ports is 7.1 mm, but it is not enough to locate the SMA connectors at
terminations. Figure 5.10 shows the physical layouts of the transformers and 50 Q
feeding lines. Since the circuit is symmetrical, only three ports with the transformers
and feeding lines are shown in Figure 5.10. In order to fix the SMA connectors at
terminations, the distance between two adjacent output ports is chosen to be 14 mm,
and the transformers which are connected to port 1 and port 2 are meandered to
ensure that this distance is achieved. Moreover, to obtain that the output ports are
located on a straight line, 50 Q feeding lines with three different lengths are connected
to the transformers. The width of the feeding lines is 4.8 mm, and the length is 15.738
mm for port 1, and 12.88 mm for port 2, and 10.022 mm for port 3.

The final full layout of the 20-way power divider test circuit is shown in Figure
5.11. Figure 5.12 depicts a photograph of the fabricated 20-way power divider test
circuit board with the SMA connectors at terminations. Figure 5.12 (b) shows the
view of the fabricated square-shaped metamaterial power divider. The input port is
probe-fed using an SMA connector which is fixed on the bottom of the PCB mounting
board as shown in Figure 5.13. Because the input SMA connector is longer than the

height of the mounting base, an extra block is used to fix it.
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Fig. 5.10. The physical layouts of the transformers and feeding lines.
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Fig. 5.11. The physical layout of the 20-way power divider test circuit.
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(b)
Fig. 5.12. The photo of the fabricated 20-way power divider: (a) overall view of the test

circuit, and (b) close-up view of the 20-way metamaterial power divider.
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Fig. 5.13. The cross section view of the input SMA connector part.

5.3 EXPERIMENTAL RESULTS

All measurements were carried out on an Agilent Technologies E8362B PNA
Network analyzer. When the circuit was measured, two ports were tested at a time,
which are the input port and one of the output ports; hence, we obtain 20 groups of
measurement results. The model for each measurement result includes the input SMA
connector with effect of discontinuity, the 20-way power divider, the quarter-wave
transformer, the 50 Q feeding line, and the output SMA connector with effect of
discontinuity. Using the de-embedding method, which was discussed in chapter 4, we
eliminate the output SMA connector with effect of discontinuity, the 50 Q feeding
lines, the quarter-wave transformers, and the input SMA connector; therefore, the de-
embedded measurement results of the 20-way power divider can be obtained. In de-
embedding, we ignore the effect of discontinuity between the input SMA connector
and the microstrip lines, and it will be shown later that this effect is significant.
Furthermore, there are three main sources of random error: tolerance of the lumped
components, inductors and capacitors, and residual mismatch of the 50 Q SMA
connectors, and random measurement errors.

Figure 5.14 shows the structure of the input SMA connector [33]. According to the
dimensions of the connector, the length between the reference planes is equal to 22.63
mm, and it is also considered as the length of the coaxial transmission line in the
connector. Because the filled material in the connector is Teflon, whose relative

permittivity &, is 2.08, the wave length of the coaxial transmission line is obtained by
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Fig. 5.14. The structure of the input SMA connector.

! =ﬂ:208mm, (5.1)

Je,  ~2.08

1=

where 4 is the wave length in the free space at 1 GHz. And the electrical length of the
coaxial transmission line can be calculated by
d . 22.63

EL =—x360" =
A

x360° =39.17°, (5.2)

where d is the length of the coaxial transmission line, and the working frequency is 1
GHz.

Figure 5.15 displays the de-embedding model for the measurement results of the
20-way power divider. The output SMA connectors are the same type as those which
were used in Chapter 4, so they are considered to have the same model shown in
Figure 4.20, and they have the same values of parameters which were determined in
Chapter 4. The length of 50 Q feeding line is -15.738 mm for the measurement results
of port 1, 5, 6, 10, 11, 15, 16, 20, and -12.88 mm for port 2,4, 7,9, 12, 14, 17, 19, and
-10.022 mm for port 3, 8, 13, 18.

