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ABSTRACT
In RF applications such as transmitters, amplifiers, receivers, and antennas, a task of vital
importance is the design of an impedance matching network, one that can transfer the most power
from the source to the load. Lossless matching networks at a single frequency have been well
studied, while the broadband impedance matching problem was only defined 70 years ago.
This dissertation provides a thorough background of the theory basis and design
approaches in the history of broadband impedance matching. Lossless impedance matching
optimization using the MATLAB Global Optimization Toolbox is discussed, and an approach
combining brute-force techniques and the Real Frequency Technique is proposed. The bandwidth
of a candidate 80-meter high-frequency dipole antenna has been increased from 4.1% to at least
15.0% after the optimization, with a Voltage Standing Wave Ratio (VSWR) of 2:1.
In order to match the source and load over a wide band, a tradeoff is forced between the
antenna gain and its bandwidth. The lossy impedance matching problem is investigated in the
dissertation as a multi-objective optimization problem. Multiple optimization algorithms are used
to find the Pareto front for a given lossy network topology. With equal weight on the objectives,
the bandwidth of the dipole is further increased to 16.9%.
This approach was applied to conformal antennas such as a low-profile bow-tie antenna
close to a ground plane and compared with the new approach of using metamaterial inserted
between the antenna and the ground plane. There is considerable interest and a main goal of this
dissertation to find if another approach such as this lossy matching method could compete with
the metamaterial technique. With lossy matching, the unnecessarily high gain of the antenna is
traded in for a decrease in the reflection, increasing the bandwidth of the bow-tie to more than
70.7%, or [200MHz, 400MHz]. Considering the high cost of manufacturing metamaterial to
achieve similar performance, the approach found for the first time in this dissertation is a
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significant breakthrough in the design and practicality of making future conformal and other
types of antennas.
The unique and innovative techniques utilized in this dissertation include performing
lossless and lossy impedance matching optimization using results from more numerical platforms
like FEKO and GNEC for various antenna configurations. In this dissertation topologies have
been thoroughly explored including circuits with various numbers of elements and those
including the insertion of lossy components into the lossless networks. Additionally, the latest
nature-inspired optimization algorithms were applied to the lossy impedance matching problem
and compared with the traditional algorithms.
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Chapter 1

Introduction to Broadband Impedance Matching
Starting from the general impedance matching problem electrical engineers face every
day, this Chapter introduces the evolution of the problem and corresponding solving techniques
used in the past 80 years. The need for broadband matching appeared almost immediately after
the formal definition of general impedance matching problems, and forerunners in the field built a
solid theoretical foundation for solutions to these problems. Unfortunately, although many
approaches have been proposed, researchers have been working on impedance matching for
several decades without finding a perfect solution technique. Recently, the approach of inserting
metamaterial between the antenna and the ground plane has been proven quite effective both
theoretically and experimentally for conformal types of antennas. However, the exorbitant cost
and other physical constraints such as weight and ruggedness, etc. of the material reduce the
practical application of this approach.
The lack of an optimal solution for the broadband matching problem serves as the
motivation of this dissertation. By adding lossy components (i.e., resistors) into traditional
matching networks, it is possible to find an optimal impedance equalizer over a wide frequency
band. With a given topology, the optimized component values will be obtained using the latest
optimization algorithms. Since these matching networks only consist of the lumped elements, the
cost of matching will be dramatically reduced compared to the use of metamaterial for example.
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1.1 The impedance matching problem
The problem of impedance matching was first brought to people's attention in the 1920s,
when experimental electrical engineering was starting to take off and interest in RF amplifiers
was greatly investigated. Electrical engineers faced the problem of either maximizing the power
transfer or minimizing the signal reflection from the load. In the 1930s, early matching circuits
were designed to couple the power from the output of an amplifier to a load antenna [1], but there
was no name for such a category of problems yet. Later, in the 1950s, some mathematical
understanding of impedance matching was discussed [2] in papers about Foster's reactance
theorem. But until then, the impedance matching problem was not well defined. Nor were the
techniques and procedures to solve this problem fully developed,.
In 1948, Fano [3] changed this situation by addressing the impedance matching problem
for lossless networks with lumped L and C components. The same year, Richards [4] adapted
the lossless network results into lossy impedance matching problems, which will be discussed in
detail in Section 1.2. The techniques and procedures for impedance matching have been evolving
ever since.
Generally there are three categories of impedance matching, considering the type of
source and load [5]. The schematics are shown in Figure 1-1, where Rs and Z s stand for the
internal resistance and impedance of the RF voltage source Vs , respectively. Similarly, Rl and

Zl are the resistance or impedance of the load. The corresponding problem descriptions and
solutions are listed below.
a) Purely resistive matching: matching a resistive source to a resistive load with different
resistances;
b) Single matching: matching a resistive source to a complex load;
c) Double matching: matching a complex source to a complex load.
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Figure 1-1: Three types of impedance matching: a) resistive, b) single, and c) double.
In case a), a simple step-up or step-down network can be applied to adjust the two
resistances to be equal. Then the power transfer is maximized at a single frequency. Case b) is the
common impedance matching problem that engineers face today. For example, case b) would be
used when matching a 50 Ω coaxial cable to an antenna with complex impedance; in this
instance, the reactance part of the antenna impedance needs to be cancelled before it is converted
to case a). Case c) is often seen when the antenna is connected to an IC chip whose output
impedance is complex. This case is more complicated if we want minimum reflection or
maximum transmission of the power.
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Nowadays, the impedance matching problem has been defined as needing to maximize
the signal power transfer or minimize the reflection from the load. These two prime goals are
interchangeable in lossless networks. However, in lossy impedance matching, these are two
different objectives, since the lossy components absorb a certain amount of power. Again, this
problem will be further investigated in the next section.
With the goals of maximizing signal power transfer or minimizing reflection from the
load in mind, a widely accepted impedance matching theory is proposed. Generally, power passes
through a network from a source to a load through a sequence of two-port networks. These twoports can be regarded as one single two-port network with no loss of generality. We will start the
discussion with the case of one lossless two-port network between the source and the load, as
illustrated in Figure 1-2.

Figure 1-2: Typical circuit configuration, with a lossless two-port network between the source
and the load.
Maximum power transfer is obtained when the Thevenin equivalent impedance of a
source and load are matched. Specifically the load should be the complex conjugate of the
impedance that the load sees looking back toward the source. For example, in Figure 1-2, the
*

matched condition for the load would be Z l = Z 2 . Similarly, for the source, the matched
*

condition would be Z1 = Z s . When both conditions are met and other conditions are ideal, all the
power transmitted from the source would reach the load through the lossless two-port network.
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Additionally, the SNR (Signal-to-Noise Ratio) of the whole system can be improved when the
source and the load are matched if noise is present i.e. from an active component.
Impedance matching at a single frequency is fairly easy. Theoretically, when the real part
of the source impedance is zero, a matching network with only two L and C components can
always be found. However, the relatively high resistive losses of inductors limit their
performance. They only work well over a 5% or less bandwidth. In practical engineering
problems, it is often required to match a load over a wider band of frequency range. Designing
becomes much more difficult as the desired bandwidth increases. On top of that, the impedance
of the load itself changes dramatically over a wide frequency band. Therefore, instead of the basic
lossless matching network with only two L and C components as discussed above, an
impedance matching network may consist of multiple lumped elements, distributed elements, a
combination of both and/or ad hoc solutions [6].
In this dissertation, resistors will be added into traditional matching networks to make
them "lossy" – reducing the gain to a certain level – and get wider bandwidth of low VSWR in
return. The matching circuits will only consist of lumped components, but a variety of topologies
will be simulated, optimized, and compared.
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1.2 The broadband impedance matching problem
The broadband matching problem is defined as the transfer of power from source to load
by transforming a complex load impedance to match a resistive or complex source impedance
over a wide frequency band. The matching networks described in Section 1.1 for case b) and case
c) are usually designed to work at a single frequency. But in some cases, we need an antenna that
works over a wide frequency band. A matching network that only transfers the most power in a
fraction of the band would compromise the whole system. Conjugate matching can be used in
single frequency matching network design but is not physically possible over a finite frequency
band [7]. By adding loss, however, more bandwidth may be acquired at a cost in the transducer
power gain of the matching networks.
We refer to Figure 1-3 to address the broadband matching problem in further detail. The
voltage source Vg is sinusoidal at a particular frequency, with maximum power that can be
delivered to the network PaS . The source impedance is Z s = Rs + jX s , and the load impedance is

Zl = Rl + jXl . Power absorbed by the load is Pl .
The power mismatch M1 is the per-unit reflectance by the two-port network looking from
the source side, and M 2 is that looking from the load side.

M1 =

Z1 − Z s*
Z1 + Z s

(1-1)

M2 =

Z 2 − Zl*
Z 2 + Zl

(1-2)
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The Return Loss RL also expresses the power mismatch:

RL = −20log( M 2 )

(1-3)

The transducer gain

GT =

Pl
= 1− M12 M 22 − NetworkLoss
PaS

(1-4)

Figure 1-3: Typical circuit configuration, with a lossy two-port network between the source and
the load.
When the two-port network in Figure 1-3 is lossless, as mentioned in Section 1.1, the two
goals, to "maximize the power transferred to the load" and "minimize the power reflected from
the load," are equivalent. This can also be expressed in the following way. There is no loss in the
two-port, NetworkLoss=0 , so GT = 1− M12 M 22 . When we try to maximize the transducer gain GT ,
we are automatically minimizing the product M12 M 22 . When both ports of the network are matched,

Z1 = Z s* Z l = Z 2* M = M = 0
,
, 1
, the real power absorbed by the load is the same as the power
2
entering the lossless passive network.

a12 − b12 = b22 − a22

(1-5)

Note that this is also the difference between PaS and the reflected power.
Following the above reasoning, it is clear that when there is network loss in the two-port,
"maximizing the power transferred to the load" does not necessarily mean "minimizing the power
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reflected from the load." According to equation (1-4), the following scenario could happen:
assuming both ports are matched, then M1 = M 2 = 0 , GT = 1− NetworkLoss . We can see that even
when there is no mismatch whatsoever in the circuit, the transducer gain could still be very low if
the network is lossy. Apparently, when mismatch exists in the circuit, either M1 ≠ 0 or M 2 ≠ 0
– or more practically, neither of them is zero – and the transducer gain can only go down from the
value of 1-NetworkLoss. When we are "maximizing the power transferred to the load," we want
to maximize GT ; when we are "minimizing the power reflected from the load," we want to
minimize M1 and M 2 . These are now two separate goals because of the network loss. In other
words, we need to keep the loss because we want a wide frequency band; meanwhile, we also
need to control the loss so that it does not absorb an appreciable amount of the power.
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1.3 Background of broadband impedance matching

1.3.1 The foundation theories
The Darlington's Theorem and the Smith Chart are two tools of vital importance in
impedance matching. Both of these were described in 1939 and have formed the foundation of all
the following research related to impedance matching ever since. The analytic broadband
matching theory was introduced in 1945 by Bode and is considered to be the first step towards a
theoretical basis for broadband matching.

Darlington's Theorem
Darlington states that the impedance of any combination of reactive and resistive
elements is equivalent to that of a reactive (lossless L and C ) network terminated in a 1 Ω
resistance [8]. By including a transformer into the reactive network, both the source resistance
and the load resistance can be converted into a 1 Ω resistor. This theorem turns the impedance
matching problem into a filter design problem, which was already a mature art by that time.

The Smith Chart
The Smith Chart maps any impedance Zi in the right-half Argand plane into a unit circle,
the Smith Chart, provided that the center impedance is 1+j0 Ω [9].
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Si =

Zi −1
Zi +1

(1-6)

The Smith Chart was first proposed for transmission line analysis, but it can be applied to
the mismatches M1 and M2 defined in Equation (1-1) and (1-2) when Zs* and Zl* are normalized,
applied to Figure 1-3.
Originally, the Smith Chart was designed to display lines of constant resistances and
reactances. It has instead been widely used to design impedance matching at a single frequency,
by moving the load point towards the center – the source point – along constant reactance circles.
Later, however, many engineers started to apply the Smith Chart into simple broadband
impedance matching networks designs. For each frequency, an impedance point is marked on the
Smith Chart to form a curve [10]. The Smith Chart is thus considered to be one of the Graphical
Methods for broadband impedance matching.

Analytic Gain Bandwidth Theory
Bode [11] proposed a gain-bandwidth restriction for arbitrary single-match lossless
matching network with a parallel RC load in 1945. This simple bound could be used on the
integral over all frequencies of return loss in decibels. This is the start of the Analytic broadband
matching theory. The introduction of Bode’s limit was crucial because this was the first bound of
gain-bandwidth for a given load. More importantly, Bode’s result points out that there is a
tradeoff between a good match over a narrow band and a poor match over a wide band.
Fano extended Bode's theory by proposing gain-bandwidth limitations of arbitrary load
impedances in 1948 [3]. He utilized established doubly-terminated filter theory to turn the
matching problem into the design of an elliptic equal-ripple doubly-terminated filter, or
Chebyshev filter, with a specified number of elements.
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Fano's approach only solved a few special cases, failing to provide a more general result.
Later, his approach was improved upon and applied by a couple of researchers in single matching
problems [12]–[16], following the development in Chebyshev polynomials. By adding a second
Darlington network, the analytic gain bandwidth theory was also extended to solve the double
matching problem [17]–[22].
The analytic approach has its limitations as well. It is shown that designing a Chebyshev
equal-ripple pass band for single matching problems is not the optimal solution [23]. Moreover,
selective flat gain is not physically possible for double matching problems using this approach
[24]. This barrier was later broken through by the Real Frequency Technique, as written in
Section 1.3.3.

1.3.2 Development of techniques
Several categories of techniques used over the decades of research on broadband
impedance matching are listed and briefly introduced. In this dissertation, a combination of these
techniques will be applied to solve the broadband impedance matching problem. The matching
network with dissipative elements will be discussed, and various topologies will be given. For a
given topology, the numerical optimization technique, specifically MATLAB, will be used to find
the optimum values for each element in the network. The Smith Chart and other auxiliary tools
will be used to examine the optimization result.
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Lossy matching
Intuitively, engineers would avoid lossy matching to dissipate power into elements other
than the load. But in cases such as broadband matching problems, a tradeoff needs to be made
between bandwidth and power efficiency.
Lossy matching has its advantages. Westman [25] states that a resistive matched x–dB
attenuator (pad) inserted between a source and load reduces both the return loss and the
maximum available power. Note that the return loss decreases by 2x dB, doubling the attenuation
of the power x dB. LaRosa [26] listed three possible advantages of lossy matching networks:
a) a lossless network might not be able to provide the desired low return loss over the
pass band;
b) input return loss and power delivered to the load impedance are not independently
controllable with a lossless matching network;
c) a dissipative network might have a simpler form than a lossless one.
These advantages of lossy networks encouraged researchers to continue exploring, and
they made the following discoveries: lossy networks without transformers were applied [27];
selected lossy lumped networks were optimized to include sloped-gain pass bands [28]; a Pareto
front was generated, showing the best tradeoff between equalizer power reflected and power
dissipated [29].
Allen et al. [30] used the H-infinity theory to show that a globally optimal lossless
matching network preceded by a resistive pad produces a Pareto front, which is simply a straightline segment with a negative slope in the linear plot of reflection coefficient versus power loss.
Allen et al. suggest using dissipative network elements instead of resistive pads to get optimal
matching networks.
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Numerical optimization
Numerical optimization is the technique used for minimizing or maximizing a nonlinear
scalar function of many variables with many constraints. To be solved, the broadband impedance
matching problem needs to be interpreted mathematically into an objective function and a series
of constraints. Apparently, this technique is greatly affected by computational capability and
programming-language effectiveness. Furthermore, to use this technique it is critical to set up the
varying parameters and weights for the goals in the objective functions. In addition, it has always
been a challenge to determine the starting points for a certain optimization algorithm. Finally, the
uncertainty of finding the global optimum is another weakness of this technique.
In the past few years, computer speed has increased dramatically, followed by emerging
optimization methods that make use of this speed. Researchers have been testing many algorithms
for multi-objective optimization problems that can be applied in solving broadband impedance
matching problems.
Three optimization algorithms – Genetic Algorithm, Simulated Annealing Algorithm,
and Pattern search – are compared for their effectiveness, speed and sensitivity [31] in finding the
optimum lossless matching networks. The Genetic Algorithm is proved to be computationally
expensive and is not effective because it keeps falling into a local minimum, depending on the
starting point, and fails to get out. Pattern search is the most effective algorithm among the three,
requiring the fewest loops to find the global optimum and having the certainty to find it every
time. Other algorithms will be compared for the lossless case, including the Firefly algorithm, the
Ant Colony algorithm and the Particle Swarm algorithm. The best algorithm will be applied to the
multi-objective optimization in this dissertation.
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Graphical methods
Essentially there are two methods for broadband impedance matching based on graphics.
The most valuable tool is the Smith Chart, which was introduced in last section and has been
widely used since it was born. We can tell a great deal of information from the Smith Chart
besides the impedances, including the admittances, the reflection coefficient, and the lengths of
the transmission lines. A variation of the Smith Chart, known as the Carter Chart, shows lines of
the quality factor Q . The locus of impedances on the chart with equal Q is a circular arc that
passes through the open circuit and short circuit points, as shown in Figure 1-4.

