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Abstract

The last two years have shown a different life scenario when the pandemic hit every part
of the world. It reshaped the life of humans rapidly by forcing work from home, online
education, online shopping and more. The pandemic has put brakes on this constantly
fast-moving world. However, technology bridged the gap of physical distancing by providing
everything online, from medical assistance to non-essential items, from family video-calling
to online schooling and many more. The internet has played a preeminent role in the last two
years, and technology in the hand of every human, from kids to adults, assists in overcoming
stressful situations. The technologies that will formulate the next-generation wireless systems
are being defined today.

The primary motivation of this research was the increased complexity of mobile devices,
resulting in more significant challenges and stringent requirements in the design of all
front-end components, including filters, power dividers, matching networks and power
amplifiers (PAs). Inevitably, RF front-end solutions for different applications, including
telecommunication, aerospace, military and others, have moved from the discrete solution
with one or more single-band circuits, including PA modules, matching networks etc., towards
the ultimate multi-band solutions. In this approach, one module will support all existing
standards while covering different frequency bands of operation.

This doctoral dissertation focused on the challenges and considerations in designing different
components in any RF front-end module. The main contribution of this thesis is to develop

dual-band/broadband architectures for passive devices, including matching networks and



power dividers, as well as their applications in active devices such as harmonically tuned
power amplifiers. Various design methods have been discussed and analyzed to provide
different architectures with practical solutions. Design and analysis of distinct matching
networks are proposed. The theoretical basis for designing the dual-band matching networks,
closed-form equations, analysis, additional case studies and fabrication of prototypes for val-
idation purposes is contributed. Different scenarios discussed include real-to-real matching,
real-to-complex matching and complex-to-complex matching, depending on the nature of the
source and load type. Also, broadband power dividers have been studied rigorously to operate
over a wide range of frequencies with DC blocking capability, which is a primary demand in
any RF front end. Two different broadband power dividers operating over a wide range of
frequencies, including their design and analysis, are proposed. Other methods are presented
with inherent DC-blocking capabilities that are useful in many practical applications. Along
with passive circuits, the multi-band matching network is utilized to design power amplifiers
that can provide desirable performance in terms of efficiency and gain. Two methodologies
are proposed, which are simple and supported by closed-form equations that maintain easy
fabrication and are pragmatic in implementation. It considers the application of multi-band
matching networks in designing high-efficiency RF power amplifiers.

Thus the key findings of this thesis include different multi-band/broadband passive devices,
including matching networks and power dividers which are accompanied by closed-form
equations to obtain mathematical formulations for easy designing and prototyping. The
application of matching networks in active devices, 1.e. power amplifiers, is explored. The
harmonically tuned power amplifier, accompanied by formulations and design procedures to

obtain optimum performance, is verified with design examples and case studies.
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Chapter 1

Introduction

In its current form, modern electromagnetic laid down its foundation on Maxwell’s equations.
Understanding the two most peculiar forces that exist in nature - Electricity, Magnetism and
their relationship is possible only through these four influential equations. These equations
made the basis for the most significant advances in humankind, from the study of black holes
to quantum mechanics, from giant telescopes to small smartphones etc. In 1931, on the 100"
anniversary of Maxwell’s birth, Einstein stated that development in the creation of reality in
physics that resulted from Maxwell’s work as ''the most profound and fruitful that physics

has accomplished since the time of Newton'. [1].

The last two decades have seen remarkable advancements in the communication field-
either wired or wireless. In the early 16th century, before the invention of electromagnetic
telephones, mechanical devices were used for transmitting speech over a distance. However,
after the successful demonstration of wired telephones for voice transmission, the era of
communication changed. Technically, the telephones were diverse initially. Some comprise
water microphones, some with metallic diaphragm for inducing currents, and some utilize
vibrated coil of wire of permanent magnet [2]. Later, an induction coil was used that acts

as an impedance matching transformer to make it compatible with the impedance of the



2 Introduction

line. Hence, the critical requirement for transmitting the speech is efficiently transferring
power from the source to the load. Similarly, another pillar of modern civilization includes
electricity, which relies on the maximum power to be transferred from source to load side.
In brief, this is referred to as Impedance Matching [3]. The impedance matching can be
achieved considering the matching theorem for both real as well as reactive sources and
load. The theorem states that if the source and load are real, the load resistance should equal
the source resistance to maximize the power transfer. However, for the reactive loads, the

impedance of the load should be the complex conjugate of the source [4].

1.1 Motivation

In the last decade, the cellular system has evolved from an uncomplicated calling and
messaging device to one that connects the entire world using different platforms. The
ubiquitous nature of this evolving technology in commercial, industrial, aerospace, and
military applications has reconstructed cellular technology from a personal hand-held device
to a flexible wireless system. Wireless technologies such as mobile handsets have seen
the transformation from single-function devices to multi-function devices. It incorporates
advancements such as reduction in size, cost and technology, including Bluetooth, Wi-Fi,
GPS and many more multimedia functions in a single device [5]-[6]. Considering a 5G
enabled smartphone which includes all of the following frequency bands or more operating

simultaneously in a single portable device, as shown in Fig. 1.1 [7]:

* Wi-Fi - 1 GHz, 2.4 GHz, 3.6 GHz, 4.9 GHz, 5 GHz, 5.9 GHz, 6 GHz and 60 GHz [9]

GPS - L1- L5 bands

2G-GSM - 900 MHz or 1800 MHz

3G-GSM - 900 MHz or 1800 MHz or 2100 MHz
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* 4G-LTE - 2100, 1800, 850, 750, 1900 MHz

¢ 5G - 26 GHz and 40 GHz

Fig. 1.1 5G: new standard for number of applications [8]

Thus mobile handsets must operate at different frequency bands with discrete charac-
teristics. In order to support multiple frequencies wireless connections, the RF front end
should be capable of handling multi-mode signals. In the last decade, network technologies
have evolved through generations, such as" 2G"," 3G"," 4G", and current "5G". In any
transceiver unit of an RF system, there is a conglomeration of individual units that operate
at different frequency bands, as shown in Fig. 1.2. As wireless standards are evolving
rapidly, it dictates the need for a multi-band multi-mode RF front end. RF front end with
variable characteristics attracts researchers in the mobile telecommunication field. Mobile
telecommunication systems with variable RF front end operating at different frequency bands
enhance their functionality and performance and help make the device more compact and

cheap, as shown in Fig. 1.3 [10]-[11].



4 Introduction

ANTENNA SWITCHES g, TErs
\|/MATCHING 2 GvY
2%aY /
—
LNA
v
| B 2
° RV m
— W
° o w
oV V¥ —
PA %
N PA =
>
—F4 =
@
®
@

LNA

Fig. 1.2 RF front end with multiple devices to operate at different bands

The above-stated reasons necessitate the interest in finding innovative ideas for integrating
RF hardware to be more compact with optimal performance. Thus instead of replicating
the same transceiver for each new standard or frequency band, making them reconfigurable
is a feasible solution. Since reconfigurable RF front ends require circuits such as filters,
impedance matching networks, LNAs, antennas etc., with variable characteristics. It has
been a challenge for researchers to implement a tunable RF front end that can vary its
characteristics with corresponding variations in wireless standards. If all RF front-end
circuits are individually tuned at different frequency bands, it reduces the RF circuit’s need
to implement individually. As seen from Fig. 1.2, an individual RF transceiver unit increases

the overall weight of the system and cost, which is unenviable for mobile applications.
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Fig. 1.3 RF front end with multi-band or broadband circuitry for multiple bands of operation

Fig. 1.3 shows a reconfigurable RF system for multi-mode standards in a single unit rather
than replicating individual units for each new standard. In order to support multi-mode
and multiband operation, RF circuitry such as Duplexer, Filter, PA, Impedance Matching
Network, Antenna etc. needs to be reconfigurable [12]. Tunability in antenna provides many
advantages, such as operating at different bands and filtering out interference signals using
multiband and broadband circuitry. The need of reconfigurable devices also require the
components that can be designed or modified for other applications as well. The different
applications have different frequency ranges, hence the design of different components
should be independent of frequencies selected. Tunability in impedance matching network
provides required susceptance for antenna to compensate for changes such as frequency
and the detuning effects [13]. Since reconfigurable RF front end requires different units,
there is a need for a multiband Power Amplifier (PA) and multiband matching networks
that will work on multiple bands and multi-modes. Fig. 1.4 represents the application of

multiband PA operating at different bands of frequencies to make its use in varieties of
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applications like smartphones, automotive industry, biomedical and many more [14]. As
above discussed the motivation of this research was increased complexity, challenges and
considerations in designing different circuits in any RF front-end module. In addition to
the design and analysis of any active or passive circuit, the major design feature is to have
frequency independent designs i.e. instead of selecting individual frequencies, the frequency
ratio should be considered. This will ease the selection of the frequency of operation for any
application. Thus this research includes the design of passive and active components found
in any RF front end operating at different frequencies concurrently reducing the complexity,

size and overall cost of the system.

8 @@ @ @ @ @
& ¢ » 72 9 4 <

Farm Factory  Smartphone PC Home Human Automotive

Fig. 1.4 Multi-band power amplifier operating at different frequencies of application [14]

1.2 Impedance Matching Networks

In any wireless system, electromagnetic (EM) radiation is transmitted through space in the
form of waves. These EM waves carry the information within an RF circuit from one location
to another and then radiate in space with the aid of an antenna. These radiations can be

characterized in terms of wavelength and frequency. It is worth noting that while transferring
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the power from the input side, the total energy should be carried to the output side of the
circuit. Hence, the matching circuits are needed for transferring the maximum power from
the input to the output side, which holds for both the large scale systems, including power

stations or small RF circuits such as smartphones etc as presented in Fig. 1.5.

RF Output

Fig. 1.5 Block diagram representing RF power transferring from input to output

As mentioned, at a single frequency, the problem of maximizing the power from resistive
or reactive source to resistive or reactive load can be solved by taking the complex conjugate
of each other. However, for variable frequency, the complex conjugate method fails, and
reflection from the load results in the loss of power [3].

To understand the circuit’s behaviour for maximizing the power, a fundamental concept
related to the electric network, is the derivation of its transfer function. Also, the driving
point impedance function is used to synthesize and analyze the circuit. However, for a
brief understanding of these circuit realizations, it is necessary to define the terms: resis-
tance, impedance, admittance and characteristic impedance. The difference between these
terms allows for designing circuits with mathematical formulations. For a comprehensive

understanding of impedance matching, these terms related to it should be reviewed.
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1.2.1 Resistance

The resistance is the traditional term in electrical engineering relating the voltage and current.