Figure 5.16 shows the de-embedded measurement results which include the
average magnitude of the input reflection coefficient Sy, and the magnitudes and
phases of the couplings Sjo, where j = 1...20. The reference impedance is 4.7 Q for
the input port, and 93.5 Q for the output ports. Because there are twenty 2-port S-
parameter data sets, there are twenty traces for Sy, and these traces are all consistent.
Hence, the average measured magnitude of Sp is shown in Figure 5.16. The twenty

couplings are also consistent, and the coupling magnitudes are around -14 dB at 1
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GHz. Furthermore, over the range from 0.95 GHz to 1.05 GHz, the coupling
magnitudes are almost flat, and their differences are less than 1 dB, and the
corresponding coupling phase differences are less than 10°. Because of the limitation
of the measurement equipment, such as lack of the suitable termination at the input

port, the divider output port isolations were not measured.
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Fig. 5.15. The de-embedding model for the 20-way power divider.
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Fig. 5.16. De-embedded measurement results (solid curves) of the 20-way power divider,

and the simulation results (dashed curves) which include the effect of the probe feed

discontinuity at the input port.
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Figures 5.16 also shows the simulation results which include the effect of the probe
feed discontinuity of the central tile by the input SMA connector and are plotted using
dashed lines. Figure 5.17 displays the electromagnetic structure for the central right-
handed unit cell of the 20-way power divider in simulation. Port 5 is a probe-fed port
which is used to describe the effect of the discontinuity at the input port of the power
divider. Because of the limitation of the electromagnetic simulator, a square shaped
probe feed, not a circular shaped, was used in simulation as shown in Figure 5.17.
These simulation results indicate the differences between the simulation results in
Figure 5.16 and the simulation results in Figure 5.4 which did not include the effect of
the probe feed discontinuity of the central tile. It is clear that this effect of the
discontinuity at the input port causes a significant effect on the Sp response and the
divider coupling phases. Figure 5.18 shows another simulation of the 20-way power
divider which includes the effect of the microstrip cross in the right-handed unit cells.
It can be seen that this effect presents a resonance in the coupling responses at around

1.05 GHz, and this phenomenon can be also seen in the measurement results.

]

4]

Fig. 5.17. The electromagnetic structure for the central right-handed cell of the power divider.
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Fig. 5.18. The simulated frequency responses of the 20-way power divider which includes

the effect of the microstrip cross in the right-handed unit cells.

Normalised divider couplings can eliminate common artifacts and measurement
uncertainties, and normalised corresponding coupling phases can help us to check the
bandwidth where in-phase power division can be achieved. Since the fabricated

circuit is symmetrical, three average de-embedded divider couplings are expressed as

_ Sl,O + SS,O + S6,0 + SlO,O + Sll,O + SlS,O + S16,0 + S20,0

Sl,Oave - 8 s (53)
S2,0ave _ Sz,o + S4,0 + S7,0 + S9,0 +8S12,0 + 514,0 + S17,0 + S19,0 ’ (5.4)

_ S3,0 + S8,0 + S13,0 + SIS,O

S3,Oave - 4 (55)
Then the overall average de-embedded divider coupling is written as
C — 8S1,0ave + 8S2,Oave + 4S3,0ave
ave 20
=04S,,. +04S +0.28 (5.6)

1,0ave 2,0ave 3,0ave *
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And the normalised de-embedded divider couplings can be calculated as

Sl,Onor = Sl,Oave/Cave b (57)
SZ,Onor = S2,Oave/cave ’ (58)
S3,0n0r = S3,0ave/cave * (59)

Moreover, the normalised simulated divider couplings are also calculated in the same
way as above. Figure 5.19 (a) and (b) show the normalised measured coupling phases
and the normalised simulated coupling phases, respectively. It is observed that there is
a resonance in the coupling responses at around 1.05 GHz in measurements shown in
Figure 5.19 (a). Except for the resonance at 1.05 GHz, the differences between the
normalised measured coupling phases are less than 10° over the range from 0.9 GHz
to 1.1 GHz, and this is favourable compared to the simulation results where the
differences between the normalised simulated coupling phases are less than 4° over
the same range. Furthermore, except for the resonance at 1.05 GHz, the measured and

simulated normalised coupling phases differ less than 5° over this same range.
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Fig. 5.19. Normalised divider coupling phases: (a) measured, and (b) simulated.