Figure 1-4: Constant Q circles [32].
The Q factor is a dimensionless parameter that characterizes a resonator's bandwidth
relative to its center frequency. The Q of a series impedance network is the ratio of the reactance
to the resistance. High Q indicates a higher rate of relative energy stored in the tuning element
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impedance – in other words, a narrower frequency bandwidth. Glover [32] described a simple
broadband impedance matching design based on the Carter Chart. He selected the element values
to minimize all the Q factors. He plotted the Q = 5 circle and used a multi-element design to
keep the path within this Q circle to get a broadband design.

1.3.3 Some recent approaches

The Real Frequency Technique
The Real Frequency Technique is a new approach based on load characterization by
samples in real frequency so that no load model is required [33]. With no need of any
approximation of equivalent load impedance circuits, this technique directly works on the load's
actual measurement data. The numerical set-up of this technique’s optimization is always stable
and convergent. This is a practical and easy-to-use new technique that has aroused great interest
among researchers in recent years.
There are also three different approaches based on the Real Frequency Technique.
Cuthbert [34] performed two-step optimization on the back rational impedance of the matching
network, followed by a standard Gewertz procedure and a Darlington synthesis to get the element
values. Yarman and Fettweis [35] proposed an approach that obtains the back impedance of the
network directly in a form guaranteed to represent a physical low pass or band pass double-match
equalizer. The third approach is mapping the entire real frequency axis onto a unit circle, known
as a Wiener-Lee transform. The transducer power gain is then maximized over a pass band using
cosine coefficients constraints [36].
According to a comprehensive review by Newman [37], the Real Frequency Technique
requires non-unique operations with rational polynomial approximations and further extraction of
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equalizer parameters using the Darlington procedure. Moreover, a transformer is required to
match the obtained equalizer to the fixed generator resistance of 50 Ω .

H-infinity and Hyperbolic Geometry
The H-infinity approach is based on both the Real Frequency Technique and the
Graphical Methods. Although it does not provide a specific matching circuit, it gives engineers
the benchmark of the best possible matching performance. Therefore, it is a totally different
approach to both theoretical and numerical techniques in broadband impedance matching.
Helton [38] defined the single matching problem as a minimum distance problem in the
space of bounded, analytic functions, particularly in passive networks characterized by scattering
parameters. In the design of amplifiers, a series of load reflectance values measured at real
frequencies is normalized and marked on the Smith Chart. These data are then converted to
functions over the entire unit frequency circle, and then a simple matrix equation is formed by
using the Fourier coefficients and the truncated Toeplitz and Hankel infinite matrices.
However, successful implementations of Helton’s H-infinity theory did not come until 20
years later, when Allen, Healy [39], and Schwartz [40] got the result of the minimum-possible
mismatch for a physically realizable equalizer. They were also able to provide a gain-bandwidth
bound and the S22 but not the matching equalizer.
Without a doubt, J. C. Allen makes the greatest contribution in the development of the
application of H-infinity theory in broadband impedance matching. With his background as a
mathematician, he has several important publications regarding applying this theory into
amplifier optimization and wideband matching [30], [39], [41], [42]. In one of his books [41], he
states that the H-infinity theory computes the best possible performance over all possible lossless
matching circuits, and the mismatch can be plotted as a function of degree d. Compared with the
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typical engineering approach that optimizes component values for a specific circuit topology, the
H-infinity theory clearly draws a line with the best possible circuits, ending engineers’ blind
search for better matching circuits. Allen [43] also proposed the State-Space (SSIM) Method in
2008, which selects random starting points for the MATLAB optimizer “fmincon” and optimizes
over all possible matching circuits of a specified degree.

The Brute-force Technique
A primitive approach to find the optimal element values that give the widest frequency
band and gain can be found through the Brute-force Technique, or systematic search, with the aid
of computers. In a grid search, we take samples of each variable along a line interval at equal
subintervals, with each variable as a dimension. Then the objective function values are compared
to get the global minimum. For a given topology, this search method enables engineers to
determine the global optimum values inside the range of variables. However, the computing time
increases exponentially as the number of elements grows.
There are also other grid search approaches based on recursive least-squares [44] and a
mix of lumped and distributed network elements [45]. Various algorithms have been applied to
these approaches to reduce the computation time, including the regression, the recursive
stochastic identification equalization algorithm, the Powell's Lagrange multiplier algorithm, and
the Gauss-Newton minimizer.

The Metamaterial
Metamaterials became popular among physics and electromagnetic field communities
because of their artificially engineered properties. Their shape, size, orientation, geometry, and
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arrangement give them unique ways to affect electromagnetic wave propagation compared with
known materials found in nature.
Prof. Breakall proposed an antenna design using Spectrum Magnetics Magnetodielectric
Metamaterial for conformal antenna applications. As we know, the bow-tie antenna is one
antenna configuration with very wide bandwidth. When the bow-tie antenna is placed 0.1m above
the ground plane, the antenna will have a high gain around 10 dBi in the interested frequency
band. However, it will suffer from a high reflection loss: the VSWR is above 3 almost
everywhere in the interested bandwidth. After inserting a sample of Spectrum Magnetics
Magnetodielectric Metamaterial between the bow-tie antenna and the ground plane, the
unnecessary high gain is reduced to around 5 dBi. In return, the VSWR drops below 1.5 for most
of the bandwidth.
The effectiveness of metamaterial applications to broadband impedance matching can be
proved by the above example. Prof. Breakall used FEKO for the simulation of the above antenna
design, but the practical cost of building a working antenna would be unaffordable. Although
inserting metamaterial is a quick and easy way to achieve broadband impedance matching, the
cost and other factors are still the main disadvantages for commercial applications.
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1.4 Limits in impedance matching

1.4.1 Bode-Fano limits
In the 1930s-1950s, Bode and Fano published their works about the theoretical limits of
bandwidth that can be achieved [3], [11]. When Bode addressed this limit, considering a simple
load in a single matching problem, communication engineers were provided with a frequency
band bound for a given load. This is a tool used to compare the performance of a designed
impedance matching network with a certain bandwidth. This set up the basis for broadband
impedance matching. Later, Fano turned this impedance matching problem into a filter design
problem and worked with more general loads. Then the Bode-Fano limits, or the Bode-Fano
criteria, were addressed.

Figure 1-5: Circuits with simple reactive loads. a) Parallel RC load. b) Parallel RL load. c) Series
RL load. d) Series RC load.
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(a) Parallel RC load:

BW 1
π
≤
ω 0 Γ avg R(ω 0C)

(1-7)

(b) Parallel RL load:

BW 1
π (ω 0 L)
≤
ω 0 Γ avg
R

(1-8)

(c) Series RL load:

BW 1
πR
≤
ω 0 Γ avg (ω 0 L)

(d) Series RC load:

BW 1
≤ π R(ω 0C)
ω 0 Γ avg

(1-9)

(1-10)

Here, Γ is the reflection coefficient looking into the matching network. Γ avg is the
average absolute value of Γ(ω ) .

BW
is the fractional bandwidth of the matching network. To
ω0

state this simply, the Bode-Fano limits can be written in terms of reactance and susceptance:

BW 1
πG
≤
ω 0 Γ avg
B

(1-11)

BW 1
πR
≤
ω 0 Γ avg
X

(1-12)

where G is the load conductance, B is the load susceptance and X is the load reactance. This
can be written in terms of the load quality factor Q as follows:

BW 1
π
≤
ω 0 Γ avg Q

(1-13)

It can be seen from the above expressions that the more reactive energy that is stored in a
load, the narrower the bandwidth of a match. The higher Q is, the narrower the bandwidth of the
match for the same average in-band reflection coefficient. Accordingly, it will be much harder to
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design the matching network to achieve a specified matching bandwidth. Only when the load is
purely resistive can a match over all frequencies be found.
With lumped elements to construct the matching network, L and C elements can satisfy
the match over a finite bandwidth. With more L and C elements, the bandwidth can be
relatively increased because Q drops. In many approaches for broadband impedance matching,
the algorithm allows the designer to choose the topology of the matching network. For each
element position, there can be two L or C elements at most.

1.4.2 H-infinity theory
Schwartz and Allen [40] present the H-infinity method for computing the optimal
impedance matching attainable by any lossless coupling network. Unlike Fano’s bound, the Hinfinity bound does not need an analytic model of the load. However, because of the H-infinity
method’s highly nonlinear gain function and problems of initialization, descent, and termination,
it does not provide a specific circuit topology. Instead, the H-infinity WGO method computes the
optimal gain for a lossless coupling network from the largest singular value of a matrix
constructed directly from the sampled impedance data of the load. A solid mathematical
background is required to understand the method and to solve for the bound.
The Lp spaces, as parts of Lebesgue Spaces, are a kind of Banach space

a complete

normed vector space. An Lp space is the set of all measurable functions f , and the integral of
the p -th power of f ’s absolute value is finite. The definition of an Lp space can be written as
⎪⎧⎪
⎪⎪
⎪⎩

b

p

⎪⎫⎪
⎪⎪
⎪⎭

Lp (a,b) = ⎪⎨ f : ∫ f (t) dt <∞⎪⎬
a

(1-14)
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The Hardy spaces H p are sets of functions that are bounded and analytic in the open right
half of the complex plane, or Re(s) > 0 [46].

H p ={ f : f (s) is analytic in Re(s) > 0 and f

p

< ∞}

(1-15)

According to the Paley-Wiener Theorem, Lp [0,+∞) is isomorphic with H p .

H∞ (Re(s) > 0) is a subspace of L∞ ( jR) obtained by the pointwise limit h( jω) = lim σ→0 h(σ + jω)
that converges almost everywhere [39], [47]. The H∞ norm is defined as the maximum singular
value of the function over the H∞ space:
h

∞

= sup{| h( p) |: Re( p) > 0}

(1-16)

The closed unit ball of H∞ is denoted by Allen (2004) as

BH∞ ={p ∈ H∞ : p ∞ ≤1}

(1-17)

The collection of real H∞ functions is denoted as ℜH∞ , the bounded real functions are
in the set of ℜBH∞ . Under certain circumstances, the Hardy spaces have more desirable
properties than the Lebesgue spaces. Mapping Lp onto H p makes solving for the bound possible.
In our impedance matching problem, the goal is to maximize the transducer gain

GT = 1− M12 M 22 − NetworkLoss in Equation (1-4), where M12 and M 22 are the reflected power
looking from the source side and from the load side, respectively. Mathematically, we are trying
to find the two-port network N whose corresponding GT is the supremum among the collection
of GT .

sup{ GT (N , M1 ) Ω : N ∈ N 2 }

(1-18)
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where N 2 is a set of all the two-port networks’ scattering matrices, M1 is the reflectance looking
from the source side with load impedance Z L , and Ω is the frequency band we are interested in
for impedance matching.
For lossless two-port networks, the problem is equivalent to seeking the infimum of the
power mismatch [48] ΔP =1−GT .
Once mapped to the Hardy space, no matter what two-port network is used, the orbit of
the reflection M1 will fall into the unit circle, or from an RF engineer’s perspective, the Smith
Chart. Therefore, the search of inf{ΔP} over all two-port networks could be performed over the
closed unit ball ℜBH∞ . Mathematically speaking from [48],

ΔP∞ = inf{ΔP(N , M1 ) : N ∈ ℜBH∞}≤ inf{ΔP(N , M1 ) : N ∈ N 2 }

(1-19)

Theoretically, H∞ could be calculated from its definition. But it is too complicated. The

H∞ WGO method instead computes the infimum ΔP∞ based on Nehari’s Theorem, giving the
lower bound ΔP∞ on the power mismatch, and the upper bound GT∞ on the transducer gain. The
equivalence could be obtained when M1 is continuous and there is no reflection from the source
[48]. Other approaches of computing the H∞ norm involve the Hamiltonian matrix, the
reformulation of Riccati equation, and several simplifying assumptions. However, in order to
focus on the optimization approach of impedance matching, the calculation of H∞ norm will not
be discussed in this dissertation.
With the H-infinity bound acquired given the impedance file of the load antenna, we can
compare various matching techniques against an absolute standard independent of circuit
topology. Moreover, the bound allows us to explore the gain versus bandwidth tradeoffs that are
the key in lossy impedance matching.
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1.5 Motivation for lossy impedance matching using optimization algorithms
Looking over the short history, engineers have been searching for a “perfect” approach
for broadband impedance matching. Of course the “perfect” approach varies for different
applications, but ultimately, we want to find an inexpensive, quick, and effective method for
antenna design.
The goal for this dissertation is to generate a lossy impedance matching network with
only lumped elements by utilizing modern optimization techniques in MATLAB. Based on the
historical review in this chapter, researchers have proved that it is possible to get a tradeoff
between the gain and the bandwidth using lossy components in the matching networks. Moreover,
some optimization algorithms have been proved very effective in finding the global optimal
values for the network components. Once completed, this approach can be lightly modified to
apply to other specific antennas. Additionally, the cost for this approach will be the lowest, since
only lumped elements are used in the matching networks.
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1.6 Dissertation organization
This dissertation for the comprehensive exam is organized as follows:
In Chapter 2, the optimization algorithms used in the dissertation are introduced. The
main numerical platform used is MATLAB – specifically, a toolbox named Global Optimization
Toolbox. Then the multi-objective optimization problem is explained, since the lossy impedance
matching problem is one of the problems. The challenges of setting up the multi-objective
optimization problems are then listed and compared with the single-objective ones. The Pareto
front is then briefly discussed as providing the optimum solutions possible in the multi-objective
optimization problem.
As a start, Chapter 3 talks about optimization in lossless impedance matching. The basic
topologies – L network, T network and Pi network – are shown. Three algorithms in the Global
Optimization Toolbox – Pattern Search, Genetic Algorithm and Simulated Annealing Algorithm
– are used to get the optimum values of the elements in a specific topology. The results are
presented and compared.
Chapter 4 introduces the setup of the lossy impedance matching problem, emphasizing
the difference between the lossy problem and the lossless ones. Then four initial topologies are
listed, and the Pattern Search and the Simulated Annealing Algorithm are used to obtain the
optimum element values based on the optimized lossless network found in Chapter 2. The results
are compared using only the lossless matching networks and are commented upon.
In Chapter 5, the approach is applied to a low-profile bow-tie antenna. Close to the
ground plane, the antenna has bad reflection and very high gain. A lossless impedance matching
network will be optimized, and a lossy pad is used to trade in the gain for a better VSWR. Several
platforms are involved in this chapter: ADS, FEKO, Optenni Lab and MATLAB.
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Chapter 6 highlights the future work for the dissertation. First, more numerical platforms
with optimization options can be applied to the lossy impedance matching problem. The resulting
efficiency and convenience level of these options can then be compared. The bound of objectives
using any two-port network need to be generated with the H infinity method, to provide a
benchmark for the designs. More topologies need to be explored, including inserting the lossy
components into the lossless networks and performing optimization as a whole. Topologies with
more elements also need to be considered to lower the quality factor so that the bandwidth is
broadened. Additionally, the latest nature-inspired optimization algorithms can be applied to the
lossy impedance matching problem and compared with the traditional algorithms. The approach
with the best performance discovered in the dissertation can be applied to the low-profile bow-tie
antenna to compare that approach with the metamaterial insertion between the antenna and the
ground plane.
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Chapter 2