Fig. 1.6 Concept of resistance

It measures the opposition to the current flow in an electrical circuit, as illustrated in Fig.
1.6. The term was coined by Georg Simon Ohm, describing the relationship between current
and voltage in terms of Ohm’s Law [4].

Mathematically, it is defined as the ratio of voltage across the circuit and current flowing
through it at any given time ’t’.

R(t) =~ (1.1)

In any electric circuit consisting of resistors only, the resistance can be calculated by consid-
ering the equivalent resistance of the circuit R, (¢). Hence, the resistance can be defined in
terms of R, (t) rather than R(t). This definition of resistance is valid for DC currents where
current is taken as constant. However, for AC circuits containing reactive elements such as
inductors and capacitors, the term resistance is inadequate to use. Another term defining the

opposition of current with reactive elements is introduced to ease this problem, "Impedance".
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1.2.2 Impedance

In an electrical circuit, the term impedance is defined as the opposition of the current produced

by an integration of resistance and reactance as presented in Fig. 1.7 [4]. Reactance is the

IMPEDANCE

Fig. 1.7 Impedance containing both resistance and reactance

opposition provided to the alternating current by reactive elements such as inductor(L) and
capacitor(C). Oliver Heaviside coined the term impedance. In addition to resistance, the
effect of induction voltage between conductors, i.e. inductance and charge between the
conductors, 1.e. capacitance, is considered in AC circuits.

The impedance is represented in phasor form in terms of magnitude and phase angle, Z =
Z,0*. Mathematically, impedance can be represented in terms of resistor, inductor and
capacitor for a sinusoidal current as follows.

Resistor:
Considering a voltage V () = V,sin(wt) across circuit containing a resistor R as depicted in

Fig. 1.8, the impedance is defined as:

_ Vsin(ot)
20 = sintor) = (12)

Here, the impedance Z(t) is simply defined as the resistance across the circuit.
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Fig. 1.8 Circuit with resistor

Inductor:
In a circuit shown in Fig. 1.9 containing the inductor 'L, the voltage and current across the
circuit is V(t) = V,sin(wt) and I(t) = I,sin(@t) respectively, then impedance Z is defined

as:

» %L
Z =jwlL
®

Fig. 1.9 Circuit with inductor

di (1) d(I,sin(ot))

v(t) =1L ek L = (1.3a)
v(t) = wLl,cos(ot) = joLI(t) (1.3b)
z="0 _ior (1.3¢)

(1)



1.2 Impedance Matching Networks 11

The impedance Z across the inductor varies with frequency and hence for DC current,
impedance offered by ideal inductor is zero and can be considered as short-circuit.
Capacitor:
Similarly, a circuit containing the another reactive element capacitor ’C’ as shown in Fig.
1.10, the voltage and current across the circuit is V(¢) = V,sin(wt) and I(t) = I,sin(ot)

respectively, then impedance Z is defined as:

—> . I
~C
Z=1/jwC

Fig. 1.10 Circuit with capacitor

V() d(V,sin(ot))

(1) = C= = = e (1.42)

I(t) = @CV,cos(wt) = joCV (1) (1.4b)
M) 1

Z= It) joC (14¢)

The impedance Z across the capacitors also varies with frequency and hence for DC

current, impedance offered by ideal capacitor is infinite and can be considered as open-circuit.

1.2.3 Admittance

Unlike impedance, admittance is considered to be the measurement of the amount of current

flow through any material. Thus it can be defined as the reciprocal of the impedance. Oliver
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Heaviside coined the term admittance.

Y =— (1.5)

Here, Y and Z are admittance and impedance respectively. Similarly, to impedance, the
admittance is defined including both resistive and reactive elements. However, it is defined

in terms of conductivity as below:

Y =G+ jB (1.6)

Here, G is the conductance and B is the susceptance, both measured in Ohms.

1.2.4 Characteristic Impedance

The above-defined terms are applied to electrical circuits with resistance and reactive elements
for measuring their performance in terms of conductivity and resistivity. However, a new term
was introduced for calculating the impedance in a transmission line known as Characteristic
Impedance of the line [3].

It is considered the ratio of voltage and current in an infinite transmission line with no
reflections. It is denoted by Z, Q. The characteristic impedance of the transmission line is
calculated over an infinitesimal length Ax, which can be modelled as the combination of

resistive and reactive elements as shown in Fig. 1.11 [15].

[(x)
—> RaAx LAX |(X+_A)X)
B
+ +
V(X) GAX ;r: CAX V(X+AX)
S ®

Fig. 1.11 Transmission line model over an infinitesimal length Ax
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Here, R is the series resistance per unit length in Q/m, L in the series inductance
per unit length in H/m, G is the shunt conductance per unit length in S/m and C is the
shunt capacitance pr unit length in F/m. By analyzing the defined model and applying the
mathematical formulations, the two equations in terms of voltage and current can be written
as:

V(x+Ax) —V(x) = —RAxI(x) — joLAxI(x) (1.7a)
I(x+ Ax) —I(x) = —GAxV (x) — joCAxV (x) (1.7b)

Taking second-order differential equation with respect to x and considering A x tending

towards zero results in :

d*v

dxgx) —(R+joL)(G+ joC)V =0 (1.8a)
dzl(x) ) )

—5°— (R+joL)(G+joC) =0 (1.8b)

Investigating these two equations for solutions in terms of V and I results in two waves,

forward travelling and backward travelling wave as follows [15]:

Vix) =V e "4V, e (1.92)

I(x)=LIe "+ ™" (1.9b)

where,

y=1/(R+ joL)(G + jaC)

The characteristic impedance of the transmission line is defined as the ratio of the forward
travelling voltage wave to the forward current wave or the backward travelling voltage wave

to the backward current wave.
. Vo+ _ Vo_

7 =0 —__0
I Iy

(1.10)
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By mathematical analysis, the characteristic impedance of transmission line in terms of

lumped elements R, L, G and C is given as:

R+ joL
Zy = i (1.11)
G+ joC

From (1.11), for a lossless transmission line, the characteristic impedance is purely
resistive. It can be noted that if the transmission line is terminated at the load with the
impedance equal to the line’s characteristic impedance, then there will be no reflections, and
the concept of impedance matching is introduced. The terms impedance and characteristic

impedance are used interchangeably in the transmission line.

1.2.5 Impedance Matching Techniques

As mentioned before in circuit theory, the maximum power transfer theorem is one of the most
significant theorem since it is the motivation behind the "Impedance Matching Network™.
According to this theorem, the maximum power can be transferred between a source and
any load at a particular frequency if the load impedance is a complex conjugate of source
impedance, i.e. Z; = Zg. However, for circuits where the frequency of operation is variable
or circuits that match at one or more frequencies, maximum power transfer is challenging.
For different loads, which can be constant or variable, a black box can be placed between the
load and source that can transform the load impedance precisely to the same as desired to
have maximum power transfer from the source. This black box can be termed as “Impedance
Matching Network™ as shown in Fig 1.12.

Considered a voltage source Vi with a input impedance of Zg and has a load with impedance
Zr. Generally, the impedance matching between these arbitrary source and load can be

categorized into following categories:
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- N r

SOURCE IMPEDANCE LOAD
NETWORK MATCHING NETWOR

\ "

Fig. 1.12 Block diagram representing impedance matching network between source and load
network
* Source and Load - Both Real but unequal - This is the most simple scenario, the
input impedance Zg and load impedance Z; both are real and hence resistive at single
frequency as shown in Fig.1.13. The matching between these two impedance is

straightforward by using quarter-wave transformer.

Z:
A%

Ve .

Fig. 1.13 Matching scenario for resistive unequal source and load

* Source - Real and Load - Reactive or Complex - In this scenario, the input impedance
Zs 1s real while load impedance Z; is complex at a single frequency as shown in Fig.
1.14. The matching between these two impedance done by either lumped elements or

transmission lines using tools such as Smith Chart.

* Source and Load - Both Reactive or Complex - This scenario is the most common
in applications such as Power Amplifier (PA) connected to an antenna in any RF
front end. As PA drain impedance is always complex because of parasitic, the input
impedance is complex, while the impedance seen into an antenna is also complex. It is
presented in Fig.1.15. The input and load impedance’s are unequal but operate at a

single frequency. For providing the maximum power between the source and load, the



16 Introduction

VA4S

Ve ZL

Fig. 1.14 Matching scenario for resistive source and reactive load

impedance matching network should be considered, which can provide impedance that
is a complex conjugate of load impedance. This type of matching can be done by the

Smith Chart tool.

Ze

Ve ZL

Fig. 1.15 Matching scenario for reactive source and load

The design methods for above three categories is quite straightforward and productive, but

with following limitations:

1. Matching is provided at a single frequency only.

2. Narrow operating bandwidth (Quarter-wave transformer)

3. Load impedance should not vary with frequency.

However, in a pragmatic framework, the RF front end receives multiple frequencies at a

time, and hence impedance matching network should also be capable of providing matching
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at multi-frequencies consecutively. Another scenario can be considered where the load is
frequency-dependent complex load (FDCL). The solutions to these problems have been a
part of research in the last decade by providing either the multi-band or broadband impedance

matching network.

Multi-band Matching Network

There has always been a demand for multi-standard RF transceivers in this wireless era,
focusing mainly on size and cost reduction. In addition, these systems operate in a wide
range to operate in dynamic environments. In any RF front end, to ensure the multi-standard
transceivers can transmit and receive distinct signals at different frequencies simultaneously,
reconfigurability of each block, including power amplifier, low noise amplifier, mixers and
matching networks, is necessary. It is well known that the matching networks have been
known for years for transferring maximum power from the source to load; the traditional
method of using quarter-wave transformers, smith charts and other tools are familiar. How-
ever, the research in the multi-band matching networks, including dual-/tri-/multi-band, has
gained much attention worldwide. In the design and implementation of multi-band matching

networks, there are three categories based on source and load impedances as follows:

* When the source and load both are resistive but unequal and variant with respect to

frequency as shown in Fig. 1.16.

Re

Ve

Fig. 1.16 Multi-band matching scenario for resistive unequal source and load
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* When the source is resistive, load is complex and variant with respect to frequency as

shown in Fig. 1.17.