Chapter 6

CONCLUSION

6.1 RESEARCH SUMMARY

In this thesis, we proposed a novel square-shaped N-way metamaterial power divider.
It comprises left-handed and right-handed unit cells and is implemented in microstrip
line. In chapter 2, we have given a brief overview of the left-handed transmission line.

This N-way power divider is based on the tessellated metamaterial (TMM)
structure, where the left-handed and right-handed unit cells are located in a
checkerboard tessellation, and the infinite wavelength phenomenon in two-
dimensions. To study the TMM structure, in chapter 3 we simulated a 17 by 17 TMM
structure. The simulation results show that the voltage, both magnitude and phase,
across the TMM structure is nearly constant, so that the TMM structure exhibits the
infinite wavelength phenomenon in two-dimensions. For comparison, in chapter 3 we
also simulated a 17 by 17 mosaic structure comprised of entire right-handed unit cells,
and the simulation results display that the voltage magnitude and phase vary
significantly across the mosaic structure.

In chapter 3, we have also simulated the 20-way metamaterial power divider based
on the 5 by 5 TMM structure, and for comparison, the power divider which is based
upon the 5 by 5 mosaic structure comprised of only right-handed unit cells. The
simulation results demonstrate the advantage of the proposed power divider.

To design the left-handed and right-handed unit cells in the TMM structure, in
chapter 3 we have simulated a 25 by 17 TMM structure which can be considered as a

large TMM structure, and also simulated a 17 by 17 TMM structure with four plane
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waves excited at each edge of the structure, and then we found the equivalent 1D left-
handed and right-handed models of the 2D unit cells. Therefore, to design the 2D left-
handed and right-handed unit cells, we only need to design their equivalent 1D unit
cells, and then these design results can be used in the 2D left-handed and right-handed
unit cells directly.

In chapter 4, we have given the design method of the 1D left-handed and right-
handed unit cells. Then we fabricated the designed 1D left-handed and right-handed
unit cells in microstrip line and tested them. The experimental results validate the
design method and fabrication techniques.

In chapter 5, we have designed, fabricated and tested a square-shaped 20-way
metamaterial power divider. The divider operates at 1 GHz and comprises 12 left-
handed unit cells and 13 right-handed unit cells which are placed in a checkerboard
tessellation. The size of the divider is 49.5 mm by 49.5 mm. The test results also
validate the design method.

In summary, the proposed N-way power divider, where N is an odd integer multiple
of 4, is square-shaped, and gives an equal-amplitude equal-phase power division from
the central port to the output ports, where the output ports have four groups and they
are located on a straight line in each group. Therefore, it allows convenient integration

with amplifier modules in a parallel combined power amplifier.

6.2 FURTHER RESEARCH

During the course of this thesis research, several issues were raised and could not be
completed. For example, the effect of the probe feed discontinuity at the input port,
which causes a significant effect of the S-parameter responses of the divider, needs to
be ascertained and considered in the design model. Also, the input impedance of the
divider is very low and this needs additional impedance transformers, such as the
stepped coaxial impedance transformers, at the input port of the divider. Furthermore,
the effect of the microstrip cross in the right-handed unit cell presents a resonance in
the coupling responses in the bandwidth, so this effect needs to be considered and
further research needs to be explored to eliminate this resonance in the bandwidth.

Similarly, in the left-handed unit cell, due to the presence of the surface mount
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inductor in the central hole, it introduces a new discontinuity, and the effect of this

discontinuity needs to be determined and considered in the design model.
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