Optimization Algorithms in Impedance Matching
In this chapter and the following one, the numerical tool used is the Global Optimization
ToolboxTM in MATLAB. Over a broad interested frequency band, an antenna would present
different complex impedances at different frequencies. According to earlier work of Jing Jiang on
this topic with FEKO and [49], one single optimization process might take several hours to finish
on a computer with an Intel Pentium 4 Processor. It takes such a long time because at each
frequency point, FEKO would simulate the antenna as well as the matching circuit and then
perform the optimization. Maxwell’s equations are involved at every frequency point for the
electric field and magnetic field intensities. In this dissertation, the input is the complex
impedance values of the same dipole at different frequency points. The task for MATLAB
optimization is to find the minimum of a function at each impedance value. The electromagnetic
simulation in FEKO is turned into a minimum finding problem in MATLAB. Thus much time is
saved and more simulation repetitions are feasible. It only takes several minutes, even for the sixelement topology, to get the optimization result on a computer with an Intel Core i5 processor.
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2.1 Global Optimization Toolbox in MATLAB
According to MathWorks [50], the Optimization Toolbox™ provides widely used
algorithms for standard and large-scale optimization. One can use these algorithms to solve
optimization problems with or without constraints, and to solve both continuous and discrete
problems. The software provides functions for many kinds of problems, including nonlinear
optimization, systems of nonlinear equations, and multi-objective optimization. Therefore, the
toolbox is quite suitable for the impedance matching optimization problem we face in this
dissertation: to find optimal component values for a certain topology, and to analyze the tradeoff
between the gain and the bandwidth.
Here, this section will briefly introduce how easy it is to use the Optimization Toolbox.
Figure 2-1 shows the interface of the Optimization Toolbox. This toolbox can help define and
solve common optimization problems. For some algorithms it can monitor the solution progress
for the designer as well. After defining a certain optimization problem, the user can select a solver
accordingly. Selecting a solver is the most important step when dealing with an optimization
problem, which will be explained in detail in Section 2.2. It should be indicated that the interface
is slightly different when different solvers are selected. The objective function needs to be
provided to find the maximum or minimum or for curve fitting purposes. Then the starting points
or variables can be set. Below is the constraint setting. Optimization options and their default
values can be set in the right column. After running the program, the final results are clearly
presented, and the times of iterations are shown.
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Figure 2-1: The interface of the Optimization Toolbox when the solver is the Genetic Algorithm.
The toolbox makes it much quicker and easier to solve optimization problems. It can help
define and modify problems quickly, use the correct syntax for optimization functions, import
and export from the MATLAB workspace, and generate code containing the configuration for a
solver and options. One can also change parameters of an optimization during the execution of
certain Global Optimization Toolbox functions. With both Genetic Algorithm and Pattern Search
solvers, linear, nonlinear, and bound constraints are supported.
Above all the useful features for single optima optimization problems, the toolbox can
also solve multi-objective problems using the multi-objective genetic algorithm with Pareto-front
identification, including linear and bound constraints. The calculation time is reduced because the
toolbox supports parallel computing in a multi-start, genetic algorithm and pattern search solver.
In short, the Global Optimization Toolbox is quite suitable for the impedance matching
optimization problem.
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2.2 Global Optimization algorithms
Optimization can be used in the process of finding the point that minimizes a function. A
local minimum of a function is a point at which the function value is smaller than or equal to the
values at nearby points, but possibly greater than at a distant point. A global minimum is a point
at which the function value is smaller than or equal to the values at all other feasible points. There
is an Optimization ToolboxTM and a Global Optimization ToolboxTM among all the toolboxes in
MATLAB. Generally, the Optimization Toolbox solvers find a local optimum. In this dissertation,
we need to find the global minimum of a nonlinear function. Global Optimization Toolbox
solvers are designed to search through more than one basin of attraction. The solvers search in
different ways.
For ga (Genetic Algorithm), GlobalSearch, and MultiStart, a set of starting points is
generated as the first step. Then ga finds the optima by generating better points after several
iterations. The other two algorithms use a local server to find the optima around the starting
points.
simulannealbnd (Simulated Annealing) and patternsearch accept points that have a better
fitness than the others. The former is based on a random search, and sometimes accepts a worse
point to examine neighboring basins. The latter examines many basins simultaneously and then
accepts one of the points.
There is a sixth solver in the Global Optimization Toolbox named gamultiobj, which is
not used to find a minimum. Therefore, no more discussion about this solver is necessary.
Selecting a solver is based on problem characteristics and on the type of solution you
want. Table 2-1 illustrates the solver characteristics in the Global Optimization Toolbox. As the
problem of interest is definitely nonlinear and nonsmooth, we could choose simulannealbnd as
the solver. One consideration in this choice is that when looking for the global optimum, we
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could sacrifice a little time to get the optimized result. Referring to the Convergence column, it is
obvious that the solver simulannealbnd satisfies this need perfectly. On the other hand,
simulannealbnd cannot run in parallel, which will further slow down the solving process.
Moreover, with simulannealbnd the user has to manually supply the solver with start points.
Table 2-1: Solver characteristics in Global Optimization Toolbox
Solver

Convergence

Characteristics
Deterministic iterates;

GlobalSearch

Fast convergence to local optima for

Gradient-based;

smooth problems.

Automatic stochastic start points;
Removes many start points heuristically
Deterministic iterates;
Can run in parallel;
Gradient-based;

MultiStart

Fast convergence to local optima for
smooth problems.

Stochastic or deterministic start points, or
combination of both;
Automatic stochastic start points;
Runs all start points;
Choice of local solver: fmincon, fminunc,
lsqcurvefit, or lsqnonlin

Proven convergence to local

patternsearch

optimum, slower than gradientbased solvers.

Deterministic iterates;
Can run in parallel;
No gradients;
User-supplied start point
Stochastic iterates;
Can run in parallel;

ga

No convergence proof.

Population-based;
No gradients;
Automatic start population, or user-supplied
population, or combination of both

simulannealbnd

Proven to converge to global

Stochastic iterates; No gradients;

optimum for bounded problems

User-supplied start point;

with very slow cooling schedule.

Only bound constraints
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2.3 Multi-objective optimization problem
As briefly mentioned in Chapter 1, the lossy impedance matching problem trades
transducer power gain against reflected power. This loss insertion makes broadband matching
possible but may absorb much power that is desired at the load. Such multiple, conflicting
objective functions or design criteria of an engineering design problem make it a multi-objective
optimization problem. In our particular multi-objective problem of lossy impedance matching, we
have two objectives: a) maximize the power delivered to the load, and b) minimize the reflected
power.
Our multi-objective problem can be formulated as a Multiple Objective Nonlinear
Program (MONLP) [51] of the form:

! ! !
min J ( x, p)
! ! !

s.t. g( x, p) ≤ 0

! ! !
h( x, p) = 0
xi,LowerBound ≤ xi ≤ xi,UpperBound (i = 1,..., n)
!
!
!
J = [ J1 ( x) J 2 ( x) ]T

!
x = [x1 !xi !xn ]T
!
!
!
g = [ g1 ( x) " gm1 ( x) ]T
!
!
!
h = [ h1 ( x) " hm2 ( x) ]T
!

(2-1)

!

where J = [J1, J 2 ]T is an objective function vector, x is a design vector containing all the

!

!

variables that need to be optimized, p is a vector of fixed parameters, g is an inequality

!

constraint vector and h is an equality constraint vector. Specifically, we have two objectives, J1
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and J 2 : J1 is proportional to the delivered power, and J 2 is proportional to the reflected power.
Generally, we want to minimize all the objectives in an optimization problem, so we can let J1
equal -1 multiplying the delivered power and let J 2 equal 1 multiplying the reflected power. We
have n variables for the impedances of n lumped components in our matching network, which
are positive for resistors and inductors and negative for capacitors. We also have a reasonable

!

range for the element values, which is bounded by the constraints g .
The most popular way of solving multi-objective optimization problems is to transform a
vector problem into a series of scalar problems – in other words, to convert the multiple
objectives into one single objective. Our problem can be transformed into the form:
2

λi
Ji
i−1 sfi

min J = ∑

(2-2)

where J is a weighted sum of the multiple objectives, and sfi and λi are the scale factor and
weight of the i -th objective, respectively. When an appropriate set of solutions is obtained by the
single-objective optimizations, the solutions can approximate a Pareto front in the objective space
when we have two objectives.
With more objectives, the solution is called a Pareto surface. Actually, optimization
problems with three or more objectives are also popular in antenna designs. For example, we can
perform optimization algorithms on a Yagi antenna to get the following three objectives [52]:
maximize the minimum gain over the whole frequency band; minimize the maximum side lobe
level over the band; and minimize the maximum VSWR over the whole band.
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2.4 The Pareto front
The Pareto front was first introduced as a concept of non-inferior solutions in the context
of economics [53]. It was not applied to the fields of engineering and science until the 1970s.

!

!

Following the notations in Section 2.4, an element x * in x is called a feasible solution, or a

!

! !

!

feasible decision. A vector z * = J ( x * ) for a feasible solution x * is called an objective vector, or
an outcome. In multi-objective optimization problems, a feasible solution that minimizes all
objectives simultaneously does not typically exist. Therefore, we focus on the Pareto optimal
solutions, which are defined as the series of solutions that cannot be improved in any of the
objectives without degrading at least one of the other objectives. The corresponding set of Pareto
outcomes is called the Pareto front.
A traditional method used to generate the Pareto front is the weighted-sum method. The
objective function to be minimized using this method can be demonstrated by the following
equation:

!
!
J1 ( x)
J 2 ( x)
min λ
! + (1− λ )
!
sf1,0 ( x)
sf2,0 ( x)

!

!

s.t. h( x) = 0 and g( x) ≤ 0
and λ ∈ [0,1]

(2-3)

Where J1 and J 2 are two objective functions to be mutually minimized. J1 = delivered
power, and J 2 = -reflected power. sf1,0 and sf2,0 are normalization factors for J1 and J 2 ,
respectively. λ is the weighting factor that reveals the relative importance between J1 and J 2 .
The weighted-sum method is simple to understand and easy to implement. It is the most
popular method used to generate the Pareto front. However, this method suffers from two main
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drawbacks. First, the solutions are often not uniformly distributed with even distributed weights
among objective functions. Second, this method cannot find solutions that lie in non-convex
regions of the Pareto front.
Kim and Weck [51] proposed the adaptive weighted-sum (AWS) approach based on the
weighted-sum method, where the weights are not predetermined but evolve according to the
nature of the Pareto front of the problem. The weight step delta lambda gets smaller as the
solution is refined as needed.
Many other approaches regarding generating the Pareto front have been developed over
the years, including the epsilon-constraint method [54], the physical programming method [55],
the normal constraint method [56] and the normal boundary intersection [57]. In this dissertation,
the AWS will be adopted to generate the Pareto front since it is the improved version of the most
popular weighted-sum method.
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Chapter 3

Lossless Impedance Matching

3.1 Defining an optimization problem in lossless network matching
In this approach of impedance matching using MATLAB, the designer is allowed to
choose a topology, and then all possible networks in this topology are listed. For each network,
the optimized lumped-element values are plugged in to get the bandwidth, and the network with
the widest bandwidth is stored. Here each network needs one optimization.
In a fixed-topology impedance matching problem, the goal is to find the lumped-element
values necessary to make the bandwidth of a certain antenna widest. The bandwidth is determined
by the range where the VSWR (Voltage Standing Wave Ratio) is below 2:1. Therefore, the
maximum of the VSWR over the interested bandwidth needs to be minimized. Here we get our
objective function for this optimization problem: the expression of the VSWR. As in Figure 3-1,
we will take the simplest L network as an example.

Figure 3-1: An L network where a capacitor is in shunt with the load and then in series with an
inductor.
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3.1.1 Writing the objective function
The input impedance Zin looking from the source side is
Zin = Z L + ZC / /Z load

With Z L = jω L and ZC =

1
, we get
jωC
1
⋅ Zload
jωC
Zin = jω L +
1
+ Zload
jωC

(3-2)

Zload
1+ jωCZload

(3-3)

Zin = jω L +
The reflection coefficient

(3-1)

Γ is
Γ=

Zin − Z source
Zin + Z source

Zload
− Z source
1+ jωCZload
Γ=
Zload
jω L +
+ Z source
1+ jωCZload

(3-4)

jω L +

Γ=

jω L(1+ jωCZload ) + Zload − Z source (1+ jωCZload )
jω L(1+ jωCZload ) + Zload + Z source (1+ jωCZload )

(3-5)

(3-6)

The Voltage Standing Wave Ratio is

VSWR =

Vmax 1+ Γ
=
Vmin 1− Γ

Thus the objective function is max (VSWR).

(3-7)
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3.1.2 Writing constraints
There are generally four types of constraints in the toolbox, as showed in Table 3-1. In
impedance matching design using lumped-elements, the constraints are relatively simple. We
choose lower and upper bounds for individual elements.
Table 3-1: Types of constraints in Global Optimization Toolbox
Type

Description

Bound Constraints

x ≥ l and x ≤ b

Linear Inequality Constraints

A⋅ x ≤ b

Linear Equality Constrains

Aeq ⋅ x = beq

Nonlinear Constraints

c(x) ≤ 0 and ceq(x) = 0

Considering that common values for inductors and capacitors are quite small (in 10 −12
~ 10 −9 order of magnitude), we use values of capacitive reactance XC and inductive reactance X L
instead of values of capacitance C and inductance L. For example, at the frequency of 3.7MHz, C,
L and their corresponding reactance are shown in Table 3-2. Considering typical values of L and
C used in an impedance matching network in a given frequency band, a reactance range from 1 Ω
to 1000 Ω could cover most possible values of L and C.
Table 3-2: Capacitance, inductance and corresponding reactance values at 3.7MHz
C/pF

43010

430.1

43.01

L/nH

43.01

4301

43010

X/ Ω

1

100

1000
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3.1.3 Setting options and passing parameters
We are interested in options that directly affect optimization results. Therefore, two
groups of options need to be studied: tolerance and stopping criteria. The options related to
tolerance include TolFun and TolX, both of whose default values are set at 1e-4. The options
related to stopping criteria include MaxFunEvals and MaxIter, with default values of 500. Since
input X and function value VSWR are both in a range greater than 1, 1e-4 could meet the
accuracy demand perfectly. However, we need to increase stopping criteria to larger values, like
2000, to avoid stopping the program before the optimized L and C values are found. For
everything else, the default values are adopted.
The Objective Function Equation (3-7) has three variables: ω , L and C. The load
impedance Z load is determined by the frequency and therefore can be seen as one variable with ω .
What needs to be optimized in the objective function are L and C values, instead of all variables.
In this situation, an anonymous handle is needed to pass the objective function to the optimization
solvers. A function handle is thus used to call functions indirectly. Putting L and C in one vector
x, we can write the handle as:

handle = @(x)Objective _ Function(x, omega)
where omega stands for the variable we do not want to optimize.

40
3.2 Topologies
When impedance matching is performed between two resistive levels, the network could
be simple. An ideal transformer, shown in Figure 3-2, is the most straightforward way to match
two resistances. The constitutive relations of this ideal transformer are:

V1 = nV2
and I1 = −

1
I2
n

(3-8)

(3-9)

We could get the matching relations between the resistances:

Rin =

V1
V
= −n 2 2 = n 2 RL
I1
I2

(3-10)

where n is the winding ratio of the transformer.

Figure 3-2: An ideal transformer.
In real life, most impedance matching problems are about complex loads such as
transistors, mixers and antennas. Lumped elements are used to transform one complex impedance
to another. The reactive elements – capacitors and inductors – have different performances when
connected in different ways: in shunt or in series.
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Considering the real part of the impedances, when connected in series, a reactive element
can transform a smaller resistance up to a larger value. When connected in shunt, a larger
resistance is transformed to a smaller one. Adding a reactive element in shunt will resonate the
imaginary part, and one in series will cancel the imaginary part. All these conclusions could be
deduced from basic circuit laws; therefore, the steps are omitted here.
Overall, the majority of impedance matching designs fall into some basic topologies. The
most popular ones include the L network, the T network, and the Pi network, as shown Figure 3-3
a-d.

Figure 3-3: Basic impedance matching topologies.
a) L network topology for Rsource < Rload ; b) L network topology for Rsource > Rload ;
c) T network topology; d) Pi network topology
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3.2.1 The L network
Theoretically, at a single frequency, we could match any two impedance values by using
only two reactive elements. Every L network consists of one inductor and one capacitor, one in
shunt and the other in series. There are two configurations for the two scenarios comparing the
resistive part of the source and load impedances, as shown in Figure 3-3 (a) and (b). However, the
designer does not have a choice of circuit quality factor Q when using the L network, making the
bandwidth quite narrow.
Absorption and resonance are two basic approaches when it comes to complex load
values. Through absorption, the network could eliminate any stray reactance by careful placement
of each matching element. Through resonance, at the interested frequency, the stray reactance can
be resonated by an equal and opposite reactance. Most impedance matching designs are certain
combinations of resonance and absorption. However, if the stray reactance value in the network is
larger than the element value calculated, then absorption cannot be used. Instead, resonance and
absorption must be used together.