Re

'S
Zi @ fi
MULTIBAND 7 f
MATCHING L2 @ 2
NETWORK e
L)
ZLn @ fn
—

Fig. 1.17 Multi-band matching scenario for resistive source and reactive load varying with
frequency

* When the source and load both unequal and complex and also, variant with respect to

frequency as illustrated in Fig. 1.18.

Z: @ f

Zo @ f
ZGn :@ fn
————
MULTIBAND 2.@f
Ve MATCHING Z: @ f,
NETWORK :
ZLn @ fn

Fig. 1.18 Multi-band matching scenario for reactive source and load both varying with
frequency

Broadband Matching Network

The term broadband matching network implies transferring maximum power from the source
to load over a wide frequency band. The simple method of conjugate matching has limitations

when matching is to be carried out over a broad frequency range. Before 1948, there was no
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well-defined technique for broadband impedance matching in a microwave device and no
practical procedure for defining the mathematical formulations for designing the matching
network.

In 1945, an analytic broadband matching theory was given by Bode with gain-bandwidth
limitations on any single-match network having a parallel RC load [16]. The work carried out
by Bode was significant, although it considers a simple combination of resistor and capacitor,
as it provides for the first time the gain-bandwidth formulation for a given load.

Initially, the integral theorem considered for designing broadband matching networks was
Darlington theorem (1939) [17]. This theorem states that any impedance function of a
random element, including resistance and reactance, can be represented by a simple reactive
network consisting of loss-less L and C network terminated by 1-€ resistance as shown in
Fig. 1.19. Hence converting the impedance matching network problem into a filter design

problem.

2 q Reactive
Network 10

z| ®

Fig. 1.19 Representation of darlington theorem

Extending this theorem and combining the work carried by Bode, Robert Fano in 1948
provided a simple approach to design a broadband matching network [18]. Fano replaces a
defined load impedance Z; with Darlington’s defined network terminated by 1-€ resistance
resulting in a filter with resonators on both ends. The next step is to design a simple
Chebyshev or elliptic equal-ripple doubly-terminated filter. The gain-bandwidth limitation is
further investigated and later known as the Bode-Fano criterion, which states that for lossless

matching networks for some standard loads with a resistor, R, in parallel with a capacitor, C,
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there is a limit on the reflection loss, given by:

r (1.12)
T

= 1
In——dw <
/0 Civ(@)]
Here, 7 is the time constant RC and L/R for different load combinations, I';y(w) is the
reflection coefficient seen into matching network. Considering, desired frequency range from

w1 to wo, the reflection-coefficient can be calculated as:

o 1
A)mﬁﬁwgg (1.13a)
1
1 T
(o a)l)lnmdco§; (1.13b)

This ideal results in trade-off between a good-match over a narrow band and poorer match

over a wide band.

In practice, certain metrics are used to characterize the performance of impedance

matching networks. They are elaborated briefly in the following section:

* Return and Insertion Loss: Return loss in any matching network is the important mea-
suring parameter as it determines how much power is being reflected from the output
port of the circuit due to a mismatch of transmission line characteristic impedance and
load. Similarly, insertion loss is defined as the loss incurred during the transmission
of a signal from input to output port. Return and Insertion loss are defined in terms
of S-parameters as S11(dB) and S,; (dB), where 1’ and ’2’ represents the input and

output ports respectively.

» Frequency Ratio: Frequency Ratio is the most significant performance measuring
metric in any multi-band circuit and essentially defines the maximum obtainable band

separation without degrading other measuring parameters. In literature, designs have
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been reported either as frequency-based or frequency ratio based. Frequency-based
designs consider the case of operation at discrete frequencies such as 900MHz, 3.5GHz
and 5.8GHz. This limits the design flexibility as the same structure cannot be reused
for other frequencies with the same frequency ratio. While frequency ratio-based
design operates on ratios, such a device operating on 1, 2, and 4 GHz should also be

able to operate successfully at 1.5, 3 and 6 GHz.

» Impedance Transformation Ratio: Another important defining performance mea-
suring metric for multi-band devices is the impedance transformation ratio or the
impedance gradient. It is the ratio of the load impedance at the output port of the
device to the source impedance at its input port. In most conventional designs reported
in the literature, the load impedance does not differ from the source impedance by a
considerable value. This parameter is of utmost importance, especially in impedance
transformation networks, as designing the same becomes challenging when the load

impedance becomes high.

* Per-band Bandwidth: For a device operating at multiple frequencies, it is essential to
determine the bandwidth attainable at each of the bands of interest. This parameter is
not absolute as the bandwidth requirement per band depends upon the application the
device is serving. For example, for a highly selective military radio operating at three
bands of interest, the bandwidth per band needs to be as narrow as possible to make it
highly selective (with a high Q-factor). On the other hand, the bandwidth requirement
per operating band is very high in high-speed transmitting systems. Generally, the
bandwidth is specified below a particular level of reflection coefficient, mostly -10, -15

or -20 dB.
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1.3 Power Dividers

Another important passive device found extensively in any RF circuit is the power divider
used for power dividing and combining. As presented in Fig. 1.20, a power divider is used to
divide the input power into outputs that can be equal power or unequal power, depending
upon the application. It is also essential in any power divider to have excellent isolation
between the two output ports. The most commonly used power divider was the T-junction
power divider; however, it suffers the poor isolation between two output ports and is hence
not valuable for applications where isolation between ports is required, e.g. Doherty Power

Amplifier.

Cﬁ POWER — Pour
P DIVIDER b Pour

Fig. 1.20 Power division by power divider

The most popular power divider was introduced by Wilkinson in 1960 [19]. The proposed
power divider divides the power into N equal magnitude and phase signals. The famous
Wilkinson Power divider represents a two-way single band 3-dB power divider with N = 2. It
has excellent isolation between the two output ports with perfect return loss, as illustrated
in Fig. 1.21. However, it suffers the disadvantage of narrow bandwidth because of using a

quarter -wave transformer.

The Wilkinson power divider is designed to split the output ports equally. However, the
unequal power dividers were developed later to divide the power unequally with the” K’ ratio.
There are other types of power dividers, such as multi-way power dividers, including radial,

multi-section designs etc., which will be discussed in Chapter 2. The design restrictions of all
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Fig. 1.21 Schematic of Wilkinson power divider

the discussed power dividers are single frequency operations. As described, the multi-band
RF front end needs every component should operate at different frequencies simultaneously
or over a wide frequency band. Hence, multi-band power dividers and broadband power

dividers were investigated extensively in the last decade.

The most important parameters reviewed while designing a power divider are discussed

below:

* Return Loss: Return loss is defined as the reflected power from the output port
because of discontinuity or mismatch at the end of the transmission line. It is measured
in terms of dB and denoted by S;; in terms of S-parameters. Here *1’ is represented by

port 1.

* Insertion Loss: Insertion loss is defined as the loss which occurs when the signal
is transmitted through a transmission line. It is also defined as attenuation in terms
of dB. It is denoted by S1,, where "1’ and ’2’ are input and output ports, respectively.
It is defined as a positive number in terms of gain and a negative number in terms of

attenuation.
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* Isolation: Isolation is defined as the mutually isolated output ports. In any power
divider, power entering port two must not interfere with port 3 (in the case of a two-port

power divider) and vice-versa. In terms of S-parameters, it is denoted by S>3 (dB).

1.4 Power Amplifiers

A power amplifier is an essential system component that plays an essential role in many
applications such as satellite communication, microwave and millimetre wave system [20].
It can be said that the imagination of the user limits applications of the power amplifier
since it is a very crucial block in telecommunication, military systems, aerospace and other
important applications. As power amplifier applications found diversity in different fields,
specifications of power amplifiers also vary depending on the requirement, i.e. operating
condition, technology used and application design strategy. Consequently, a wide variety of
PA realizations results, from travelling-wave tube amplifiers in satellite payloads to solid-state
amplifiers for personal wireless communication handsets. The main task of PA is to increase
the power level of the signal at its input, and up to a certain level at its output within a

particular frequency band, as shown in Fig. 1.22 [21].

oRAIN | Output | RF OUTPUT

Network

RF INPUT

o Input
AN Network | GATE U U
|SOURCE

Fig. 1.22 RF power amplifier with amplification of RF input signal

Unlike linear amplifiers that include small-signal analysis to find out the small-signal gain,

power amplifiers are often specified in terms of power gain and its power-added efficiency. It
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determines the primary performance of a power amplifier. Fig. 1.23 represents the 3W RF

power amplifier from Acquitek [22].

E’ RF POWER AMPLIFIER
.

N RF© RF & @3

AM
. -

Fig. 1.23 3W power amplifier from acquitek

Different classes are defined to enhance the efficiency of a power amplifier. The PAs
operating as Class-A, B, AB, and C are defined by controlling the current conduction angle.
Theoretically, the class-A amplifier can achieve maximum 50% drain efficiency with both
current and voltage waveforms as sinusoidal. However, to increase the efficiency, the current
and voltage waveforms need to be reshaped. To reshape the waveforms, drain voltage may
contain a number of harmonics while maintaining the current waveform as sinusoidal or vice
versa. However, practically, it is impossible to alter infinite harmonics, but it is possible to
achieve efficiency greater than 75 % by controlling the first three harmonics. It is also widely
acknowledged that highly efficient RF power amplifier configurations such as switched-mode
PAs are often constrained in the choice of the frequency of operation. This could be attributed
to parasitic capacitance and inductance at the drain of the transistors.

In a design of RF power amplifier, the critical blocks are: active device [23], input
matching network, output matching network, DC biasing network etc., as shown in Fig.1.24.

Since, in telecommunication, the RF front end operates at different frequencies, there is a
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need for either a multi-band or broadband power amplifier. For designing of multi-band
or broadband power amplifier, all blocks present should be multi-band or broadband, e.g.

multi-band or broadband input and output matching network, DC biasing network etc.

DC BIAS
Zc J | ®
INPUT (e -~ qorvo ——— OUTPUT
Ve MATCHING | ®— e Po1029L L {MATCHING
NETWORK . NETWORK
Transistor

Fig. 1.24 Block diagram showing RF power amplifier components

In order to characterize the performance of a RF power amplifier, some important metrics

are considered. These are discussed briefly in the following section:

* Power Gain Py,,: It is defined as the ratio of output power P, to input power FPj,.