3.2.2 The T network
Introducing a third element into the L matching network provides the designer with more
freedom to adjust Q. However, this method is still only popular for narrowband applications. We
have two topologies using three elements, T and Pi. In specific designing, the topology chosen
depends on the realization constraints and the reactive parts of the source and load impedances.
Absorption or resonance could be selected to cancel out the reactive part of those impedances.
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A T network can be thought of as two L networks with a virtual resistance RV between
the parallel legs of them, as shown in Figure 3-4. RV should be selected greater than the
maximum of Rsource and Rload , and the relationship between RV and Q is

Q=

RV
min(Rsource, Rload )

−1

(3-11)

In order to get larger bandwidth, we could choose a small Q value. RV could then be
calculated. Then the design approach used in an L network could be adopted twice, for the left
part and right part of a T network, respectively. In this way, we can get four final design plans.

Figure 3-4: T network as two back-to-back L networks with a virtual resistance in between.

3.2.3 The Pi network
We could think of the Pi network as two L networks with a virtual resistance RV placed
in the middle, as shown in Figure 3-5. The process of designing a Pi network can be done
accordingly: first design the left L network, then design the right L network. Select a RV value
smaller than the minimum of Rsource and Rload because it is connected to the series leg of both L
networks.
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The circuit Q is Q =

max(Rsource, Rload )
−1 . Therefore, we could control the
RV

bandwidth by choosing the value of RV . With a larger RV value, the bandwidth could be
expanded. In other words, we could choose a relatively small Q to get a large available
bandwidth. The above equation can be used to get the value of RV .

Figure 3-5: Pi network as two back-to-back L networks with a virtual resistance in between.
In both T network design and Pi network design using the L network approach, multiple
matching designs are possible. The specific final choice of the possible realizations depends on
application factors. For example, the application may require passing or blocking DC current or
eliminating stray reactances.

3.2.4 Networks with more elements
If the load contains a nonzero reactance part, it will store some energy. Thus the
bandwidth would be limited to a certain extent. If resonance and absorption are used in
impedance matching, we could easily get a narrow bandwidth solution. Sufficient bandwidth is
often the ultimate goal in impedance matching; therefore, we need to minimize the total stored
energy. According to textbooks, “Roughly the total energy stored will be proportional to the sum
of the magnitudes of the reactances in the circuit” [58]. We can expand the bandwidth by
incorporating the load reactance into the matching network. Thus the choice of an appropriate
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matching network is crucial. There is an observation that for a complex load modeled as a series
resistance and reactance, the energy stored is proportional to the reactance value, and the energy
delivered to the load is proportional to the resistance [3].
We could conclude from the above that although more elements could make sure all stray
reactances are absorbed or resonated, too many matching elements cannot guarantee a large
bandwidth. Therefore, we only cover the L network, T network, and Pi network topologies in this
dissertation. If in the future any designs are based on this impedance matching approach, which is
based on MATLAB, the transition would be simple. If not, the maximum number of elements per
topology block being 2, a Pi network could contain 6 elements at most. With this many elements,
we could say the balance point of bandwidth and matching has already been passed.
Cascading simple networks like L networks or T networks could generate topologies with
more elements. But two or more adjacent elements with the same signs of reactance could be
replaced by one element. For example, a 3nH inductor and a 44nH inductor in series can be
replaced by a 47nH inductor; similarly, a 1pF capacitor and a 4pF capacitor in parallel can be
replaced by a 5pF capacitor. Therefore, when constructing cascaded networks, these situations
should be avoided. Obviously, the back-to-back configuration design should be passed over. Two
or more series-connected L networks can instead be used for broadband impedance matching, as
shown in Figure 3-6.

Figure 3-6: Cascaded L networks.
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Designing cascaded L networks still requires virtual resistors. Every RV should be
chosen between Rsource and RL . For example, when we design a network with two cascaded L
networks, we can get Q s for them:

Q1 =

and Q2 =

RV
min(Rsource, Rload )

−1

max(Rsource, Rload )
−1
RV

(3-12)

(3-13)

When Q is at its minimum, the bandwidth could be at its maximum. In this case, the
minimum of Q is

Q1 = Q2 =

RV
min(Rsource, Rload )

−1 =

max(Rsource, Rload )
−1
RV

(3-14)

RV = Rload Rsource gives the widest frequency band. The rest of this design could refer to
T or Pi network design steps.
When more than two L networks are cascaded, even wider bandwidth could be obtained.
Similarly, we have

Rsource < RV1 < RV 2 ... < RVn−1 < Rload

(3-15)

To get the optimum bandwidth,

RV
R
R
R
= V 2 = V 3 = ... = load
Rsource RV1 RV 2
RVn−1

(3-16)

RV1
RV 2
Rload
−1 =
−1 = ⋅⋅⋅ =
−1
Rsource
RV1
RVn−1

(3-17)

Q is given by

Q=
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We cannot use a very large number of elements to realize “perfect” broadband matching
in order to avoid the overfitting problem [30]. Theoretically, for a finite number of real frequency
impedances, lossless matching circuits cannot also realize perfect matching, i.e., VSWR=1 at
these frequency points. But between the sample points, the match cannot be optimal.
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3.3 Solver selection
Three solvers from the list of solvers in the Global Optimization Toolbox are chosen to
be compared for the impedance matching problem: ga, simulannealbnd and patternsearch. They
are more suitable for finding the minimum of a nonlinear objective function.
First, unlike simulannealbnd and patternsearch, ga does not require starting points.
Solver ga is better in this case, and inputting starting points by hand is not too much work, either.
Second, we can evaluate iteration and gradients by the iteration times it costs to find the optimum,
which can be presented after running the optimizer. Comparing the three algorithms, we find all
of them require only a few seconds to run at most, and the iteration times are several thousand.
From this perspective, all three algorithms are adequate. Finally, we could evaluate the
convergence of simulannealbnd and patternsearch by running them multiple times and
comparing the results.
At 3.7 MHz, we are matching a 100 Ω load to a 50 Ω source. An L network with a
capacitor in parallel with the load is adopted as the matching network. Lower bounds and upper
bounds for the lumped-elements reactance values are 1 Ω and 1000 Ω . Basic start settings for
the two algorithms are as follows. For simulannealbnd and patternsearch, the start point is set at
the middle: [500 500] Ω ; for ga, the number of variables is set as 2. The related MATLAB codes
can be found in Appendix B.
Here each algorithm is run 10 times to find the L and C values required to get the
minimum VSWR of L network. The results are presented in Table 3-3. We could compare the
results with the Impedance Matching Network Designer, which is L = 2151nH, C = 430.1pF.
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Table 3-3: Optimizer results to compare between ga and simulannealbnd

No.

patternsearch

simulannealbnd

ga

L/nH

C/pF

VSWR

L/nH

C/pF

VSWR

L/nH

C/pF

VSWR

1

2151

430.1

1.00

629.4

57.41

1.96

6904

83.40

6.46

2

2151

430.1

1.00

2150

430.1

1.00

2698

435.6

1.29

3

2151

430.1

1.00

945.0

93.62

1.91

3949

134.2

2.91

4

2151

430.1

1.00

2149

425.6

1.02

3368

111.5

2.65

5

2151

430.1

1.00

2181

383.9

1.11

8194

203.3

7.76

6

2151

430.1

1.00

981.7

105.9

1.89

865.3

90.41

1.91

7

2151

430.1

1.00

2148

429.6

1.00

1882

210.9

1.62

8

2151

430.1

1.00

2172

434.0

1.01

1551

230.2

1.57

9

2151

430.1

1.00

1108

165.7

1.76

1692

227.1

1.56

10

2151

430.1

1.00

2135

428.5

1.01

2249

123.8

2.04

Iterates

42

2695

1040

VSWR

1.00

1.367

2.98

From the above table, we can see that with patternsearch we could get the right values
every time, with a perfectly matched VSWR=1.00. With simulannealbnd, the VSWR stays below
2, which is relatively stable. About 50% of the time, we could get correct results with
simulannealbnd. But with ga, the VSWR jumps from 1.29 to more than 7, with an average of
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2.98. If we use the L and C optimized by ga, there is a good chance that we will get a poorly
performing matching network.
From the iterates perspective, there is no doubt patternsearch works the best, with only
42 iterations, much less than the other two. Although it took ga 1040 iterations to get the result,
simulannealbnd can get to a much more accurate result in about twice the time. We can then say
that patternsearch is the best choice in this problem, and simulannealbnd has a much better
convergence characteristic than ga does. No matter whether we care more about accuracy or time
here, we will select patternsearch as the solver. We can also use ga or simulannealbnd if we run
the algorithm many times, then compare the results and pick the best result.

51

3.4 Results and analysis

3.4.1 Optimization procedure
Since the space is limited, the optimization results for only one topology are presented for
the lossless matching simulations: one configuration of the Pi network, as shown in Figure 3-7.
We call it Pi-3 network, referring to [31].

Figure 3-7: Pi3 network.
The procedure of the optimizer is as follows:
a) Import the antenna impedance file.
b) Give the starting points when using patternsearch or simulannealbnd; give the number
of variables when using ga as the solver. The starting point is in Ω , which stands for
the value of the reactance of the lumped element.
c) Set lower and upper bounds for each element.
d) Calculate L and C start values based on the center frequency. Get the maximum of
VSWR over all frequencies; then the chosen solver is used to minimize this maximum.
e) Calculate L and C values from the reactance values result of step (d).
f) Get the maximum of VSWR over all frequencies based on (e) results.
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g) Store the maximum of VSWR, L and C values for later comparison.
Now we have a set of maximum VSWR values stored, together with their bandwidth, L
and C values, and their network structure. Their VSWR maximums could now be used to
represent their matching performance. Then we compare all VSWR maximums and find the
minimum among them. This network is chosen as the final best design in this topology. Then the
output is displayed with the L and C values, the network structure and the VSWR-frequency plot.
MATLAB codes for above program and related functions of the Pi3 network are attached
in Appendix C. The solver patternsearch is used in this program.

3.4.2 Simulation using optimizers running one time
MATLAB codes are written for using solvers patternsearch, ga and simulannealbnd,
respectively. The codes for the Pi3 network using patternsearch are attached in Appendix C.
Codes for the other two solvers can be generated by switching “patternsearch” to “ga” or
“simulannealbnd”; therefore, these codes will not be displayed.
Here, we are trying to find the optimized values of L and C for the Pi3 network to get the
widest possible frequency band matching of the antenna to a 50 Ω transmission line. The
frequency-impedance file of the 80-meter dipole antenna is given in Appendix A.
Before starting the simulation, we need some criteria to decide whether the result is good
enough. Bandwidth is the main goal in impedance matching. Bandwidth can be calculated from
Equation 3-18.

BW =

fhigh − flow
fhigh ⋅ flow

(3-18)
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Here, fhigh and flow refer to the high and low frequencies where the VSWR equals 2.
With Equation 3-18, we can calculate the bandwidth before matching. Simulation results
show that f high = 3.74 MHz , and

flow = 3.61MHz .
BW =

3.74 − 3.61
0.13
=
= 3.4%
3.74 ⋅ 3.61 3.6744

Besides this calculation, a set of optimized L and C values for the Pi3 network are
provided by Prof. James K. Breakall, based on a FORTRAN code NECOPT [23][24], GNEC and
FEKO:

⎧⎪ C = 3706pF
⎪⎪ 1
⎪⎪
⎨ C2 = 6626pF
⎪⎪
⎪⎪ L = 745.3nH
⎪⎩

(3-19)

To compare with MATLAB results, the values above are turned into Ohms:

! XC1= 11.6
#
" XC 2 = 6.5
# X = 17.3
$ L

(3-20)

With these start values, Figure 3-8 shows the VSWR-frequency result. It can be seen that
over all of this frequency band, the VSWR is below 2, giving the largest bandwidth one can get,
which is 12.9%.
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Figure 3-8: VSWR over 3.5-3.85 MHz with C1=3706pF, C2=6626pF, L=745.3nH
Since optimizers can give quite different answers with different starting values, two sets
of results are presented: one with starting values quite close to values in Equation (3-20) [10 5 15];
the other with starting values in the middle of the whole searching range [500 500 500]. When
using solver ga, the starting point has no effect on results. The VSWR plots are listed below in
Figure 3-9 to Figure 3-11. The L and C values are shown in Table 3-4. The plots generated with
start point [500 500 500] are not listed since they cannot give desirable bandwidth.
Table 3-4: L and C value results given by optimizers
Solver

patternsearch

ga

simulannealbnd

Start point/ Ω

[10 5 15]

[500 500 500]

N/A

[10 5 15]

[500 500 500]

C1/pF

4115

344.1

43.31

4331

69.43

C2/pF

7874

1083

523.2

8662

4322

L/nH

682.8

3638

6906

649.6

2393

Max(VSWR)

1.34

2.04

4.18

1.49

5.46

Time used/s

0.51

1.20

1.37

1.43

3.56
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Figure 3-9: VSWR over 3.5-3.85 MHz with start point [10 5 15] using patternsearch.

Figure 3-10: VSWR over 3.5-3.85 MHz using ga (both starting points).
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Figure 3-11: VSWR over 3.5-3.85 MHz with start point [10 5 15] using simulannealbnd.

3.4.3 Loop optimizers
It is found that running one solver over and over again could give many different results.
Meanwhile, starting point selection is crucial to the result. In order to get the largest bandwidth
possible in a limited amount of time, the optimizer is placed in a loop. Every time the loop is run,
a random starting point is generated. After running many times, all results are compared, and the
one with the smallest VSWR is chosen as the final result. The MATLAB codes for loop
optimization of the Pi3 network are in Appendix E. The optimizer is run 100 times and 5000
times using patternsearch and simulannealbnd, respectively, to compare these two solvers for
performance in loops. The L and C values are shown in Table 3-5, and VSWR plots after running
5000 times are listed below in Figure 3-12 and Figure 3-13. The bandwidth in Figure 3-13 can be
calculated as 15.0%.
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Table 3-5: L and C value results given by loop optimizers
Solver

patternsearch

simulannealbnd

Loops

100

5000

100

5000

C1/pF

608.5

857.4

1690

2910

C2/pF

1494

1618

3526

5342

L/nH

3028

2645

1520

960.3

1.97

1.90

1.71

1.39

20.7s

17.5mins

4mins

3.6 hours

Max(VSWR)
3.5-3.85 MHz
Time

Figure 3-12: VSWR over 3.5-3.85 MHz with 5000 loops using patternsearch.
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Figure 3-13: VSWR over 3.5-3.85 MHz with 5000 loops using simulannealbnd.

3.4.4 Direct search
Since the brute-force method guarantees finding the global minimum, the same matching
problem is solved using the direct search over a much smaller range. The corresponding
MATLAB codes can be found in Appendix F. With the given optimized values [11.6 6.5 17.3] Ω ,
the bound is set as [1, 20] for each element. This range is divided into 500 linearly spaced points.
There are altogether 500 3 sets of values. With every set of values, the VSWR is calculated over
the frequency, and the maximum VSWR is stored. After calculation, all these maximums are
compared, and the minimum of them is picked, along with corresponding L and C values. This is
taken as the final result, as shown in Figure 3-14, with a bandwidth of 12.0%. It costs about 6
hours to finish running this program, and the optimized values are as follows:

59

⎪⎧⎪ C = 4086pF
⎪⎪ 1
⎪⎨ C = 7830pF
⎪⎪ 2
⎪⎪ L = 686.4nH
⎪⎩

Figure 3-14: VSWR over 3.5-3.85 MHz using Direct Search.
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3.4.5 Result analysis

Comparing between solvers
Comparing Figure 3-9 - Figure 3-11 with Figure 3-12 - Figure 3-13, clearly optimization
with loops works much better than single optimization. When given start points very close to the
known solution, both simulannealbnd and patternsearch can find good global optimums easily.
Solver ga does not work with any starting points and therefore cannot give satisfying results in
this case.
However, it is impossible and meaningless to expect solutions with close starting points
prepared for every network. Instead, optimization results with randomly generated start points
make more sense. From this perspective, when time is not considered as an essential factor, loop
optimization should be adopted for the impedance matching network design, with as many loops
as possible.
Theoretically, we are looking for L and C values for the largest bandwidth; however, time
cost in this case could be very disappointing. Industry designers always want to find the balance
between time and accuracy. It takes simulannealbnd 3.6 hours to run 5000 loops. Comparing
between the results of 100 loops and 5000 loops using simulannealbnd, we can see it is worthy to
sacrifice several hours to get a significant bandwidth increase. This results in even better
bandwidth than the values found using the FORTRAN code NECOPT and GNEC. Therefore, it is
reasonable to adopt the simulannealbnd optimization with 5000 loops as the final design.
Comparing between solvers, we can see patternsearch converges much faster than
simulannealbnd. But as the number of loops increases, patternsearch fails to give a result as
optimized as simulannealbnd does. In the L network where the nonlinear objective function is
smooth, however, patternsearch can get accurate optimized design results every time, with much
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less time spent. In conclusion, we could adopt patternsearch as the solver for 2-element matching
network design and adopt simulannealbnd with a large number of loops for 3-and-more-element
matching network design.

Compare with Direct Search
The bandwidth is given by Equation 3-18.

BWVSWR≤2 =

3.90−3.46
=12.0%
3.90⋅3.46

The bandwidth with a VSWR 1.5:1 can also be given by:

BWVSWR≤1.5 =

3.85−3.50
= 9.5%
3.85⋅3.50

This result for VSWR 2:1 is not as good as the bandwidth found by running
simulannealbnd with 500 loops, which is 14.4%. The result for VSWR 1.5:1 is better than
running simulannealbnd with 500 loops but not as good as running simulannealbnd with 1000
loops, which is 12.0%.
With 15 frequency points, the Direct Search needs to calculate 500 3 ×15 times.
Compared to the several thousand times required when using optimization algorithms, this search
will take much longer time to run. It can be imagined that without given optimized values, we
might have to run the search in a larger range [1, 1000]. If we want to set the step of the grid at
0.1, we need 10000 3 ×15 calculations. Approximately, the running time is proportional to
calculation times; so we can calculate that the time needed to run the Direct Search program over
[1, 1000] is about 48000 hours, which is 2000 days.
In conclusion, it is obvious that simulannealbnd with loops is the best way to find an
optimized matching network with a large bandwidth when the topology has more than 3 elements
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to be decided. The designer can get the largest bandwidth possible within 20 minutes when
matching a Pi3 network. It is also easy to transit into networks other than the Pi3 network by
simply calling VSWR functions of the network one is interested in and changing the number of
variables.

Tolerance analysis
With the range given above, the capacitor values are optimized to 1pF, and the inductor
values are optimized to 0.1nH. However, it is difficult, or at least costly, to find the component
with accurate values. It is necessary to understand how a small difference in component values
would affect the VSWR, or further, the bandwidth. Here we analyze the worst-case tolerance of
one component while keeping the other two ideal.
For example, considering the optimized values after running simulannealbnd for 5000
loops, we will examine the VSWR curved when the tolerance for each element is ±10% . The
range covered is listed in Table 3-6. Figure 3-15 examines the tolerance of capacitor C1 , while C2
and L using exact values. For each element, 21 values for C1 are selected linearly between
±10% . The corresponding 21 curves are plotted, and the shaded region they cover shows the

tolerance’s effect on VSWR. Similarly, Figure 3-16 and Figure 3-17 examine the effect of C2 ’s
tolerance and L ’s tolerance, respectively.
Table 3-6: Tolerance analysis range
Component

Exact Value

-10%

+10%

C1/pF

2910

2619

3201

C2/pF

5342

4807.8

5876.2

L/nH

960.3

864.3

1056.3
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Figure 3-15: VSWR variation when C1 value is ±10% .

Figure 3-16: VSWR variation when C2 value is ±10% .
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Figure 3-17: VSWR variation when L value is ±10% .
From Figure 3-15 through Figure 3-17, we can see that ±10% in capacitor values does
not ruin the optimized matching network. The system is more sensitive due to the change in the
inductor value, but the bandwidth change is still acceptable. In other words, the global optima
found by this algorithm are quite stable. Specifically, the C1 tolerance makes the bandwidth
fluctuate between 13.41% and 14.96%; the C2 tolerance results in 14.05% and 15.17% in
bandwidth range. The L tolerance causes wider bandwidth shift, from 12.3% to 14.96%. All
bandwidth are calculated using Equation (3-18). The minimum frequency is considered to be
3.4MHz and the maximum 4.0MHz, even when the actual frequency point that makes VSWR<2
is less or greater. Therefore, the upper limit of the bandwidth might be underestimated.
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3.5 Evaluation of RF optimization softwares
In order to correctly evaluate the significance of the MATLAB approach in solving
broadband impedance matching problems, we take two other sophisticated software packages
with

optimization features to solve the same problem: Optenni Lab and Advanced Design

System. Brief steps are presented; the results are discussed and compared with the MATLAB
approach.

3.5.1 Optenni Lab
Optenni Lab [59] is a matching circuit optimization software from Finland. It claims to
be capable to solve all RF matching problems including the optimization of broadband matching
circuits for antennas. A free 30-day license can be acquired for evaluation. Here we use Optenni
Lab to optimize a broadband three-element matching circuit over [3.5MHz, 3.85MHz] for the
same 80-meter half wave dipole antenna we have been discussing.
To start with, the touchstone file (.s1p) for the dipole can be dragged and dropped into the
Optenni Lab window. The software automatically reads the data and plots the S11 of the antenna.
It could also easily be switched into other plots, like VSWR or Smith Chart.
Then, on the menu bar, we can find the “Analyze” button, whose drop down list includes
the “Matching Circuit Generation” option. Here, the frequency band is set as [3.5MHz, 3.85MHz].
A very important option here is the “Target level for efficiency (in dB)”, as shown in Figure 3-18.
In order to compare with the lossless Pi3 network results, the number of components in the
“Topology” card is set as three, and the “Losses” is set as zero. With different settings, a Q factor
could be set for the capacitors, and a series resistance could be added to the inductors. Some
other settings include limits and component value tolerances, which are easy to apply and adjust.
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However, because differences in component values of ±10% do not significantly affect the
studied system, we will not discuss these program settings further here.

Figure 3-18: Optenni Lab interface: Target level set up.
Antenna efficiency is defined as the ratio of radiated power to the input power:

e=

Prad
Pinput

(3-21)

Therefore, 0dB, or 100% efficiency means all the input power is radiated. -10dB means
10% of the input power is radiated. Here, we set three efficiency levels: 0dB, -5dB and -15dB.
Each time the optimizer finishes in seconds, presenting six matching circuits and corresponding
VSWR curves, as shown in Figure 3-19 (a)-(c). The circuit topologies are different for each run,
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including T networks, Pi networks and some long L networks. A long L network has a capacitor
and an inductor in series in one of the two arms. Optenni Lab likely presents the long L circuits as
an option because the number of components is set as three.

(a)
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(b)

(c)
Figure 3-19: Optenni Lab optimization results: Target efficiency is (a) 0dB; (b) -5dB; (c) -15dB.
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We can see from Figure 3-19 that changing the target efficiency level definitely affects
the optimization, even the topologies. In the 18 result curves, only one guarantees a VSWR below
2 for the whole band 3.5MHz to 3.85MHz. The circuit of the successful match is shown in Figure
3-19, with the bandwidth calculated as 10.6%.
In conclusion, as a mature commercial antenna optimization software, Optenni Lab is
quite user-friendly, and the optimization process is very fast. Options like losses, number of
components and tolerance can be applied and adjusted quickly and easily. The software can also
be used to quickly focus on some topologies that might provide wideband matching. However,
compared with the optimization approach in this dissertation, Optenni Lab is less effective and
more expensive. Since the Optenni Lab is not specifically optimized to solve the broadband
matching problem, the designer can only tweak the parameters and hope to find a circuit that is
good enough for his or her bandwidth needs. There is no guarantee that one can find the global
optimum using this approach.

3.5.2 Advanced Design System
Advanced Design System (ADS) 2015.01 is an electronic design automation software
that has an optimization tool built-in [60]. Here we construct a lossless Pi3 network and run the
optimizer, comparing the results with the MATLAB ones.
First, the Pi3 circuit is built, connected to a 50 Ω termination as the source and the same
touchstone (.s1p) file as the load. The frequency band is set as [3.5MHz, 3.85MHz] in the
Simulate-S_param component. A VSWR monitor is placed to view the result. The”Optim” item
in Figure 3-20 defines the optimizer, where “Minimax” is chosen as the algorithm with a
maximum of 1000 iterations. The optimization goal is VSWR=1. Three variables are defined for
the three circuit components, and the bounds are the same with those in Table 3-2: [43pF,
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43000pF] or [43nH, 43000nH]. The values of the variables [C1x C2x Lx] serve as the start points
for the algorithm. Here we try three start points to evaluate the optimizer: [50pF 50pF 50nH],
[1000pF 1000pF 1000nH], and [40000pF 40000pF 40000nH]. The results are shown in Figure 321.

Figure 3-20: ADS Pi3 network and optimization set up.

Figure 3-21: ADS optimization results.
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The optimum searches starting with [50pF 50pF 50nH] and [1000pF 1000pF 1000nH]
result in exactly the same set of component values: [3802pF 7249pF 738.1nH]. The star line
depicts the VSWR curve. With these values, the matching circuit provides a good bandwidth of
12.5% from 3.45MHz through 3.91MHz when VSWR is below 2. Many different other start
points result in the same set of component values, proving that the Minimax algorithm in ADS
has very good repeatability. ADS is fast with this problem, finishing in only a few seconds on the
same Core i5, 4G-memory computer, as used for the MATLAB approach and the Optenni Lab.
However, the optimization starting from [40000pF 40000pF 40000nH] gets stuck in a
local minimum [2261pF 43000pF 686.5nH]. The corresponding VSWR curve, as the red circle
line shows in Figure 3-21, does not get below 2.5 anywhere. Table 3-7 shows that only 7
iterations are run before the stop criteria is satisfied. It is unlikely to find the global minimum
when you throw a start point like [40000pF 40000pF 40000pF]. Moreover, although it is more
commonly used, ADS is still an expensive design tool like Optenni Lab.
Table 3-7: ADS optimization results
Start point [pF pF nH]

C1/pF

C2/pF

L/nH

Iterations

Bandwidth

Time

[50 50 50]

3802

7249

738.1

86

12.5%

3s

[1000 1000 1000]

3802

7249

738.1

37

12.5%

1s

[40000 40000 40000]

2261

43000

686.5

7

0

0s

To conclude, the ADS optimization tool is a convenient, fast and highly repeatable one to
solve the broadband impedance matching problem. However, it only runs optimization on
specific circuit that needs to be built individually, the results are highly dependent on the start
points; and the ADS approach cannot find the global optimum like the MATLAB approach does.
In future research, random start points and multiple topologies could be programmed to help ADS
optimization tool find the global optimal solution for the broadband impedance matching circuit.
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Chapter 4

Optimization in Lossy Impedance Matching

4.1 Defining an optimization problem in lossy matching
For a multi-objective optimization problem, an intuitive way to solve it is to combine the
objectives into one objective function. Defining the objective function is the most timeconsuming part when solving a multi-objective optimization. There are many ways to write an
objective function combining two objectives. For example, weights can be assigned for each goal;
one can take the square of one objective and the square root of the other. However, there is no
perfect way to write an objective function for every optimization problem. Every designer has to
find one way that works well for his own problem.
Fortunately, there is another way to turn the multiple objectives into one goal in the lossy
impedance matching optimization problem: writing one of the goals as a constraint. This
approach is feasible only because we have a specific desired range for one of our goals: the
VSWR. We know that when VSWR=1, perfect match is achieved and no power gets reflected.
Generally, we want a VSWR as low as possible. For example, we can say that as long as the
VSWR is below 2 over the interested band, we can focus on optimizing the other objective: the
transducer power gain. Apparently, we can also set the criteria as VSWR<1.8 or stricter numbers
depending on the design requirements. This approach is easy to set up with a few optimization
algorithms, and helps avoid the issues brought about by the multi-objective problem.
The problem implementation using the weighted-sum method will be discussed in
Section 4.1.1, and the one using the VSWR constraint will be discussed in Section 4.1.2.
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4.1.1 Weighed-sum method
To avoid the domination of one objective over the other, it is important to keep the range
of the two goals close. That is why we need to normalize the objectives before putting them into
one equation as the final objective function to be minimized. In the lossy impedance matching
problem, we need to take the range of the two objectives into consideration too. Now let us revisit
the goals:
a) Maximize power transferred to the antenna;
b) Minimize power reflected from the antenna.
As we discussed in Section 1.2, the two objectives, which are the same thing in lossless
impedance matching problems, are separate and conflicting now because of the lossy component
inserted in the matching network. Assuming that the power available from the source is 1, it can
be divided into three parts: power reflected from the lossy network, power absorbed by the lossy
component in the network, and power transferred to the antenna. The transducer power gain GT
can be defined as the ratio of the power delivered to the load to the maximum power deliverable
to the network from the generator. Pozar [61] gives an equation for the transducer power gain:
2

2

2

S (1− Γ S )(1− Γ L )
P
GT = L = 21
2
2
PavS
1− Γ S Γ in 1− S22 Γ L

(4-1)

where Sij are the S parameters of the two-port lossy network, and Γ k are the reflection
coefficients at different locations. If we set the reference impedance Z 0 = 50Ω , we have

ΓL =

Z L − Z0
Z L + Z0

(4-2)
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ΓS =

ZS − Z0
ZS + Z0

(4-3)

Γ in =

Zin − Z 0
Zin + Z 0

(4-4)

Note that Zin is the same as Z1 as shown in Figure 1-3. For convenience, we show Zin
here in Figure 4-1.

Figure 4-1: Typical lossy matching circuit configuration.
Considering the 80-meter dipole antenna we are trying to match, we have the real
frequency data measured as the load impedance Z L . The source impedance Z S is set as 50Ω .
Now we only need the S parameters to finish the calculation of the transducer gain GT . Since the
space is limited in this dissertation, we take one topology as an example to calculate the S
parameters. We call it lossy Pi3 network in the following discussions, as shown in Figure 4-2.
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Figure 4-2: Lossy Pi3 network.
Referring to Figure 4-1, the S parameters are defined as

! b $ ! S
S
# 1 & = # 11 12
# b2 & # S21 S22
"
% "

$! a $
&# 1 &
&# a2 &
%"
%

(4-5)

or we can rewrite it as

!# b = S a + S a
1
11 1
12 2
"
#$ b2 = S21a1 + S22 a2

S11 =

b1
a1

=
a2 =0

Zin1 − Z 0
= Γ in1 Γ =0
L
Zin1 + Z 0

(4-6)

(4-7)

Similarly, we can calculate S22 , with Zin2 looking from the load side.

S22 =

b2
a2

=
a1 =0

Zin2 − Z 0
= Γ in2 Γ =0
S
Zin2 + Z 0

(4-8)

In order to get Γ S = 0 and Γ L = 0 , we set the source impedance and the load impedance
as 50Ω , too. In other words, Z L = Z S = Z 0 . S12 and S21 are more complex, as shown in the
following equations, referring to Figure 4-3 and Figure 4-4.
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S21 =

S12 =

b2
a1
b1
a2

=2

Vout1
Zin1
ZA
ZB
=2
Vg1
Zin1 + Z 0 Z A + R Z B − jXC2

(4-9)

=2

Vout 2
Zin2
ZC
Z0
=2
Vg2
Zin2 + Z 0 ZC − jXC2 Z 0 + R

(4-10)

a2 =0

a1 =0

Figure 4-3: Figure reference for solving S21.

Figure 4-4: Figure reference for solving S12.
Now the S parameters and the reflection coefficients can be plugged into Equation (4-1)
to calculate the transducer power gain. The range for the transducer gain is (0,1). Since most
optimization algorithms perform minimization, here we write our first objective — the system
loss— as
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J1 = 1− GT

(4-11)

We write it in such way that the range for the first objective is still (0,1).
Now we consider the second goal: minimize reflection. Intuitively, we could use the
VSWR for this objective since it is directly related to the reflection. The range for VSWR is

(1, +∞) , which is not close to the range of the first objective. In fact, simulations involving the
VSWR are run, and very good results are obtained. However, we have the reflection coefficient

Γ also directly related to the reflection, whose range is (−1,1) . The absolute value of Γ is (0,1),
which is exactly the same as the first goal. So we write the second objective as

J2 = Γ

(4-12)

Now that we have two normalized objectives, we can write a final objective function
according to Equation (2-3):

min λ J1 + (1− λ )J 2 where λ ∈ [0,1]

(4-13)

The weight can be adjusted to determine which objective is the main one we want to
minimize. In extreme cases like λ = 1 , the objective becomes only the first goal: to maximize the
gain; when λ = 0 , we only minimize the reflection.