Pogin = (1.14)

A power gain in any power amplifier mainly depends on the input signal drive, i.e. for
small drive levels, the amplifier behaves linearly; thus, the gain is known as Linear Gain.
When input level drive is increased, output voltages and currents will be saturated by

the device’s non-linearities; thus, gain start decreasing towards zero.

* Gain Compression: As mentioned above, power gain depends on input power. When
input power is increased, due to non-linearities of the device, gain decreases from
its linear value to zero. It is known as gain compression. One parameter known
as the -1 dB compression point is defined as the output power level variation from
the corresponding ideal linear behaviour. Thus, this merit is the border between the

device’s almost linear and non-linear behaviour.

Z
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* Drain Efficiency: Power amplifier is a device that amplifies the low power input
signal to high output power. A parameter known as drain efficiency is defined as the
ratio between amplified RF output power and DC power supplied to it. This is the most

important key parameter since it determines the DC power budget.

POMt

= (1.15)
Ppc

» Power Added Efficiency: If DC supply is fixed, then to improve overall system perfor-
mance, high efficiency allows high transmitted power. As the power amplifier has an
active device component, with an increase in frequency, amplifier gain starts decreasing
due to parasitic and other constituents who come into the picture as frequency increases.
Thus, output power coming from the input signal cannot be ignored as it contributes a
significant portion of the total output power. Thus, another parameter is to be defined,
known as Power Added Efficiency. It is defined as the ratio between power added (i.e.
increase in signal power from power amplifier input to its output) to the supplied DC
power.

Four — P,

= —— 1 . 1
Nadded P (1.16)

To increase the overall efficiency of the power amplifier, power dissipation should
be minimal. Thus, high efficiency results in lower dissipation power, thus reducing

thermal issues.

* Harmonic Distortion: Due to the non-linear behaviour of the power amplifier, effi-
ciency and output power both are restricted by compression. Harmonic generation at
even and odd frequencies distorts a two-tone input signal. Thus harmonic distortion is
defined as the ratio between output power at harmonic frequencies to the output power

at the fundamental frequency.
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* Intercept Point: Since practical signals are not signal tones, thus considering a two-
tone signal at the input of the non-linear power amplifier, it results in several harmonics
at its output whose components lead to the distorted output. Thus, power amplifier
output contains a series of harmonic frequencies and can be out of the band and in-
band components. These components are known as Inter-modulation Components.
Third-order intercept point is the hypothetical extension of the third-order components
power curve that meets the power curve of the fundamental power. It is the most

significant parameter in terms of characterizing the device’s performance [24].

Thesis Overview and Organization

This thesis presented the different methods for designing both active and passive devices
in any RF front end. The passive devices discussed include primarily dual-band matching
networks and broadband power divider, which is practical in implementation. Also, a
harmonic power amplifier for high efficiency and gain is analyzed.

The thesis is organized as follows: Chapter 2 will presents the literature review of
the research work related to matching networks and power dividers from multi-band to
broadband, the evolution of power amplifiers from simple harmonic tuned to present complex
architectures. Chapter 3 develops the theoretical basis for designing the dual-band matching
networks, closed-form equations, analysis, different case studies and fabrication of prototypes
for validation purposes. It includes three types of methods with variations in source and load
type. Chapter 4 discusses another important passive device, a power divider that is designed
to work over a wider frequency range. The two different methods are presented with inherent
DC-blocking capabilities that are useful in many practical applications. Chapter 5 considers
the application of discussed multi-band matching networks in designing highly efficient RF
power amplifiers. The design part incorporates designing an output matching network and

drain bias network to match the drain impedance of the transistor to the load by harmonic
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tuning. Chapter 6 finally summarizes the dissertation and proposes a future direction of

research in this field.






Chapter 2

Literature Review

2.1 Background

In any transceiver, the RF front end mainly consists of circuits between the antenna and
other digital blocks used to transfer and receive information without distortion, as shown in
Fig. 2.1. The blocks preceding mixers are power amplifiers and matching networks on the

transmitter side.

RF FRONT END

I
: I »
| Matching | | Fiter DeModulator} Analog to Digital
Network | Converter
|
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I
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Matching " Modulator | | Digita to Analog
Network ‘ L Converter
I Mixer I
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Fig. 2.1 Block diagram of RF front end transceiver
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These are the two most crucial blocks in the transmitter chain as the power amplifier can
boost the input power levels while the matching network is utilized to maintain the maximum
power transfer. Chapter 1 discusses the emergence of a multi-band RF front end, which often
requires multi-band or broadband circuitry, including power dividers, couplers, oscillators,
etc. In this thesis, research mainly focuses on the design of multi-band or broadband passive
devices and their application in power amplifiers; this chapter will discuss the existing

literature study related to these ubiquitous blocks of any RF front end.

2.1.1 Impedance Matching Networks

The matching network is the crucial block in any RF/microwave system, and it found appli-
cations in many RF circuits. With the recent advancement in wireless technology, wireless
standards are evolving rapidly. With the evolution of new wireless communication systems,
different frequency bands are coming into use. Since matching network is omnipresent in
almost all RF/microwave devices, different conventional matching networks exist, such as
Al4 quarter-wave transmission line, stub matching transformer (either single or double stub)
and many more. A/4 quarter-wave transmission line is the simplest but only limited to a
single frequency. The above discussed matching networks have their limitations which many
researchers reported [25]-[30]. Earlier, wireless standards were restricted, and frequency
bands were also limited.

Nowadays, the RF front end incorporates concurrent operation of various frequency bands
and thus, there is an immediate necessity for multi-frequency circuits. This framework the
need for multi-frequency matching impedance transformers as well. New design challenges
include dual-/tri-/multi frequency impedance matching networks. As of now, literature is
replete with dual-band matching networks, but tri-band and quad-band matching networks
are still in their early research stage. Literature has had many dual-band matching network

architectures in the last decade, a handful of tri-band and virtually no multi-band matching
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network topologies. Revisiting the matching scenarios for matching between source and

load, there can be different classes as follows:

* Real to Real impedance transformer: This type of topology include both source and

load impedance to be real.

* Real to Complex impedance transformer: This type of topology include source as

real and load impedance to be complex.

» Complex to Complex impedance transformer: This type of topology include both

source and load impedance to be complex.

The above-discussed architecture literature will be extensively scrutinized in the next section.

Dual-Band Impedance Transformers

The conventional quarter-wave transmission line is the familiar solution for matching real
load and source. However, its bandwidth is very narrow and is limited to only a single
frequency. The A/4 transformer matches only real loads. Most active devices, like PA,
LNA, Active Filters etc., have a complex input/output impedance (which may or may not be
frequency-dependent) that must be matched to another real/complex impedance. Thus, the
A/4 transformer fails to serve the purpose. Thus, there started the necessity for multi-band
impedance transformers. As discussed, the literature on the matching network is replete with
dual-band matching network architectures. This type of architecture includes both real and
complex sources or loads, depending on the application. The real source and real load found
rare applications in practical terms since impedance found at load (e.g. impedance at the
output side of power amplifier) is complex in practical situations. So, subsequent subsections
discuss dual-band impedance transformers with real and complex loads.

The original research in dual-band impedance matching networks started in 2002 with

a paper authored by Chow [25] who proposed an impedance matching technique for the
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first time which uses a two-section 1/3rd wavelength transmission line which could provide
matching at a particular frequency of interest and its harmonics. Matching was obtained
between a 50 Q port impedance (Zp) with a load equal to KZj, where K is a constant. The
input impedance is forced to be real and equal to KZ), the simplification of which leads to
transcendental equations of the 4 order. This is followed by a CAD solution for a particular
case of K=2. The major limitation of this design was that the analysis was not exact, and the
design equations were not in closed form. In addition to it, only the harmonic match was
another limitation.

An extension of Chow transformer [25] was presented by Monzon [26] which addresses
the problem mentioned above. The Monzon transformer was a simple two-section circuit that
could provide dual-band impedance matching at any two arbitrary frequencies of interest.
The structure of this configuration is similar to that of Chow, except that 6, and 6, are
not fixed to be 1/3-wavelength. After these two breakthroughs, a two-section dual-band
Chebyshev transformer was proposed by Sophocles [27]. This transformer established that
the Monzon transformer is a special case of it. Moreover, the Chebyshev transformer was
more general in that it showed a trade-off between the out of band reflection coefficient and
the achievable bandwidth. A multi-section dual-band Chebyshev transformer was proposed
in [28]. Another architecture consisting of pi-structure operating at arbitrary dual-band
frequency was proposed by Y. Wu et al. [29] for matching real load to real source. The exact
design equations have been developed with infinite solutions. The horizontal length of this
transformer is half of the Monzon transformer. M.J. Park et al. [30] proposes a new design
method for a single stub matching network. This proposed architecture consists of a single
transmission line and a shunt stub open or short at the load or source side. This gives the
impedance transformer great flexibility as it can address many impedance environments. A
coupled-line based impedance transformer with DC blocking capability was proposed in [31].

This architecture consists of a coupled line and a shunt stub at the load or source side. The
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distinct feature of this design is the inherent DC blocking feature with easy design equations.
A new type of dual-frequency impedance transformer is presented for ultra-high transforming
ratio [32]. The proposed configuration consists of parallel coupled-line, series transmission
lines and short-ended stubs. Since existing architectures are limited to a transforming ratio
of 5, these transformers achieve a transforming ratio of 10, making them more practical and
can be used in different environments. All the above-discussed architectures match real load
to real source at two distinct frequencies. Nevertheless, a more practical scenario describes
matching a real source to a complex load at two distinct arbitrary frequencies as in power
amplifiers. Many researchers proposed different matching networks to consider this scenario.
Few remarkable works have been discussed here.