4.1.2 VSWR constraint method
The optimization problem is greatly simplified when using the VSWR as the constraint.
The objective function is the transducer power gain as in Equation (4-11). The constraint can be
set as VSWR<2. The number can be adjusted down for strict requirements and adjusted up for
tolerant requirements.
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Writing the constraint is a challenge because the VSWR of a given topology as a function
of the component values is nonlinear. Two common optimization algorithms that support
nonlinear constraints are the Genetic Algorithm and patternsearch. Considering their
performance in the lossless impedance matching problem, patternsearch will be applied to the
lossy problem in this chapter.
Before running this algorithm, some pros and cons can be expected. First, because of the
constraint, running the algorithm only once can yield a result of wideband matching. The
weighted-sum method cannot guarantee impedance matching over the whole interested band in
every loop. Second, since the algorithm is only optimizing the gain while keeping VSWR below
2, we can get a better transducer power gain within same amount of time. From this point of view,
the VSWR constraint method avoids the weight selection and the time-consuming loops, making
it a convenient and efficient algorithm. If the designer needs a method that is easy to implement,
but the VSWR requirement is not that strict, the constraint method would be a perfect choice.
However, there is no free lunch in optimization. The VSWR will not be optimized, thus
the bandwidth will not be improved using this algorithm. The constraint for VSWR is the best
VSWR one can get eventually. The whole optimization process is focusing on maximizing the
gain. If the designer wants to see the trade-off between the gain and the VSWR, then the twoobjective optimization must be performed. Also, the time needed for running this algorithm for
one loop should be longer than that of the weighted-sum method, since the VSWR constraint
method needs to evaluate the constraint for many times before getting an optimum.
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4.2 Topologies used in lossy impedance matching
Basic lossy matching networks are composed of two parts: a lossy part and a lossless part.
The lossless part could be the L networks, T networks, or Pi networks discussed in Chapter 3. The
lossy part could include one resistor, two resistors, or three resistors. For each choice of the lossy
part, we have the freedom to place it next to the source side or the load side. Suppose that we
have m number of lossless topologies.
With one resistor as the lossy part, we have 2m types of topologies in the two forms as
shown in Figure 4-5. The lossy Pi3 network used as an example in this chapter is the combination
of a) in Figure 4-5 with the Pi3 network in Figure 3-7 as the lossless part.

Figure 4-5: Lossy network topology with one resistor.
When we use two resistors as the lossy part, one should be in shunt with the lossless twoport, and the other should be in series with it, like the L network in the lossless topologies. We
have two forms of topologies as shown in Figure 4-6. Additionally, we have two other forms of
topologies with a shunt resistor first and then the series one. There are 4m more types of
topologies now.
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Figure 4-6: Lossy network topology with two resistors.
Similarly, for lossy topologies with three resistors, the T topology and the Pi topology are
still interchangeable. In most references, designers use the Pi-shaped resistor pad as the lossy part
of the impedance matching network, as shown in Figure 4-7. Now we have additional 2m types of
topologies for our network topologies. Altogether there are 8m number of topologies for the lossy
two-port matching networks.

Figure 4-7: Lossy network topology with three resistors.

81
4.3 Simulations and result analysis

4.3.1 Weighted-sum method
In Chapter 3, we found that simulannealbnd is an effective for the lossless impedance
matching optimization. Therefore we apply simulannealbnd to our lossy Pi3 network. We assign
11 values for the weighting factor λ

λ = 0 0.1 0.2 ! 0.9 1
For each value of λ , the optimization procedure as follows is performed:
a) Import the antenna impedance file.
b) Generate a random starting point within the lower and upper bounds for each element.
c) Calculate L, C and R start values based on the center frequency.
d) Get the maximum of objective function over all frequencies; then use simulannealbnd
to minimize this maximum.
e) Calculate L, C and R values from the optimization result of step (d).
f) Get the maximum of objective function values over all frequencies based on (e)
results.
g) Store the maximum of the objective function value, L, C and R values for later
comparison.
h) Run b)-g) in loops, compare the result of g), and pick the set of L, C and R values
corresponding to the minimum objective value as the final result.
In step b), the component value vector x0 = [ X C

1

XC

2

XL

R / 10 ] , and the lower

and upper bounds are [1 1 1 10] and [1000 1000 1000 10000]. The start point is in Ω , which
stands for the value of the reactances of the lumped elements. The range for the optimization
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search is shown in Table 4-1. Note that the range for R is set to be much wider than one would
actually use in practical cases to include more possible matching scenarios like 300 Ω cables.
However, one could easily change the range of R as needed in the program by changing the factor
in front of R. For example, changing from R/10 to 5R results in a new searching range of [0.2,
200] in Ω . The lower bound of R is set to accomondate with the rest of the ranges, because in
the program a random start point needs to be generated for the optimization algorithm. The 10 Ω
limit also serves as a standard to compare the two methods.
Table 4-1: Searching range for the element values in lossy Pi3 network.

C1 / pF

C2 / pF

L / nH

R/Ω

[43.01,43010]

[43.01,43010]

[43.01,43010]

[10,10000]

4.3.2 VSWR constraint method

4.3.2 VSWR constraint method
As discussed in Section 4.1.2, patternsearch will be selected for the VSWR constraint
method. The algorithm will still be used on lossy Pi3 network in order to make sufficient
comparison. The optimization procedure is as follows:
a) Import the antenna impedance file.
b) Generate a random starting point within the lower and upper bounds for each element.
c) Calculate L, C and R start values based on the center frequency.
d) Get the maximum of 1-gain (system loss) over all frequencies as the objective function;
Write VSWR<2 as the constraint, then use patternsearch to find the optimum.
The optimization result of step (d) gives the component values for the lossy Pi3 network.
In order to compare the behavior of the two algorithms running in loops, the VSWR
constraint method is run for 500 loops as well. The results are presented in Section 4.4.2.
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4.4 Result analysis

4.4.1 Weighted-sum method

Equal weight result
When equal weight (0.5) is put onto the two objectives, the algorithm minimize them
simultaneously. The objective function becomes

min 0.5 Γ + 0.5(1− GT )

(4-14)

After running 5000 loops, the result is presented

" C = 3821.0pF
$ 1
$ C2 = 4893.0pF
#
$ L = 879.9nH
$ R = 10.26Ω
%

(4-15)

Figure 4-8 shows the VSWR plotted based on the above optimum values. Figure 4-9
shows the transducer power gain. From the figures we can see that we have an impressive VSWR
result, which is below 1.46 over the full interested frequency band. The transducer power gain is
also very good, around 0.75 over the whole band. That is only an average of 6dB system loss over
a 16.9% bandwidth.
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Figure 4-8: VSWR with weight 0.5 after running 5000 loops.

Figure 4-9: Transducer power gain with weight 0.5 after running 5000 loops.
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Extreme cases
When λ = 1 , all the weight is placed onto the gain and nothing on the VSWR. The
algorithm will only maximize the gain and ignore the VSWR. The optimum element values are
given after 5000 loops:

" C = 188.5pF
$ 1
$ C2 = 933.5pF
#
$ L = 4505.2nH
$ R = 10.02Ω
%

(4-16)

Similarly, when λ = 0 , the algorithm focuses on minimizing the VSWR, but it does not
care about the gain. After 5000 loops, the result is given as

" C = 121.76pF
$ 1
$ C2 = 12732pF
#
$ L = 149.7nH
$ R = 50.27Ω
%

(4-17)

The VSWRs for the extreme cases are plotted in Figure 4-10, and the gains are plotted in
Figure 4-11. We can see that the results are as expected. When we put the weight only on the
VSWR, we get a perfect VSWR value of 1, but the gain is too low to be practical. When we only
optimize the gain, we get a really good gain of above 0.72, but our VSWR is now below 2
everywhere over the interested frequency band. Now we are positive that we can control the
tradeoff between the gain and the VSWR simply by adjusting the weight factor in the objective
function.
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Figure 4-10: VSWR for the extreme cases.

Figure 4-11: Transducer power gains for the extreme cases.
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The effect of weight over the two objectives
In order to observe the effect of weight on the optimization results, we run 500 loops for
each of the 11 values of λ . The value for each element is shown in Table 4-2, and the
corresponding plots for VSWR and gain are shown in Figure 4-12 and Figure 4-13, respectively.
To make the effect clearer to see, Figure 4-14 and Figure 4-15 show only three lines each.
From the resistor values in the table we can tell that when we want to put more weight
onto maximizing the gain, the algorithm will try its best to lower the resistor value. Note that our
searching range for the resistor is [10,10000]. When the weight approaches 1, the resistor value
goes to 10Ω . It is natural to assume that if we have a wider range for it, the resistor value will go
down further, till it reaches the extreme case of lossless impedance matching.
Table 4-2: Component value results for 11 weight values.

λ

C1 / pF

C2 / pF

L / nH

R/Ω

0

121.76

12732

149.7

50.27

0.1

76.97

27168

43.82

49.99

0.2

229.5

37477

46.30

50.20

0.3

736.9

1546.5

2818.0

10.60

0.4

1444.4

2024.9

1993.6

10.51

0.5

955.8

2382.1

2188.2

10.24

0.6

788.2

1950.7

2594.1

10.09

0.7

1660.4

2746.6

1668.2

11.15

0.8

1287.4

3694.5

1735.0

10.08

0.9

303.3

1135.8

4023.7

10.00

1

188.5

933.5

4505.2

10.02
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Figure 4-12: VSWR for 11 weight values after 500 loops.

Figure 4-13: Transducer power gain for 11 weight values after 500 loops.
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Figure 4-14: VSWR for 3 weight values after 500 loops.

Figure 4-15: Transducer power gain for 3 weight values after 500 loops.
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Pareto front
In Figure 4-16, the red dots forms the Pareto front of the lossy Pi3 network [62]. There
are 11000 green dots marking the positions of the corresponding two objectives, which are the
maximum value of VSWR and 1-gain over the frequency band [3.5MHz, 3.85MHz]. These dots
are the optimized results generated from 11000 random start points, including 5000 points with
weight λ = 0.5 , 1000 points each with λ = 0.4 and 0.6, and 500 points each for the other 8
weight values.

Figure 4-16: The Pareto front of the lossy Pi3 network.
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The advantage of the Pareto front is that the designer can work with a design curve,
instead of one set of values for the components. It is clear and intuitive to see the tradeoff
between the two objectives. Additionally, for each point on the plot, there is a set of component
values ready. For a certain topology like the lossy Pi3 network, once the Pareto front is generated,
the designer can avoid not only the time-consuming computations, but the following issues as
well:
a) To determine the weight to put onto each objective;
b)

The uncertainty of getting the desired VSWR or gain.

The Pareto front provides a convenient and effective design curve. The real frequency
impedance file and the matching network topology need to be specified before generating the
Pareto front.

4.4.2 VSWR constraint method
The results from running the VSWR constraint method are as expected. The algorithm is
run in 1, 10 and 500 loops, and the component values are shown in Table 4-3. The corresponding
plots for VSWR and the transducer gain are shown in Figure 4-17 and Figure 4-18. Although the
algorithm gives different component values after running different number of loops, we can
clearly see from the figures that they yield almost identical VSWR and gain results. This
observation agrees with the expectation made in Section 4.1.2, that more loops will not improve
the result when using the VSWR constraint method.
Table 4-3: Results of the VSWR constraint method.
Loops
1
10
500

C1 / pF

C2 / pF

L / nH

R/Ω

3584.5
2752.1
3829.8

9164.7
6748.2
9772.4

715.6
931.4
671.9

10.0
10.0
10.0
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Figure 4-17: VSWR result with VSWR constraints in loops.

Figure 4-18: Transducer power gain result with VSWR constraints in loops.
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In order to test the effect of the constraint on the VSWR constrain algorithm, five
experiments are run with decreasing VSWR constraints. Figure 4-19 shows the VSWR over the
whole frequency band with the five sets of optimized component values. We can see that at the
beginning part of the constraint decrease, the result will obey the constraint. In fact, the one with
VSWR<1.7 as the constraint yield the broadest bandwidth over all. However, when the constraint
is set lower, VSWR<1.6, the optimizer cannot easily find a set of component values that meet this
constraint. Then the bandwidth goes down again. Therefore, when using the VSWR constraint
method, setting the constraint lower does not necessarily yield a better result. The designer needs
to try different constraints before getting a best result.

Figure 4-19: VSWR results using the VSWR constraint method with five different constraints.
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4.4.3 Timing and accuracy
For the weighted-sum method, the optimization is run 100 times, 1000 times and 5000
times when we put equal weight on the two objectives ( λ = 0.5 ). The corresponding component
values are shown in Table 4-4, and the plots for VSWR and the transducer gain are shown in
Figure 4-20 and Figure 4-21, respectively. It is worth mentioning that running the VSWR
constraint algorithm with 500 loops requires 5397.2 seconds, which almost doubles the time of
running weighted-sum algorithm. This also meets the expectation that evaluating the constraint
requires more time in the optimization process.
Table 4-4: Timing comparison between different loop numbers.
Loops
100
500
1000

Time/s
586.5
2952.2
4614.5

Figure 4-20: VSWR result after running different number of loops.
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Figure 4-21: Transducer power gain result after running different number of loops.
From the above results we can see that as the number of loops increases, the results of the
objectives do not dramatically change. There is a slight improvement in the VSWR and the
transducer gain with repeated running of the optimizer. This result indicates that the optimizer
could reach the basin of the global optimum quickly and accurately, with a successful rate of
above 1%.
In order to find an estimate of the successful rate for the optimizer applied to the lossy
impedance matching problem, we decrease the number of loops and run it repeatedly. When we
set equal weight onto the two objectives, statistics show that with only 40 loops, the optimizer can
reach the global minimum basin 30 out of 30 experiments. That is, every set of optimized
component values in the 30 experiments yield a VSWR lower than 2 over the entire band, and a
gain above 0.6 over the entire band. We can say that the successful rate of this optimizer is above
2.5%.
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In conclusion, if we only need the VSWR to be less than 2 and the gain to be above 0.6,
we can get a satisfying result after running only 40 times of the optimizer, which requires 145.1
seconds on a 1.3 GHz Intel Core i5 computer with 4GB memory. All the results shown in Section
4.3.1 and 4.3.2, however, are the ones after running 500, 1000 or 5000 loops, in order to find the
points that are most close to the global minimum.
When applied to other topologies with more elements, the time needed for finding the
global minimum basin is not going to increase drastically. Comparing the simulation results of
the lossy Pi3 network with that of the lossless Pi3 network in Chapter 3, we can see that to run
5000 loops, the lossless case needs 3.6 hours, while the lossy one needs 4.2 hours on the same
computer. With a 16% increase in time, we evaluate one more objective with one more element in
the topology. The major time cost in the impedance matching optimization is still the evaluation
of the objective functions. Therefore, for topologies with more elements, the time required to get
a global minimum is only going to increase slightly.

4.4.4 Tolerance analysis
The optimization is performed within the searching range given by Table 4-1. As
mentioned in Section 3.4.5, it is necessary to understand what a small value difference could
cause in the bandwidth. Here we take the lossy optimization results with λ = 0.5 after 5000 loops
of simulannealbnd solver, to see if we change each element value ±10% , how will the
bandwidth change accordingly. Again, we analyze the worst-case tolerance of one component
while keeping the other two values ideal.
The range covered is listed in Table 4-5. Figure 4-22 examines the tolerance of capacitor
C1 , while C2 , L and R using exact values. For C1 , 21 values are selected linearly between

±10% . The corresponding 21 curves are plotted, and the shaded region they cover shows the
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effect of C1 ’s tolerance on VSWR. Similarly, Figure 4-23 through Figure 4-25 examine the effect
of C2 ’s tolerance and L ’s tolerance, respectively.
Table 4-5: Tolerance analysis range for lossy optimization
Component

Exact Value

-10%

+10%

C1/pF

3821

3438.9

4203.1

C2/pF

4893

4403.7

5382.3

L/nH

879.9

791.91

967.91

R/ Ω

10.26

9.234

11.286

Figure 4-22: VSWR variation when C1 value is ±10% .
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Figure 4-23: VSWR variation when C2 value is ±10% .

Figure 4-24: VSWR variation when L value is ±10% .
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Figure 4-25: VSWR variation when R value is ±10% .
We can see from the above figures that the system is more sensitive to the change of the
inductor value than to that of the capacitor values. The global optima found by this algorithm are
still quite stable. Specifically, the C1 tolerance makes the bandwidth fluctuate between 12.76%
and 15.96%; the C2 tolerance results in 13.41% and 15.96% in bandwidth range. The L tolerance
causes wider bandwidth shift, from 12.11% to 15.59%. The bandwidth does not change when the
resistor value fluctuates within ±10% at all, considering the impedance samples we take. All
bandwidths are calculated using Equation (3-18). The minimum frequency is considered to be
3.4MHz and the maximum 4.0MHz, even when the actual frequency point that makes VSWR<2
is less or greater. Therefore, the upper limit of the bandwidth might be underestimated.
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Chapter 5

Optimizing the Matching Network for a Low-profile Bow-tie Antenna

5.1 Problem description
An ideal bow-tie antenna is only dependent on the angle between the two metal pieces,
and is fed at the center between the two pieces. Theoretically, since the antenna is infinitely long,
it is identical to all the wavelengths. In practical cases, however, a bow-tie antenna is defined by
its angle and length. Although its finite size limits the frequency band, a bow-tie antenna still has
a much wider bandwidth compared with dipoles of the same size.
The bow-tie antenna we are discussing in the dissertation is shown in Figure 5-1,
followed by its dimensions in Figure 5-2. Note that the finite dimensions of the ground plane and
the metamaterial in Figure 5-2 are for later use in Section 5.2.
The bow-tie with infinite PEC ground plane is modeled and simulated in FEKO, and the
impedance file over the interested frequency band [200MHz, 400MHz] is exported and listed in
Appendix F. There are altogether 21 frequency points, which means a real frequency impedance
number is taken every 10MHz over the band. In this chapter, the reference impedance is 300 Ω ,
since it is closer to the natural impedance of the bow-tie antenna. The overall input impedance
can be matched to 50 Ω using a transformer, which has been discussed in details in Section 3.2.
The impedance data with infinite PEC ground plane is our real frequency data to be used in the
optimization later in this chapter.
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Figure 5-1: 3D model of the low-profile bow-tie antenna.

Figure 5-2: Dimensions of the low-profile bow-tie antenna.
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In conformal applications, a bow-tie antenna is placed close to a metal surface. The size
of the ground plane can be assumed to be infinite comparing with the size of the antenna. In these
scenarios we are interested in the antenna gain directly above the antenna, or normal to the
surface, which is θ = 0° , φ = 0° . As shown in Figure 5-3, the gain of the antenna is high, around
10 dBi, which is more than enough. However, being too close to the ground plane makes the
antenna suffer from high reflection: the VSWR is almost above 3 everywhere in the interested
bandwidth, as in Figure 5-4.

Figure 5-3: Gain of the low-profile bow-tie antenna.
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Figure 5-4: VSWR of the low-profile bow-tie antenna.
In this chapter, we want to find efficient ways to cut down the unnecessarily high gain,
and to obtain a lower VSWR over 200MHz through 400MHz. Ideally, over the whole interested
frequency band the gain should be above 4dB while the VSWR is below 2. In Section 5.2 the
metamaterial approach will be discussed. Then the MATLAB approach proposed in this
dissertation is applied to this same problem, so that the results can be compared for evaluation.
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5.2 Using metamaterial to increase bandwidth
Prof. Breakall proposed an antenna design using Spectrum Magnetics Magnetodielectric
Metamaterial for this conformal antenna application scenario. FEKO is used to optimize the
material properties.
The ‘Optimisation’ in FEKO starts with the definition of variables for the material
dispersion ε' ε'' µ' µ'' , because they affect the wave propagation through the material. These
variables are frequency-dependent; therefore, a set of values needs to be optimized for every
frequency sample point. The searching ranges are set for each of the variable. The designer is
then asked to set a goal: to minimize the VSWR over the interested band. Figure 5-5 shows the
3D view of the near-ground bow-tie antenna with an insertion of the metamaterial.

Figure 5-5: 3D view of the low-profile bow-tie antenna with metamaterial.
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The average of the material dispersion properties are as follows: ε r = 17.9 , µr = 16.3 .
When a layer of the material with the optimized features is inserted between the bow-tie antenna
and the ground plane, the unnecessarily high gain is reduced to around 5dBi, as shown in Figure
5-6. Meanwhile, the VSWR drops below 1.5 for most of the bandwidth, as shown in Figure 5-7.
Prof. Breakall also discovered that, with a series capacitor Cs=5.036pF at the feed of the antenna,
the VSWR near 200MHz is better, see Figure 5-8.
There is no doubt that the VSWR and gain result are optimized to satisfaction. However,
it is very difficult to put this approach into practice, because a piece of material with exact
dispersion property is quite heavy and very expensive.

Figure 5-6: Gain of the bow-tie antenna with metamaterial inserted.
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Figure 5-7: VSWR of the bow-tie antenna with metamaterial inserted.

Figure 5-8: VSWR of the bow-tie antenna with metamaterial and series capacitor.
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5.3 Optimization procedure
The bow-tie antenna placed 0.1m over the ground plane is modeled in FEKO, and its
impedance file is exported for later use in optimization softwares like MATLAB.
Section 3.5.1 discussed the application of Optenni Lab in optimizing broadband
impedance circuits. Although it is not as efficient as the MATLAB approach, we can still utilize
the quick, multi-circuits feature of Optenni Lab to narrow down the number of circuit topologies
we need to optimize in MATLAB.
We start with a three-component lossless network. The goal is set to be 0dB antenna
efficiency over frequency band [200MHz, 400MHz]. Unfortunately, no sample point results in a
VSWR that is lower than 2. It is reasonable to believe that we cannot achieve satisfying match
using a three-component circuit. Even if we add a lossy component into the network and bring the
VSWR down, the gain will sacrifice too much.
When the number of components is set as four, a few sample points over a 25MHz range
could reach below VSWR=2. The circuit shown in Figure 5-9 is chosen as the start point, with
component values to be optimized in MATLAB.

Figure 5-9: Matching circuit to be optimized for the bow-tie antenna.
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The steps of the MATLAB optimization program are similar with those listed in Section
3.4.1. Minor changes are made to the codes, including number of variables and circuit topologies,
therefore the codes will not be attached again in the appendices.
Note that adding one lumped component into the matching circuit leads to a new
dimension in the calculation, thus the computing task grows exponentially. Although theoretically
more lumped components mean a better bandwidth, we cannot keep adding components to widen
the bandwidth due to overfitting [30] and limited computational power. Instead, optimizing with
the least possible number of components is more rational to find a good match.

109

5.4 Optimization results and analysis

5.4.1 The lossless matching network optimization
After 1000 loops which takes 43 minutes to run on the same i5 computer as used in
Chapter 3, the simulannealbnd algorithm gives the following component values (rounded to 1
decimal place):

⎧C = 2.6pF
⎪
1
⎪
⎪
⎪
L1 = 274.3nH
⎪
⎪
⎨
⎪
C2 = 2.2pF
⎪
⎪
⎪
⎪
⎪
⎩ L2 = 269.8nH
The VSWR result with the above matching network is shown in Figure 5-10. Although
the variations become less, the VSWR is still above 2 over the whole band. Note that so far we
have been only using capacitors and inductors, which, theoretically, are lossless. This means the
gain did not drop, we still have a few dBs of gain to trade in for a lower reflection.

Figure 5-10: VSWR for the bow-tie with the 4-element matching network.
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5.4.2 The transformer
Currently the reference impedance is 300 Ω . In order to match it to regular transmission
line impedance

50 Ω , a transformer is needed. Transformers are convenient when matching

one resistive load to another, as discussed in Section 3.2. According to Equation (3-10), we can
calculate the winding ratio n:

50Ω = n2 ×300Ω
n = 0.408

An ideal transformer is lossless, thus the VSWR does not change. The loss will be
negelected here, since we will be comparing the matching result with the metamaterial approach,
which is highly theoretical.

5.4.3 The pi-pad attenuator
As mentioned in Section 1.3.2-Lossy matching, a resistive x–dB pi-pad attenuator
inserted between a source and load reduces the maximum available power by x dB, while it
reduces the return loss by 2x dB. Figure 5-11 shows a typical pi-pad attenuator.

Figure 5-11: A pi-pad attenuator.
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The resistor values can be easily calculated using online pi attenuator calculators. With a
3.5 dB attenuation pad matching 50 Ω to 50 Ω , we need the following resistor values:

⎧⎪ R
⎪⎨ series = 20.7Ω
⎪⎪ Rshunt = 251.5Ω
⎩
With the transformer and the pi-pad, the circuit is built using Advanced Design System
(ADS) with values listed above, as shown in Figure 5-12.

Figure 5-12: ADS schematic for the matching of the bow-tie antenna.

5.4.4 FEKO simulation
Next, we simulate the antenna in FEKO with the optimized impedance matching circuit,
and observe the gain number to be compared with that with the metamaterial insertion.
FEKO accepts importation of networks specified by their S-matrix, Z-matrix, Y-matrix
for each frequency point. Here we build the two-port network in Advanced Design System (ADS),
export the touchstone (.s2p) file into FEKO, and run the simulation to get the gain plot. The
detailed steps are presented in Appendix G.
The gain result is shown in Figure 5-13, and the VSWR result is shown in Figure 5-14.
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Figure 5-13: Gain for the bow-tie with matching, transformer and attenuator.

Figure 5-14: VSWR for the bow-tie with matching, transformer and attenuator.
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5.5 Result comparison with the metamaterial approach
When the discussed bow-tie antenna is placed 0.1m above the ground plane, it has
unnecessarily high gain and bad return loss. With the FEKO optimized metamaterial inserted, the
VSWR drops below 2 over the interested band of [200MHz, 400MHz], with a gain number
around 5dBi. With the 4-element lossless matching network, the transformer and the pi-pad
attenuator, the VSWR is also below 2 over the interested band, while the gain is kept sufficient.
The comparisons of the gain for the bow-tie before matching, with metamaterial and with
matching are shown in Figure 5-15. The VSWR comparison is shown in Figure 5-16.

Figure 5-15: Bow-tie gain before matching, with metamaterial and after matching.
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Figure 5-16: Bow-tie VSWR before matching, with metamaterial and after matching.
We can see that the metamaterial approach keeps the gain of the antenna at a sufficient
level with little variations throughout [200MHz, 400MHz]. This approach also manages to keep
the reflection down over the whole band. However, considering the difficulty and ridiculously
high cost of manufacturing such a piece of material, this approach can hardly be put into wide
applications.
On the other hand, the lossy matching approach has the advantage of low cost and
simplicity to apply. The reflection is also easily controlled to make the VSWR stay below 2
throughout the frequency band. The gain is maintained above 4dBi for most of the band, too.
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Chapter 6

Conclusions

6.1 Dissertation contribution
This dissertation proposes a new approach of broadband impedance matching using the
MATLAB Global Optimization Toolbox. An 80-meter dipole antenna is matched with a 50 Ω
transmission line over the frequency 3.5MHz to 3.85MHz. With lossless impedance matching
circuits, the proposed approach increases the bandwidth of the dipole from 4.1% to 15.0%. With a
lossy matching network, the bandwidth is further increased to 16.9%.
Existing approaches fail to perform broadband impedance matching optimization as
quickly or accurately as the MATLAB approach does. Online impedance matching calculators
can only design matching networks at one frequency point with only one value of antenna
impedance; the optimization approach using FEKO and NECOPT takes a long time to run,
because it simulates the antenna as well as the matching circuit and then performs the
optimization.
Two commercial RF design software packages that claim to be capable to solve
broadband impedance matching problems, Optenni Lab and Advanced Design System, are
applied to the same problem. Optenni Lab is fast, easy-to-use, and provides six circuit topologies
every run. There are many optimization parameters that can be adjusted as well. Advanced
Design System converges stably and quickly every time for the same circuit, even with different
start points. Despite these advantages, neither of them could find a matching network that yields
better bandwidth than the MATLAB approach does.
The approach proposed in this dissertation is applied to a low-profile bow-tie antenna.
With an optimized lossless 4-element matching network, a transformer, and a pi-pad attenuator,
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the VSWR of the antenna is successfully reduced to below 2 throughout the interested band
[200MHz, 400MHz]. The unnecessarily high gain of the antenna is maintained at a sufficient
level: around 5dBi for most of the band. Comparing to the metamaterial approach, the MATLAB
approach is low-cost and very easy to realize, using only lumped components and transformers
instead of frequency-dependent custom property materials.
With the MATLAB approach described in the dissertation, a broadband impedance
matching network can be obtained providing the load impedance data and the circuit topology.
The approach reads simulated impedance data of antenna at sample frequency points, providing a
more accurate matching network than is possible with approaches that use antenna models or a
fixed impedance value. With MATLAB, it is also easy to import impedance data of other
antennas into the program and to optimize their matching networks. The designer can control the
balance between optimization time and the bandwidth after matching by changing the number of
loops the optimizer runs. In lossy matching, with the Pareto Front generated, the designer can also
visually see the tradeoff between gain and bandwidth, hence choosing the best matching circuit
according to requirements.
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6.2 Future research directions
The MATLAB approach proposed in this dissertation is capable to find a broadband
impedance matching circuit for a given antenna, but some future improvement is still necessary to
enhance its efficiency, user-friendliness and accuracy.
First, the approach is based on conventional optimization algorithms like the Simulated
Annealing Algorithm. Recent research of optimization algorithms has been focusing on natureinspired ones, including Firefly Algorithm, Ant Colony Optimization, Particle Swarm
Optimization and Genetic Algorithm. The Genetic Algorithm contained in MATLAB Global
Optimization Toolbox cannot be directly applied to the broadband impedance matching problem
through the approach in this dissertation. More research needs to be done to optimize the current
MATLAB codes, to compare different algorithms and to find out the most suitable one or ones
for this particular optimization problem.
Moreover, a Graphical User Interface (GUI) could be developed to shorten the learning
curve of this approach. The ultimate goal is that a designer with little antenna background can
effortlessly use this approach to match an antenna over a wide frequency band.
Additionally, with more efficient algorithms, it is beneficial to add an equivalent series
resistance (ESR) feature to all the components in the matching circuits. We could also go further
to incorporate component libraries of major manufacturers into the approach. The ESR and
tolerance information involved could be analyzed and calculated, so that there is less error
between the simulated VSWR and actual impedance matching performance.
Although the H-infinity bound does not provide a specific design of the matching
network, it shows the optimal impedance matching attainable by any lossless coupling network.
Compared with Fano’s limit, this method does not need an analytic model of the load. In other
words, it provides an absolute standard independent of circuit topology. For each antenna, an
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estimate of the H-infinity bound helps the designer to understand how “good” his match is; a
VSWR plot as a function degree d [30] gives a visualization of how much increase can be
obtained with one more component in the circuit. In a future research effort, these features could
be good options for a software package with a GUI. However, note that calculating the H-infinity
bound requires a high level of mathematical knowledge, and the bound does not affect the
broadband impedance matching results.
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Appendix A

MATLAB codes for L network optimization at 3.7 MHz
MATLAB code for matching 100 Ohms to 50 Ohms at 3.7 MHz using patternsearch,
with start value [500 500]:

clc;
clear all
freq = 3.7e6;
zload = 100;
omega = 2*pi.*freq;

% frequency in Hz

x0 = [500 500];
lb = [1 1];
ub = [1000 1000];

% setting start point
% setting lower bound and upper bound

%% get optimized values L and C
% anynomous function handle
handle = @(x)L1(x,zload);
% get the optimum Xl, and Xc
[b,VSWR,exitflag,output] = optimizeps (x0,lb,ub,handle);
% storing all values
out = output;
xl = b(1);
xc = b(2);
% calculate L (in nH) and C (in pF) values
L = 1e9 * xl/omega;
C= 1e12 * 1/(omega*xc);
Lreact = omega.*L*1e-9;
Creact = 1e12./(omega.*C);
x = [Lreact,Creact];
VSWR = L1(x,zload);
VSWR
L
C
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MATLAB code for matching 100 Ohms to 50 Ohms at 3.7 MHz using simulannealbnd,
with start value [500 500]:

clc;
clear all
freq = 3.7e6;
zload = 100;
omega = 2*pi.*freq;

% frequency in Hz

x0 = [500 500];
lb = [1 1];
ub = [1000 1000];

% setting start point
% setting lower bound and upper bound

%% get optimized values L and C
% anynomous function handle
handle = @(x)L1(x,zload);
% get the optimum Xl, and Xc
[b,VSWR,exitflag,output] = optimize (x0,lb,ub,handle);
% storing all values
out = output;
xl = b(1);
xc = b(2);
% calculate L (in nH) and C (in pF) values
L = 1e9 * xl/omega;
C= 1e12 * 1/(omega*xc);
Lreact = omega.*L*1e-9;
Creact = 1e12./(omega.*C);
x = [Lreact,Creact];
VSWR = L1(x,zload);

MATLAB code for matching 100 Ohms to 50 Ohms at 3.7 MHz using ga, with number
of variables 2:
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clc;
clear all
freq = 3.7e6;
zload = 100;
omega = 2*pi.*freq;
nvars = 2;
lb = [1 1];
ub = [1000 1000];

% frequency in Hz

% setting number of variables
% setting lower bound and upper bound

%% get optimized values L and C
% anynomous function handle
handle = @(x)L1(x,zload);
% get the optimum Xl, and Xc
[b,VSWR,exitflag,output] = ga (handle,nvars,[],[],[],[],lb,ub);
% storing all values
xl = b(1);
xc = b(2);
% calculate L (in nH) and C (in pF) values
L = 1e9 * xl/omega;
C= 1e12 * 1/(omega*xc);
Lreact = omega.*L*1e-9;
Creact = 1e12./(omega.*C);
x = [Lreact,Creact];
VSWR = L1(x,zload);