A three-section transformer and later a generalized impedance transformer were reported
in [33] and [34], respectively. Both of these have very complex design equations of the
fourth degree. Neither of them reported any fabricated prototype. However, [33] derives an
important equation for generating conjugate at two frequencies with a single transmission
line which is utilized in many future architectures. Another shunt stub dual-band impedance
transformer is proposed in [35]. This transformer has two sections: a two-section transmission
line and two-section shunt stubs, either single-sided or double-sided resulting in complex
non-linear equations. A simple T-section dual-band transformer was proposed in [36] that
utilizes [33] conjugate property but had severe flaws in the sense that the solution was not
physically fabricable in some cases and was not a generalized case. No prototype has been
fabricated. A m-structure impedance transformer for frequency-dependent complex loads
was proposed by [37]. This architecture is compact but based on non-linear equations to
be solved simultaneously. Another 7-structure based architecture along with L-network for
dual-band matching has been reported in [38]. Closed-form design equations are derived
along with their application in the dual-band power amplifier. Applications of coupled

lines in matching complex load were reported in [28]-[30]. An inherent DC block coupled
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line dual-band tuner was reported in [39]. Its application in dual-band T-junction power
divider was also reported. The coupled lines used in [39] have to guarantee match both for
real as well as for imaginary parts of Z;,, that too, at two different frequencies, which is
often difficult with microstrip coupled line having unequal even/odd mode phase velocities.
Another Coupled-line based architecture was reported in [40] and [41] along with L-network
in cascade. Simple closed-form design equations have been discussed utilizing [39] conjugate
property.

Different architectures by Maktoomi et.al were reported in [42] ,[43] . In [42] design,
a dual-band quarter-wave line has been utilized along with another L-network. In [44], an
important dual-band admittance property of a two-section transmission line was reported.
This architecture consists of two-section transmission along with a dual-band stub. This paper
also reported its application in power-divider. All architectures have fabricated prototypes

along with closed-form design equations.

Tri-band Matching Networks

As evident from the numerous designs cited and discussed in the previous section, dual-band
impedance matching is a well-lit research topic in the community. Contrary to this, tri-
and quad-band impedance matching is not much dealt with. [45] proposed a tri-frequency
impedance transformer, though specific to a Wilkinson Power Divider, with its limitation
being the approximation and curve-fitting techniques used to establish the same. An LC
resonator-based tri-band impedance matching circuit has been proposed in [46] whose
limitation lies in the use of lumped components, thus proving incompetent at high frequencies.
[47] , [48] proposes tri-band designs based on cascaded C-type coupled lines. This has a
complicated layout and requires even and odd-mode velocity compensation when designed in
microstrip technology. The multi-band impedance transformer discussed in [48] transforms

real to real impedances, and that too not at any arbitrary frequency - this being a limitation.
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Post-tri-band, designs have been proposed that accounts for generalized theorems that can
be extended to match any number of frequency bands of interest. [49] discussed such a
generalized impedance matching technique. Though the design equations are closed form,
the design process becomes complicated as the number of bands exceeds 3 (owing to the
fact that for implementing matching at each different band, an extra section gets added).
This happens to be a major limitation of the design. A generic tri-band impedance matching
network has been discussed in [50] that incorporates a dual to tri-band transformer stage.
Though the design provides an advantage in selecting any dual-band impedance transformers,

the drawback of this design lies in its complicated mathematics involved.

2.1.2 Power Dividers

Another important passive device in any RF front end is a power divider used to divide power
between N ports, either equal or unequal, depending on the application. The most common
power divider is the T-junction power divider, which has the drawback of isolation between
two ports. This issue is readily addressed by Wilkinson Power Divider [19]. However, it
suffers the disadvantage of narrow bandwidth because of quarter-wavelength transmission
lines. The last decade has seen significant advancement in power dividers that provide
solutions to multi-band or broadband designs. [52]-[105]. With the addition of several bands
in emerging wireless technology to provide more and more functionality in a single device,
the literature research on power dividers in the last decade mainly focuses on increasing
the number of bands along with excellent performance in terms of return loss and isolation
between the ports [52]-[68]. As discussed in case of matching networks, there is also plenty
of research done in designing of dual-band power dividers [52] - [64], followed by multi-band
power dividers [65] - [68].

A literature survey related to recent reports on WPD design reveals that the importance

has been on increasing the number of bands and isolation bandwidth [52]-[68]. There are
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number of design techniques to increase the number of bands in the operating frequency range.
Originally, the dual-band WPDs [52]-[64] evolved, later followed by tri-/quad-band WPDs
[65]-[68]. However, expanding the number of bands lead to increased circuit size along with
circuit complexity. The dual-band WPDs in the literature includes WPD without reactive
elements namely by attaching two central transmission line stubs in the conventional structure
[52], unequal WPD operating at arbitrary dual-frequencies [53], WPD with composite left-
/right-handed transmission lines [54], WPD with high power division operating at two
bands by cascading dual-band T-section structures[55], with reactive elements including
two-transmission lines and reactive lumped elements [56], WPD without stubs and additional
lumped elements [57], WPD with common inductor with complex load [58], coupled-line
based WPD and including four lumped elements [59], multi-band WPD utilizing multi-
section LC-ladder circuits [60], with extended frequency ratios including two-section two
resistor WPD with design able frequency ratio from 1 to o [61], coupled lines and open stubs
based to provide compensation [62], an enhanced frequency ratio coupled-line dual-band
WPD with different ratios [63], speculation of different frequency ratio is presented by
choosing different physical lengths ratio [64] and a lot more. Few tri-band WPDs includes,
WPD operating at three frequencies utilizing A/4 open stubs with less frequency bandwidth
in the operating bands [66], WPD operating at three distinct bands with open and short
circuit stubs at the input and output port [65],tri-band WPD utilizing coupled-lines [67], and
quad-band WPD using generalized negative-refractive-index transmission-line unit cells [68]
etc.

Another solution lies in developing WPD design schemes for wideband operations. There
are several techniques to design wideband WPD by integrating dual-operation of filtering and
frequency selectivity at single/multi-band simultaneously [70]-[78]. The distinct methods to
design filtering WPDs include replacing the quarter-wave transmission line with the bandpass

filter [70]-[71], merging the filtering and divider circuits to obtain the desired operation [72],
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etc. A few examples for designing these WPDs include the use of resonators such as spiral
resonators to realize the compact size and bandpass filtering response [73], filtering WPD
based on four quarter-wave resonators to improve out-of-band rejection [74], substituting
quarter-wave transmission line with resonators (multi-mode) capable of splitting the power
and selecting the frequency simultaneously [75], filtering power divider with resonators to
enhance the second harmonic suppression [76], a combination of Gysel PD and WPD to
enhance out-of-band rejection [77], dual- wideband with filtering characteristics [78] and
many more. These techniques provide dual-operation but suffer the disadvantage of narrow
passband at the centre frequency, restricting their usage in ultra-wideband applications.
Hence, other techniques were proposed to increase the passband of WPDs to provide
power splitting at a wider range of operations [79] - [105]. These approaches entail the
increment of the operating bandwidth along with enhanced isolation between the output
ports. A technique to extend the operating bandwidth is multi-layer microstrip- to - slot - line
transition [79]-[85]. These techniques include design of WPD with multi-layer slot line with
isolation resistor present between two layers [79], multi-layer balanced-to-unbalanced PD
with three metallic layers and two substrate layers [80], WPD based on slot line resonators
with two-layer substrate [81], WPD using stepped impedance three-line coupled structure
[82], out-of-phase PDs using tightly coupled lines and slot line transitions [83], out-of-phase
WPD based on slot line [84], out-of-phase PD based on double-sided parallel strip-lines
[85], etc. However, these circuits are paradigmatic for applications that require heat sinks
because of the two-layer substrate, such as power amplifiers. Other broadband WPD design
techniques are designed using multi-mode resonators [86]-[88], parallel-coupled lines [89]-
[91] or quasi-coupled line based design [92], three-line coupled lines [93]-[97], multi-section
WPDs [98], stepped impedance lines with open-circuited stubs [99]-[100], DC isolated
wideband WPD along with core WPD and coupled lines at the input and output port [101].

Although many of these techniques provide appropriate port matching and isolation between
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output ports, they include complicated design procedures and a lack of appropriate analysis
to design an isolation network. Moreover, the use of reactive lumped components in the
isolation network restricts the usefulness of reported wideband WPDs in many advancing
applications [102]-[105]. Another critical design aspect along with wideband operation
is the DC blocking capability, which is extremely useful for Doherty and balanced power
amplifiers etc. The WPD with DC-blocking capability utilizes resonators, coupling structures,
and stepped-impedances, making the design either complicated or based on optimization

algorithms.

2.1.3 Power Amplifiers

The history of amplifiers dates back to 1912 when Lee De Forest invented the triode vacuum
tube-based amplifier [106]. Advancements in modern systems result in significant contri-
butions in designing different amplifiers to achieve good performance. Based on biasing,
different linear operations are defined; namely, Class-A, B, AB and C. Power amplifier
classes are mainly based on the current conduction angle during which current passes through
the device. Another class of amplifiers known as switched-mode amplifiers are Class-D
and Class-E. Class-A, B, AB and C has a theoretical maximum efficiency of 50%, 78.5%,
65% and 90%. These amplifiers are used for linear designs; however, switched-mode power
amplifiers, including Class-D and E, utilize the active device as a switch rather than the
linear gain device. The first switched-mode power amplifiers are reported by Gerald D.
Ewing [107] and first published in 1975 [108]. Another important classification of the power
amplifier is based on the termination of harmonics and hence labelled as harmonic-tuned
power amplifiers. Class-F and F~! are two important harmonic-tuned amplifiers in which
different harmonics at the drain of the transistor is tuned to achieve desired performance.
The maximum theoretical efficiency achieved by Class-F and F~! is 100%.In class-F PA, the

even-harmonics are short-circuited, while odd-harmonics are open-circuited at the drain of
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the transistor and vice-versa for Class-F~!. It results in no overlapping between the current
and voltage, resulting in zero internal dissipation power. It is well defined in a harmonic-tuned
power amplifier; maximum efficiency can be achieved by altering the infinite harmonics.
However, it is impossible to control infinite harmonics; the first few harmonics are altered to
achieve optimum performance. To date, remarkable contributions have been made in this
domain and are extensively explained briefly.

Different harmonic-tuned power amplifiers that are required to provide short/open-conditions
at the drain of the transistor for increasing efficiency reported as Class-F PA by F. H. Raab
with maximally flat waveforms [109] that derives the basic derivations among the various
Fourier coefficients of waveform and proves the effect of addition of harmonics in maxi-
mizing the efficiency and study of different classes of amplifiers including Class-C, E and
F based on finite harmonics [110]. Another research reported in [111] features a new class
of switching amplifiers considering the features of both Class-E and F~!. It incorporates
the Class-E, F~! features such as consideration of parasitic allowing zero-voltage switching
and some harmonics are tuned to achieve more desirable voltage and current waveforms,
respectively. The two early methods to design harmonic-tuned PA provide the theoretical
foundation without simulation results. The harmonic tuning at the drain of the transistor
improves the performance; different methods were proposed for examining the effect of
harmonic tuning at the input of the transistor [112] - [113]. Alongwith the input harmonic
terminations, optimization of biasing currents also affect the performance of the power
amplifier [112]. The reported PA justifies the second harmonic input termination influence
on the performance verified by the simulated waveforms. An early report of the second
harmonic tuned power amplifier [114] demonstrates the effect of second harmonic variation
on the performance; however the achieved measured results are not quite comparable. To
study the behaviour of harmonic tuned PAs including Class F and F~! [115]-[117], the

research includes best harmonic tuning for highest efficiency with simulation results [115],
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experimental operating conditions of Class F~! with a non-linear output capacitor [115]
and operational behaviour of Class F and F-l[116]. [116]-[117] reports another class of
amplifiers with waveform shaping defined as the saturated amplifier. In [115], saturated
amplifiers elaborates the performance improvement over linear C,,, amplifier.

Another method to design a harmonic tuned PA is based on composite right/left-handed
transmission lines [118]-[121]. [118], [119] describes the harmonic tuner and trap method
based on composite right/left-handed (CRLH) transmission line. In [118], two structures for
Class-F power amplifier is designed; one uses open CRLH stub and the other two CRLH
stubs to suppress second third and fourth harmonics, respectively, while maintaining the
match at the fundamental frequency. Similarly, utilizing the same design approach, Class-F~!
PA is designed with series CRLH, and one open CRLH transmission line [119]. However,
for both design methods, performance in terms of efficiency is not optimum. Another design
approach utilizing a double CRLH transmission line is exploited to design the harmonic
control network of high-efficiency Class-E~! [120]. Likewise, utilizing dual-band CRLH
transmission line input and output networks are designed for achieving high efficiency in
Class-F PA [121]. However, design methods based on CRLH transmission lines are com-
plicated, and performance is not optimum. Another methods for designing a Class-F~! are
proposed in [122]- [124]. The method proposed in [122] depicts tunable output matching
network for achieving high performance, however suffers the disadvantage not considering
the effect of parasitic. Another method to optimize the losses in distributed multi harmonic
matching network to achieve high efficiency is defined in [123]. Similarly, [124] a optimized
output matching network is designed and utilizes a bare-die transistor, hence not considering
the effect of parasitic elements inside the transistor. Few recent research in the design of
harmonic tuned PA includes high-frequency multi harmonic controlled Class-F PA [125],
examining of an optimum third harmonic condition after the second-harmonic injection

using a multi-harmonic load-pull simulation [126] and , a network known as Bowtie-Shaped
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harmonic control circuit [127]. The method proposed in [125] is based on a three-stage low
pass output matching network based on transmission lines with harmonic control of fourth
order. The methodology defined in [126] includes harmonic injection of second harmonic
while optimizing the third harmonic termination. The designed circuit requires two transistors
i.e. one main and other is auxiliary transistor, hence increasing the form-factor and power
dissipation. The method based on harmonic control circuit reported in [127] is based on
harmonic control network in bowtie-shape along with output matching network. Although
the defined networks provide good performance in terms of efficiency and gain, but there are
no defined closed-form design equations and hence cannot be modified for other frequencies
of operation.

Due to the increased demand of broadband RF front end, other continuous class of power am-
plifier for broadband operation is defined theoretical for the first time in [128]. This research
reports a new design space for designing high efficiency broadband power amplifiers. It
also includes the variation of fundamental and second harmonic variation while maintaining
the performance over the wide range of operation. The research based on harmonic tuned
continuous class power amplifier includes emphasizing the non-linear capacitance for wave
shaping the continuous Class-F amplifier by reducing the dependence on second and third
harmonics [129], extended version of continuous Class-F~! by defining the new version
of current waveform [130], another based on a modified elliptic low-pass filtering (LPF)
matching network (MN) to design a single-mode continuous Class-F power amplifier [131],
a broadband PA designed based on the series of inverse continuous modes (SICMs) [132]
and few more. These defined methods are designed to provide optimum PA performance

over a wideband range with or without harmonic variation.






Chapter 3

Impedance Matching Networks -
Dual-Band with FDCL

3.1 Introduction

The impedance matching network is ubiquitous and crucial in any RF front end. The primary
impedance matching network designed was a quarter-wave transformer that matches the
resistive source and load at a single frequency of operation, as shown in Fig.3.1 [3]. The
main disadvantage of using the quarter-wave transformer is the narrow bandwidth resulting

from the utilization of quarter-wave transmission lines.

Zi-VRR, §=90°

RS RL

Fig. 3.1 Quarter-wave transformer
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Another fundamental tool for impedance matching at a single frequency is Smith Chart,
which allows the user to choose the load and source (resistive or reactive) impedance and
helps to design the impedance matching network as shown in Fig. 3.2 [133]. With the help
of the Smith Chart, the designer can arbitrarily choose source and impedance on the chart;
then, depending upon the design methodology, either lumped or distributed elements can be
selected. It is an important tool for designing the matching network but is limited to a single

frequency of operation.

Smith Chart

Fig. 3.2 Smith chart tool to match source impedance to load impedance

Wireless standards have transformed communication devices from single-function devices
to multi-function ones. Multi-frequency impedance matching networks are crucial in the RF
front end of such devices. For example, dual-band operations require dual-band matching
networks. In this context, a couple of exciting early contributions include a dual-band two-
section 1/3- wavelength transformer that operates at the fundamental, and its first harmonic
[25], and a matching network that provides matching at two uncorrelated frequencies with
closed design equations [26]. The subsequent dual-band impedance transformers providing

important insights include 7-structure [29], T-type architecture [36], and coupled-lines
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based high impedance ratio transformer [32]. Other reports include dual-band matching
for Frequency Dependent Complex Loads (FDCLs) using two-section shunt stub [35], and
dual-band A/4 lines [42].

In a pragmatic framework, the load impedance seen by the matching network is not resistive
but reactive. Considering an RF front end, the impedance matching network residing between
the power amplifier and antenna will see the complex impedance represented as Zs = Rg +j X

and Z; = Ry + jX} at the source and load side respectively as shown in Fig. 3.3. It can be

Ly

Antenna
Impedance 1
Matching
Network J —>
ZS =Rs+Xs Z. - R.+XL

Fig. 3.3 Block diagram depicting different modules of RF front end with single matching
network

seen that the there are two solutions for designing the impedance matching network in such

scenario:

* Design a matching network that will match the complex impedance both at source and

load as shown in Fig. 3.3

* Design two matching networks in cascade, one will transform the source impedance to
resistive impedance Ry and the other will match the Ry to load impedance as shown in

Fig. 3.4.
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Zs-Rs+X
S=RsTAs Ry Ry Z -R.+Xu

Fig. 3.4 Block diagram depicting different modules with cascaded matching networks

The other salient feature of designing the network is that it should operate at multiple
frequencies simultaneously. In this thesis, the research focuses on developing the basic idea
of designing impedance matching networks that will operate at two frequencies (Dual-band),

considering both the former cases described.

3.2 Analysis of Dual-Band Impedance Matching Network -
Design 1

The impedance matching network with resistive source and reactive load operating at two
frequencies simultaneously is discussed. This study advances the dual-band matching state-
of-the art by presenting a dual-frequency impedance transformer capable of matching a real
source to Frequency Dependent Complex Load (FDCL) by cascading two transmission lines
[35] in conjunction with just one stub that is defined as "unequal susceptance cancellation

stub", able to provide the desired dual-band impedance matching.



3.2 Analysis of Dual-Band Impedance Matching Network - Design 1 49

3.2.1 Proposed Matching Network

We proposed the dual-band impedance transformer, presented in Fig. 3.5, which has two dis-
tinct sub-sections, namely Section-A and Section-B. Section-A is a two-section transmission
line with distinct impedances and electrical lengths Z;, Z;, 0;, 6, and transforms the load
impedance into complex admittance whose real part, Re[Y;,2], equals the source admittance.
Section-B is a dual-band open- or short-stub and is employed to cancel the unequal imaginary
parts, Imag[Y;,»], of the admittance Y;,, at two uncorrelated frequencies. It is important to
note that the term Imag[Y;,»] could be of the same or distinct sign at the two frequencies and

therefore necessitates a slightly different design approach for the two scenarios.

Section-B

I Open or
| Short Stub

| Z303

Section-A

|
V1 — — -
: |_) 22,92 |_) Z1,91 @ f1
Zs 'L Yin2 Yint Z.@ f:

Fig. 3.5 Proposed dual-band impedance transformer

Design of Section - A

The load impedance can be either equal or different at two arbitrary frequencies i.e. Z;; @

f1and Z;, @ f;. This section transforms the load into admittance Y;,,» given in (3.1) [35].

Yin2 = Gin2+jBin2 (31)

The real part of Y;;,5, i.e. Z;, relates the transmission line parameters and the load impedance

according to (3.2) and (3.3).



50 Impedance Matching Networks - Dual-Band with FDCL

Zina + jZrtan6,

Zin =7 3.2

in2 2Z2 + jZinitan6, (3-2)
Z; + jZtan6

Zim = 21 22 (3.3)

121 + jZitan6,
For matching, Re(Y;;»), i.e. Giy2, should equal the source admittance at two uncorrelated

frequencies simultaneously i.e.

1

Gimp = Re[Yip2] = = Y,@fi; /> (3.4)
S

Equations (3.2)-(3.4) can be solved to determine the values of electrical lengths 6, and 6,.
The resulting expressions in (3.5a)- (3.5b) assumes that the values of impedance’s Z; and Z;

should be within fabricable limits i.e. [20,150] Q.

altan292—|—b1tan92+cl =0 (3.5a)

aztanzrez + botanr@y +cr =0 (3.5b)

Here, r is the frequency ratio (f>/f1) and the coefficients a; 5, b1 7 and ¢y » are dependent on

the transmission line parameters Zj », 6 », and load impedance Z; .

a=(Z3R3Y;+ Z5X}Ys — Z3 73R, )tan® (r0)) —2Z,Z5Y Xtan(0y) + (Z3Z3Y, — Z2Z3R;)
(3.6a)

b =(—Z3Z3X Y, )tan*(r0)) +2(Z3Z3Y, — Z\Z3RiY,)tan(r6)) + 27273 XY, (3.6b)
¢ =(Z3Z2Y, — Z2Z2R; )tan® (r6y) + 22272 X Yitan(r0y) + (Z2Z2 XY, + Z2 7R3 Y —

Z3ZpRyL)
(3.6¢)
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Now the loads can be equal / unequal at frequencies f; and f>. Here, for example, ay, by, c|
corresponds to Z;; @ f1, while the coefficients ay, by, ¢, corresponds to the situation Z;, @

/2. Under these conditions the design parameters of the transmission line segments can then

be obtained using (3.5a)- (3.5b).