MATLAB code for function L1:
function m = L1(x,zload)
% set source impedance
zs = 50;
% calculate input impedance looking from source side
zin = 1i*x(1)-1i*x(2)*zload/(-1i*x(2)+zload);
% calculate reflection coefficient
gamma = (zin-zs)/(zin+zs);
% calculate VSWR
m = (1+abs(gamma))/(1-abs(gamma));
end
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MATLAB code for function optimizeps:

function [x,fval,exitflag,output] = optimizeps(x0,lb,ub,handle)
% Start with the default options
options = saoptimset;
% Modify options setting
options = saoptimset(options,'AnnealingFcn', @annealingfast);
options = saoptimset(options,'Display', 'off');
options = saoptimset(options,'HybridInterval', 'end');
options = saoptimset(options,'OutputFcns', { [] });
[x,fval,exitflag,output] = ...
patternsearch(handle,x0,[],[],[],[],lb,ub,options);

MATLAB code for function optimize:
function [x,fval,exitflag,output] = optimize(x0,lb,ub,handle)
% Start with the default options
options = saoptimset;
% Modify options setting
options = saoptimset(options,'AnnealingFcn', @annealingfast);
options = saoptimset(options,'Display', 'off');
options = saoptimset(options,'HybridInterval', 'end');
options = saoptimset(options,'OutputFcns', { [] });
[x,fval,exitflag,output] = ...
simulannealbnd(handle,x0,lb,ub,options);
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Appendix B

MATLAB codes for main program and pi3 optimizer
MATLAB code for main program:
%% import file and initialize
clc;
clear all
importfile('A15.txt');
freq = A15(:,1).*1e6;
real = A15(:,4);
imag = A15(:,5);
omega = 2*pi.*freq;

% frequency in MHz

length = 15;
for j=1:length
zload(j) = real(j) + 1i*imag(j);
end
%% choose topology
prompt = 'Choose one topology from the following: 1.L 2.Pi 3T ';
%% calculate all network results
result = input(prompt);
if result == 1
[x(1,:),v(1)]=VSWR_L1(omega,A15,zload);
[x(2,:),v(2)]=VSWR_L2(omega,A15,zload);
[x(3,:),v(3)]=VSWR_L3(omega,A15,zload);
[x(4,:),v(4)]=VSWR_L4(omega,A15,zload);
[x(5,:),v(5)]=VSWR_L5(omega,A15,zload);
[x(6,:),v(6)]=VSWR_L6(omega,A15,zload);
[x(7,:),v(7)]=VSWR_L7(omega,A15,zload);
[x(8,:),v(8)]=VSWR_L8(omega,A15,zload);
else if result ==2
[x(1,:),v(1)] = VSWR_Pi1(omega,A15,zload);
[x(2,:),v(2)] = VSWR_Pi2(omega,A15,zload);
[x(3,:),v(3)] = VSWR_Pi3(omega,A15,zload);
[x(4,:),v(4)] = VSWR_Pi4(omega,A15,zload);
[x(5,:),v(5)] = VSWR_Pi5(omega,A15,zload);
[x(6,:),v(6)] = VSWR_Pi6(omega,A15,zload);
[x(7,:),v(7)] = VSWR_Pi7(omega,A15,zload);
[x(8,:),v(8)] = VSWR_Pi8(omega,A15,zload);
else if result == 3
[x(1,:),v(1)]=VSWR_T1(omega,A15,zload);
[x(2,:),v(2)]=VSWR_T2(omega,A15,zload);
[x(3,:),v(3)]=VSWR_T3(omega,A15,zload);
[x(4,:),v(4)]=VSWR_T4(omega,A15,zload);
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[x(5,:),v(5)]=VSWR_T5(omega,A15,zload);
[x(6,:),v(6)]=VSWR_T6(omega,A15,zload);
[x(7,:),v(7)]=VSWR_T7(omega,A15,zload);
[x(8,:),v(8)]=VSWR_T8(omega,A15,zload);
else disp('Wrong input.');
end
end
end
%% compare and display the final result
[VSWR,k] = min(v);
values = x (k,:);
VSWR
values

MATLAB code for function importfile:
function importfile(fileToRead1)
%IMPORTFILE(FILETOREAD1)
% Imports data from the specified file
% FILETOREAD1: file to read
% Import the file
rawData1 = importdata(fileToRead1);
% For some simple files (such as a CSV or JPEG files), IMPORTDATA might
% return a simple array. If so, generate a structure so that the
output
% matches that from the Import Wizard.
[~,name] = fileparts(fileToRead1);
newData1.(genvarname(name)) = rawData1;
% Create new variables in the base workspace from those fields.
vars = fieldnames(newData1);
for i = 1:length(vars)
assignin('base', vars{i}, newData1.(vars{i}));
end
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MATLAB code for Pi3 network using patternsearch:
%% import file and initialize
clc;
clear all
importfile('A15.txt');
freq = A15(:,1).*1e6;
real = A15(:,4);
imag = A15(:,5);
omega = 2*pi.*freq;

% frequency in MHz

start = [10 5 15];
lb = [1 1 1];
ub = [1000 1000 1000];

% setting start point
% setting lower bound and upper bound

length = 15;
handle = @(x)Pi3_opt(x,A15);
% get the optimum Xc1, Xl and Xc2 at frequency f(i)
[b,VSWR,exitflag,output] = optimizeps (start,lb,ub,handle);
% storing all values
out = output;
xc1 = b(1);
xc2 = b(2);
xl = b(3);
C1 = 1e12 * 1/(omega(8)*xc1);
C2 = 1e12 * 1/(omega(8)*xc2);
L = 1e9 * xl/omega(8);
%% plot VSWR at all frequencies
% calculate VSWR at all frequency points
for j=1:length
zload(j) = real(j) + 1i*imag(j);
xc1t = 1e12./(omega(j)*C1);
xc2t = 1e12./(omega(j)*C2);
xlt = omega(j)*L*1e-9;
x = [xc1t,xc2t,xlt];
y(j) = Pi3(x,zload(j));
end
[Vmax,k] = max(y);
plot(freq,y);
xlabel('Frequency/Hz');
ylabel('VSWR');
title('VSWR with matching network optimized');
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MATLAB code for function Pi3_opt:
function m = Pi3_opt(x,A15)
% set source impedance
zs = 50;
freq = A15(:,1).*1e6;
real = A15(:,4);
imag = A15(:,5);
omega = 2*pi.*freq;

% frequency in MHz

C1 = 1e12 * 1/(omega(8)*x(1));
C2 = 1e12 * 1/(omega(8)*x(2));
L = 1e9 * x(3)/omega(8);
for j=1:15
zload(j) = real(j) + 1i*imag(j);
xc1(j) = 1e12./(omega(j)*C1);
xc2(j) = 1e12./(omega(j)*C2);
xl(j) = omega(j)*L*1e-9;
x0 = [xc1(j) xc2(j) xl(j)];
g(j) = Pi3(x0,zload(j));
end
[Vmax,k] = max(g);
% calculate input impedance looking from source side
para = 1i*xl(k)*zload(k)/(1i*xl(k)+zload(k));
seri = para - 1i*xc2(k);
zin = -seri*1i*xc1(k)/(-1i*xc1(k)+seri);
% calculate reflection coefficient
gamma = (zin-zs)/(zin+zs);
% calculate VSWR
m = (1+abs(gamma))/(1-abs(gamma));
end
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MATLAB code for function Pi3:
function m = Pi3(x,zload)
% set source impedance
zs = 50;
% calculate input impedance looking from source side
para = 1i*x(3)*zload/(1i*x(3)+zload);
seri = para - 1i*x(2);
zin = -seri*1i*x(1)/(-1i*x(1)+seri);
% calculate reflection coefficient
gamma = (zin-zs)/(zin+zs);
% calculate VSWR
m = (1+abs(gamma))/(1-abs(gamma));
end

MATLAB code for function optimizeps:

function [x,fval,exitflag,output] = optimizeps(x0,lb,ub,handle)
% Start with the default options
options = saoptimset;
% Modify options setting
options = saoptimset(options,'AnnealingFcn', @annealingfast);
options = saoptimset(options,'Display', 'off');
options = saoptimset(options,'HybridInterval', 'end');
options = saoptimset(options,'OutputFcns', { [] });
[x,fval,exitflag,output] = ...
patternsearch(handle,x0,[],[],[],[],lb,ub,options);
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Appendix C

Dipole antenna impedance file- before matching
Input Impedance and VSWR
Frequency

Tag

Seg

Real(Z)

Imag(Z)

Mag(Z)

Phase(Z)

Zo

VSWR

3.400000

7

41

71.433

-122.065

141.430

-59.664

50.000

6.14

3.425000

7

41

72.794

-111.010

132.749

-56.745

50.000

5.34

3.450000

7

41

74.167

-99.986

124.491

-53.433

50.000

4.64

3.475000

7

41

75.551

-88.991

116.737

-49.670

50.000

4.02

3.500000

7

41

76.947

-78.021

109.582

-45.397

50.000

3.48

3.525000

7

41

78.353

-67.071

103.139

-40.564

50.000

3.02

3.550000

7

41

79.772

-56.143

97.548

-35.137

50.000

2.63

3.575000

7

41

81.203

-45.231

92.951

-29.118

50.000

2.31

3.600000

7

41

82.647

-34.331

89.494

-22.558

50.000

2.06

3.625000

7

41

84.103

-23.442

87.309

-15.575

50.000

1.87

3.650000

7

41

85.572

-12.560

86.489

-8.350

50.000

1.77

3.675000

7

41

87.054

-1.681

87.070

-1.106

50.000

1.74

3.700000

7

41

88.549

9.197

89.025

5.929

50.000

1.80

3.725000

7

41

90.057

20.077

92.268

12.568

50.000

1.93

3.750000

7

41

91.583

30.963

96.675

18.680

50.000

2.11

3.775000

7

41

93.120

41.859

102.096

24.205

50.000

2.35

3.800000

7

41

94.763

52.766

108.385

29.133

50.000

2.63
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3.825000

7

41

96.241

63.690

115.406

33.496

50.000

2.95

3.850000

7

41

97.825

74.631

123.043

37.340

50.000

3.30

3.875000

7

41

99.427

85.597

131.196

40.725

50.000

3.69

3.900000

7

41

101.045

96.586

139.782

43.708

50.000

4.12

3.925000

7

41

102.681

107.605

148.735

46.341

50.000

4.58

3.950000

7

41

104.335

118.656

158.003

48.675

50.000

5.07

3.975000

7

41

106.010

129.743

167.545

50.749

50.000

5.59

4.000000

7

41

107.705

140.870

177.327

52.600

50.000

6.14
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Appendix D

MATLAB codes for loop optimization of pi3 network
%% import file and initialize
clc;
clear all
importfile('A15.txt');
freq = A15(:,1).*1e6;
real = A15(:,4);
imag = A15(:,5);
omega = 2*pi.*freq;
lb = [1 1 1];
ub = [1000 1000 1000];

% frequency in MHz

% setting lower bound and upper bound

length = 15;
for i=1:5000
i
start(i,:) = 1000*rand(1,3);

%generating random start points

handle = @(x)Pi3_opt(x,A15);
% get the optimum Xc1, Xl and Xc2 at frequency f(i)
[b,VSWR,exitflag,output] = optimize (start(i,:),lb,ub,handle);
% storing all values
out = output;
xc1(i) = b(1);
xc2(i) = b(2);
xl(i) = b(3);
C1(i) = 1e12 * 1/(omega(8)*xc1(i));
C2(i) = 1e12 * 1/(omega(8)*xc2(i));
L(i) = 1e9 * xl(i)/omega(8);
%% plot VSWR at all frequencies
% calculate VSWR at all frequency points
for j=1:length
zload(j) = real(j) + 1i*imag(j);
xc1 = 1e12./(omega(j)*C1(i));
xc2 = 1e12./(omega(j)*C2(i));
xl = omega(j)*L(i)*1e-9;
x = [xc1,xc2,xl];
y(j) = Pi3(x,zload(j));
end
Vmax(i) = max(y);
end
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[VSWRmax,k] = min(Vmax);
c1 = C1(k);
c2 = C2(k);
l = L(k);
for m=1:length
zload(m) = real(m) + 1i*imag(m);
xc1t = 1e12./(omega(m)*C1(k));
xc2t = 1e12./(omega(m)*C2(k));
xlt = omega(m)*L(k)*1e-9;
x = [xc1t,xc2t,xlt];
g(m) = Pi3(x,zload(m));
end
plot(freq,g);
xlabel('Frequency/Hz');
ylabel('VSWR');
title('VSWR with matching network optimized');
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Appendix E

MATLAB codes for Direct Search of pi3 network
%% import file and initialize
clc;
clear all
importfile('A15.txt');
freq = A15(:,1).*1e6;
real = A15(:,4);
imag = A15(:,5);
omega = 2*pi.*freq;

% frequency in MHz

num=500;
a=linspace(1,20,num);
b=linspace(1,20,num);
c=linspace(1,20,num);
tic;
for j=1:num
xc1s=a(j);
j
for k=1:num
xc2s=b(k);
for n=1:num
xls=c(n);
C1 = 1e12 * 1/(omega(8)*xc1s);
C2 = 1e12 * 1/(omega(8)*xc2s);
L = 1e9 * xls/omega(8);
for i=1:15
xc1 = 1e12./(omega(i)*C1);
xc2 = 1e12./(omega(i)*C2);
xl = omega(i)*L*1e-9;
zload = real(i)+1i*imag(i);
x0=[xc1,xc2,xl];
v(i)=Pi3(x0,zload);
end
VSWR(j,k,n)=max(v);
end
end
end

[v,ind]=min(VSWR(:));
[J,K,N]=ind2sub(size(VSWR),ind);
XC1=a(J);
XC2=b(K);
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XL=c(N);
t=toc;
C1 = 1e12 * 1/(omega(8)*XC1);
C2 = 1e12 * 1/(omega(8)*XC2);
L = 1e9 * XL/omega(8);
for i=1:15
xc1 = 1e12./(omega(i)*C1);
xc2 = 1e12./(omega(i)*C2);
xl = omega(i)*L*1e-9;
zload = real(i)+1i*imag(i);
x0=[xc1,xc2,xl];
y(i)=Pi3(x0,zload);
end
plot(y);
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Appendix F

Real Frequency impedance data for the bow-tie antenna
Frequency/Hz

R/Ohm

X/Ohm

1.00000000E+08

8.91184970E-01

-7.23371452E+01

1.25000000E+08

1.20620431E+00

-2.22713870E+01

1.50000000E+08

7.29527732E-01

1.96515387E+01

1.75000000E+08

8.14906539E-01

5.88988490E+01

2.00000000E+08

1.94197230E+00

9.73585495E+01

2.25000000E+08

4.09057240E+00

1.37061255E+02

2.50000000E+08

7.74912551E+00

1.80239610E+02

2.75000000E+08

1.40195516E+01

2.29629958E+02

3.00000000E+08

2.51566430E+01

2.89157360E+02

3.25000000E+08

4.61286077E+01

3.65128435E+02

3.50000000E+08

8.92726428E+01

4.68294050E+02

3.75000000E+08

1.90317862E+02

6.15414393E+02

4.00000000E+08

4.67965440E+02

8.01212597E+02

4.25000000E+08

1.15074720E+03

6.53740209E+02

4.50000000E+08

1.13929482E+03

-3.11788499E+02

4.75000000E+08

5.44956757E+02

-4.66857793E+02

5.00000000E+08

2.80360947E+02

-3.35666585E+02
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Appendix G

Steps of using ADS built circuit as the matching network for FEKO
1. In ADS, create a new workspace, a library and a schematic.
2. Build the matching circuit and specify the component values.
3. Add terminations and the S-parameter simulation item. Make notes of the termination
numbers and the orientation of the circuit. Set the simulation frequency range and step to
be the same with the band in FEKO.
4. Run the simulation in ADS.
5. In the simulation result window, go to “Tools”, then “Data File Tool”. Select “Write data
file from dataset”. Here a touchstone file can be generated with the S, Y or Z matrix
information for each frequency point. Select S-parameters for example, and save the .s2p
file to designated location.
6. Go to CADFEKO. Here we assume the antenna is ready for simulation. Go to “Network”
in “Source/Load”, browse for the .s2p file exported from ADS earlier. Make sure the
boxes before S-parameter and Touchstone file are checked.
7. Go to “Network schematic”, you should see “GeneralNetwork1” with two ports, and the
antenna with one port. Use “Wire mode” to connect the antenna port and the network.
8. Switch from “Construct” tree to “Configuration” tree. “Non-radiating networks” appears
under “Global” label. Change the “VoltageSource1” under “Sources” from “Port1” to
“GeneralNetwork1.Port1”, or the source-side port of the matching network.
9. Run the simulation in CADFEKO.
10. Go to POSTFEKO to check the gain plot.
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