Design of Section B

For dual-band matching, the source impedance, Y;, is matched to the Re[Y;;2], i.e. Gip, at
both the frequencies. Therefore the section-B need to be designed in such way to cancel the

Imag[Yin2], i.e. Bipp given by (3.7), at the two uncorrelated frequencies i.e. f and f5.

Required Susceptance B| and B; of same sign

When the signs of B;,;» are of same sign then the required susceptances from section B will
be of same sign. The section B could be either a short or open stub. For instance, the open

stub need to fulfill (3.8a)-(3.8b) for dual-band impedance matching.

it v}
jBlz”’ZJ @f (3.82)

3

. itan(roO
JBF% @f (3.8b)

_ oXptan(r6y) + (Z} — Z3R Y, tan(r6:)tan(réy) + Z 1 Xptan(6) + Z\ ZoR1Ys — 21 Z,

B.
in2 Z%Zztan(rel )+ Z%XLtan(rez)tan(rel )+ legtan(rez) +Z12-,X1.

(3.7)
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Required Susceptance B and B; of different sign

In this case, an open stub should fulfill (3.9a)-(3.9b) for achieving dual-band impedance

matching.

jBlzz— @f, kel,2..N (3.92)
3
. itan(ro
JB2 = JZ—(33> @f (3.9b)

The stub parameters Z3 and 65 can be determined by solving (3.8) and (3.9).

3.2.2 Design Example and Case studies

To validate the theory, we consider different case studies given in Table 3.1. Here the load
impedance could be real, unequal or FDCL and is a distinct scenario when compared to [44].
Cases 1 and 3 in Table 3.1 specifically support the situations represented by (3.8) and (3.9),
respectively. The simulation results in Fig. 3.6 demonstrate the effectiveness of the proposed

technique.

Table 3.1 Design parameters for different loads at different frequencies

Case Frequencies Load Z1 (Q), | 2, (), | Z3(2),
(GHz) Q) 01(°) | 6:(°) 6;(°)
{ f1=24 R;1=180 90, 70, 2(2)22’
fr=58 R;»>=280 70.9 48.5 Open Stub
. 81.13,
) f1=24 R1.1=200+j60 100, 70, 25 05
fr=58 R 1=250+j100 89 38.5 Open Stub
3 fi=10 R;1=100 80, 60, 1153(;755 ’
f2=30 Ri>=120 45 47.61 Open Stub
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Fig. 3.6 §11(dB) for different cases listed in table 3.1
For the evaluation of the proposed technique, the prototypes, in Fig. 3.7 and Fig. 3.8,
have been developed on RO5880 substrate for cases in Table 3.2. The subsequent measured

and simulated return loss, depicted in Figs. 3.9, 3.10, 3.11 and Table 3.3 show very good

agreement and thus validate the proposed concept.

Fig. 3.7 Fabricated prototype for real load of 250€2
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Fig. 3.9 EM simulation vs measured results for real load of 250 Q

Table 3.2 Design parameters for fabricated prototypes

Case Frequencies Load Z1 (Q), | 2, (), | Z3(Q),
(GHz) (€2) 01(°) | 6:(°) 6:(°)
f1=24 Z11=250 100, 60, 65.43,
Real =58 Z12=250 84 419 245,
' ' Open Stub
. 56.11,
EDCL f1=09 Z11=100-j35.4 60, 40, 18.6
fr=24 Z17=150-j6.4 87 34.2 Open Stub
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Fig. 3.11 EM simulation vs measured results for load=150-j6.4 @2.4GHz

Table 3.3 Simulation & measured results for FDCL load

Parameter Simulated Results | Measured Results
Frequencies (GHz) | 0.9 2.4 0.95 2.36
S1:1(dB) -52.2 -33.8 -28.6 252

Table 3.4 compares the designed matching network with the other state-of-the-art dual-

band design methodologies.
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Table 3.4 Comparison with the other state-of-the-art

References Venue Method used Load type DeSIgn
equations
(2016),[45] | MWSCAS admittance property of Real simple
two-section transmission line
(2008), [29] JPIER pi-structure Real complex
two-section transmission line
(2010),[351 TMTT along with two-section stubs FDCL complex
This work single stub for .
(2018) APMC cancellation unequal susceptance FDCL simple

3.3 Analysis of Dual-Band Impedance Matching Network -
Design 2

In this design, we used two unequal susceptance cancellation stubs and a transmission line to
form a 7m-structure dual-band impedance transformation network. The main idea is to cancel
the unequal susceptance of the load using a single open/short stub, then match the remaining
unequal real impedance to the source at two arbitrary frequencies of interest. Since the
single stub is to cancel the unequal susceptance at two uncorrelated frequencies, non-linear
equations need systematic evaluation either using a graphical approach or numerical method
techniques. The proposed design procedure is supported through design equations and
several case studies. A prototype has been fabricated on RO5880, providing measurement

verification with theoretical and simulation results.

3.3.1 Proposed Matching Network

The design structure of proposed dual-band matching network is shown in fig. 3.12. This
m-structure impedance transformer matches FDCL load to a real source at two uncorrelated
frequencies of interest. This architecture consists of two sections, namely sections A and

B. Section-A consists of a single stub having characteristic impedance Z; and electrical
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— — — — — m— — m— = — — — — — —

Fig. 3.12 Proposed dual-band impedance transformer

length 6, that cancels the imaginary part of load at two frequencies. A single stub cancels
the imaginary value leaving only an unequal real part of the load. Section-B consists of a
transmission line along with a stub having different impedance’s and electrical lengths Z», Z3,
6>, and 65 respectively. The admittance Y;,,; at the input of Section-B contains the only real
part but of distinct values at two arbitrary frequencies. The role of a transmission line is to
match the unequal real impedance at two frequencies to the source impedance i.e Re [Y;2] =
G; @ f and f,. After matching the unequal real part to the source impedance, the remaining
susceptance will again be cancelled by stub, i.e.Imag[Y;,2]=0. The mathematical design

equations and analysis of the proposed design are discussed in the subsequent sections.

Design of Section A

The section-A shown in Fig. 3.13 consists of single stub that will cancel the imaginary part
of the load. The load can be either equal or different at two arbitrary frequencies i.e. Z;; @

f1and Z;, @ f;, given by:

Zr1 =R+ jX11 @fy (3.10a)

Zip =R+ jX1o0 @f (3.10b)



58 Impedance Matching Networks - Dual-Band with FDCL

Z:H1 Zi1- Ru+Xu @ fi
Yin Z:-Ri+ X2 @ f.
Open or J_

Short Stub -

Fig. 3.13 Section-A cancelling the imaginary value of load

The imaginary part of the load i.e. X;; @ f; and X;, @ f, need to be cancelled using a
single stub that can be open or short depending on the load. For open stub to cancel imaginary

part of the load, the following equations need to be satisfied:

itan(0
jBi = 22U “? D e (3.11a)
1
. itan(r0
jBimy = 25 Z(l ) @f, (3.11b)

Here, 1 is the frequency ratio i.e. f>/f] The values of characteristic impedance Z;, and
electrical length 0; can be found out using equations (3.11a) and (3.11b). The admittance
looking into the stub i.e. Yj,; has imaginary part equal to zero at two arbitrary frequencies of

interest i.e. Imag[Y;,1]=0 and is given by:
Yin1 = Gin1 = 1/Rpy @ f (3.12a)
Yin1 = Gin1 = 1/Rp2 @f> (3.12b)

The role of section-B is to match the two unequal real impedance to source impedance at

two frequencies.
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Design of Section B

The mathematical analysis of this section is as follows: The input admittance looking into
a transmission line with characteristic impedance Z;, and electrical length 6, as shown in

Fig.3.14 can be defined as follows:

- Zr+ jZitan6,
in2 = V) [ZL —l—sztal’lez]

(3.13)

—2 7.0,

Zs 23,93

Yin2

J__ Open or
- Short Stub

Fig. 3.14 Section-B matching the unequal real value to source

Here, Z; is defined as the remaining unequal real load at two frequencies. Since, real part
of the transmission line has to be equal to source impedance Z, the real and imaginary part

of Yjp 1.e. Gjp and Bj,» respectively is given by equation (3.14a) and (3.14b).

R\ + R tan’6,
Gp=——"-+—— 3.14a
in2 R} +Z3tan%6, ( )
R%tan6, — Ztan6
PP L Mt dsinic. (3.14b)

7z [R? +Ztan?6,]
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As can be seen from Fig. 3.14, the real part of Yj,;» i.e Gj;» should be equal to source

admittance i.e. 1/Z;, the resulting equations are as follows:

(23 — ZsRp 1 )tan®* 6, + (R2 | — ZsR11) =0 @ f (3.152)

(Z3 — ZyRp2)tan®(r6,) + (R2, — ZR12) =0 @/ (3.15b)

Solving equations (3.15a) and (3.15b), the value of Z, and 6, can be calculated.
The remaining part is the resulting susceptance at the input of the transmission line, i.e. Bj,)
which can be easily cancelled by a single stub at two frequencies of interest using equations
(3.11a) and (3.11b). The susceptance generated can be of the same or distinct sign at two
frequencies, which necessitates a slightly different approach for the second scenario. If
both unequal susceptances generated will be of distinct sign, for the open stub to cancel

susceptance at two frequencies, the following equations need to be satisfied:

_ jtan(km — 63)

B - @fi, ke 1,2..N (3.16a)
3
tan(ré
By =" “”Z(r 3) @f (3.16b)
3

Similarly, the value of Z3 and 65 can be found out solving (3.16).
Here, one interesting feature of this architecture is that, for matching of two unequal real
loads at two uncorrelated frequencies, only section-B is required as shown in Fig. 3.15. All

designs equations remain valid for section-B alone.

3.3.2 Design Example and Case studies

In this section, to validate the theory, different case studies has been considered. Different

FDCL loads at different frequencies are considered. Fig 3.16 demonstrate the effectiveness



3.3 Analysis of Dual-Band Impedance Matching Network - Design 2 61

220>

[ ]
|

—

Z3’93 R @ f1
Zs R. @ f:

1 Open or Yin =
Short Stub

Fig. 3.15 Architecture for matching of unequal real loads

Table 3.5 Design parameters for different loads at different frequencies

Case Frequencies Load Z1 ), | Zr (Q), | Z3(Q),
(GHz) Q) 0:1() 02(°) 03(°)
. fi1=10 Ry 1=100+j%80 | 120.28, | 74.92, ig;g
~ aralhd 8,
=18 Ri>=150+j*100 | 210.84 | 67.48 Open Stub
5 f1=18 Ry 1=60+j*10 141, 41.82, 2})9185
~ it 3,
fr=24 R7=40+j%20 15.72 149.9 Open Stub
. 51.35,
3 fi=10 Ry1=50+j*80 | 109.9, | 55.64, 120
— — 1%k
=18 Ry1=60+%120 | 212.98 | 74.024 Open Stub

of the proposed impedance matching scheme.

A prototypes given in Fig. 3.17 and 3.18, has been developed on RO5880 substrate
for case 3 in Table 3.5. The chosen frequencies are f; = 1.0GHz and f, = 1.8GHz. The
measured and simulated return loss, depicted in Fig. 3.19, 3.20 and Table 3.6, shows
good agreement and hence validated the proposed dual-band matching network. Table 3.7
compares the proposed network with other existing networks.

The above-discussed methods are defined for matching the FDCL to a resistive source.
Practically, there can be scenarios where there is a need for a network that has frequency-

dependent complex source and load, as discussed in the next section.
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Fig. 3.17 Fabricated prototype with load-A @ 1 GHz: Load A-50+j80

Table 3.6 Simulation & measured results

Parameter Simulated Results | Measured Results
Frequencies (GHz) | 1.0 1.80 1.1 1.78
S11(dB) -48.6 -43.2 -25.292 -40.210
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Fig. 3.18 Fabricated prototype with load-B @ 1 GHz: Load B-60+j120
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Fig. 3.19 EM simulation vs measured results
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Fig. 3.20 EM simulation vs measured results
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Table 3.7 Comparison with the current state-of-the-art

References Venue Method used Load type Demgn
Equations

(2008), [29] JPIER pi-structure real complex

(2016), [45] | MWSCAs |  admittance property of real simple

two-section transmission line
pi-architecture along
with L-network
conjugate generation and
cancellation by single stub
single stub for cancellation
unequal susceptance

(2012), [38] JPIER FDCL complex

(2015),[42] JPIER FDCL simple

This work, (2018) IMaRC FDCL simple

3.4 Analysis of Dual-Band Impedance Matching Network -
Design 3

In this method, we propose a dual-band matching network capable of providing impedance
matching between two arbitrary frequency-dependent complex source and load impedances.
The proposed topology consists of three sections, namely two L-network and a 7-network and
possesses closed-form design equations. Many case studies are incorporated to demonstrate
the validity of the proposed technique for different source and load impedances at two
uncorrelated frequencies of interest. A prototype fabricated on RO5880, working at two
uncorrelated frequencies of f| =1 GHz and f; = 1.8 GHz, shows a perfect agreement between
the measured and simulated results. Several techniques have been reported subsequently to
address dual-band impedance matching issues. For the specific scenario of both the source
and load impedance being complex and frequency-dependent as depicted in Fig. 3.21, often
encountered in dual-band RF front-ends, there are a couple of reports, but they involve either
require a large number of transmission line segments or complex mathematical equation.
Usually, at two different bands, in power amplifiers, the optimum load impedance is

complex and needs to be matched with the complex impedance of either the next stage or
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ANTENNA

Zi1- Ru+Xus @ f;
Z:-Ri+ Xoz @ f.

Dual-Band

Power Amplifier ] Zor Ror#Xer @ f
s1= IRs1+Ast 1
Zs2-Rs2+ Xs2 @ f.

Fig. 3.21 Block diagram of a typical dual-band front-end

the antenna. Therefore, a compact matching network with simplified closed-form design
equations is proposed to address this critical scenario of both the source and load being

frequency-dependent complex.

3.4.1 Proposed Matching Network

It consists of three sections, namely section-A, Section-B and section-C, as shown in Fig.
3.22. Sections A and B are L-network, whereas section C is a -network. The corresponding

characteristic impedances and electrical lengths are marked.

Section - B Section - A

Zs2 02
Section-C

Zs1,081
Zs1=Rs1 +Xs1 f1 _________

Z11-Ru +Xus f
Zs:-Rs:+Xs:@ f2 ) @ 1

ZC3’OC3 ZC1’GC1 I Z:-Ru+ XLZ@ f,

Fig. 3.22 Proposed dual-band matching network
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3.4.2 Design Equations

The role of Section-A is to transform the frequency dependent complex load (FDCL),
assumed as Z;; @ f] and Z;, @ f5, at two arbitrary uncorrelated frequencies of f and f>
into real values R4 and cancelling its imaginary part as depicted in Fig. 3.23. For section-A,
the respective frequency dependent complex load at two arbitrary frequencies of interest is
considered as Z;; @ f| and Z;, @ f,. The transmission line with characteristic impedance
Z41 and electrical length 64, given by (3.17a) and (3.17b) transforms the load impedance
to an admittance of Y;,; which is a complex conjugate of each other at two uncorrelated

frequencies as depicted in Fig. 3.23 and expressed by (3.18a) and (3.18b) [33]

Open or
Short Stub

Zn20n2

Z 1 0a1
Ra @ fi Z11-Rus +Xus @ f;

Ra @ f. Yin1 - Z..-R.+ XLz@ fz

Fig. 3.23 Design of section-A

X +X
Zuy = \/R1R2+X1X2+ 222 (RiXo — RoXy) (3.17a)
Ri+Ry
Z4(R1—R»)
nr 4 arctanz—s—5-
Ou1 = KXo iy (3.17b)

1+r
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where, ’r’ is the frequency ratio i.e. f>/f].

Yini = Gin1 + jBin @ f (3.18a)

Yint = Gin1 — jBin @[> (3.18b)

Subsequently, the cancellation of the imaginary part of Y},,; requires a stub, open or short, with

characteristic impedance of Z4; and electrical length 64,. For an open stub, mathematical

analysis give expressions (3.19a) and (3.19b) to cancel the susceptances at two frequencies

of interest.
tan@
B = j a; = (3.192)
A2
where,
nw
Oy = =1,2....N 3.19b
=15 =L (3.19b)

Similarly, section-B transforms arbitrary complex source in real values Rp. The mathematical
expressions regulating this design are also similar to (3.17) - (3.19) with appropriate changes
in the characteristic impedances and electrical lengths. Finally, section-C, a dual-band real-
to-real 7-type impedance transformer [29], matches the two real values R4 and Rp at the
chosen frequencies of fi and f,. The design equations to achieve matching between R4 and

Rp are given in (3.20a) - (3.20c).

kod?
201 = 3203
Cl 1 + \/I; ( )
20 = Vk (3.20b)
k 2
o (3.20¢)

Z _=
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Zco, Gcz
Section - B Section-A

R: @1 Zci0cs Zc10c R@f
R @f: R @f:

Fig. 3.24 Design of section-C

where, k = R4/Rp and the parameters are related to the characteristic impedances as Z¢
= 2:1*Rp, Zco = 202™Rp, Zc3 = z:3*¥Rp. The electrical lengths of section-C follows the

expression (3.20). This completes the design process.

3.4.3 Design Examples, Prototype, and Results

Table 3.8 includes design parameters for several case studies, and it can be noted that all the
characteristic impedances are within 20€2 - 1502 of the microstrip fabrication limits. The
substrate chosen for these case studies is Rogers RO5880. The simulation results (S11) in Fig.
3.25 demonstrate the effectiveness of the proposed design.The chosen frequencies for case
study are f; = 1.0 GHz and f; = 1.8 GHz (GSM), 2.4 GHz (Wi-fi) and for 3.5 GHz (WiMax)
applications.

For experimental evaluation, case 1 in Table 3.8 has been prototyped and shown in Fig.
3.26. It can be observed in the prototype that an impedance transforming network[40] has
been provided to synthesize a complex source impedance from the standard 50Q impedance
of the SMA connector. The complex load impedance is realized using an SMD resistor in
series with a transmission line. It is apparent from Figs. 3.27 and 3.28 that the measured
and EM simulated results are in consonance and therefore validate the proposed design of a

dual-band impedance transformer.
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Fig. 3.25 S11(dB) for different cases listed in table 3.8

E
14 c .
Fig. 3.26 Prototype of dual-band matching network
Table 3.8 Comparison with the other architectures
References Venue Method used Load Source Desnfgn
equations
(2009), MWCL D1fferc.:nt. length complex | complex | tedious
[34] transmission line
(2015), . .
[51] APMC Coupled-Lines complex | complex | tedious
(2018), . .
[134] MWSCAS | All-pass coupled lines | complex real simple
. L-network and .
This work (2019) | PRIME pi-network complex | complex simple
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=11 (dB)

Frequency (GHz)

Fig. 3.27 Result for load = 30+j*100 and source = 60-j*130 at freq=1 GHz (Case 1)

511 (d8)

e | P e e e il

TE 17 18
Frequency (GHz)

Fig. 3.28 Result for load = 40+j*120 and source = 80+j*150 at freq=1.8 GHz (Case 1)
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3.5 Summary

This chapter presents the different methods for designing dual-band impedance matching
networks. Design-1 and design-2 represent the methods for matching frequency-dependent
complex load to the real source. At the same time, design-3 illustrates the design methodology
for matching frequency-dependent complex source and load, addressing a critical scenario
encountered in emerging wireless applications. A thorough analysis backed by closed-
form equations is developed to generalize the design procedure for all the discussed design
strategies. Several case studies catering to distinct frequency ratios and impedances are
presented to show the versatile nature of the proposed techniques. The prototypes have
been designed, and measurement results show the proposed techniques’ effectiveness. A
comparison with the other state-of-the-art designs has been made to show the effectiveness of
the designed procedures. The proposed methods were simple, and the closed-form equations

helped the designers to mathematical represent analysis and results.



Chapter 4

Power Dividers - Broadband Frequency

Response

4.1 Introduction

The advancements in communication standards and protocols have led to several innovations
in both active and passive circuits, components, and devices [135]-[139]. Within the pas-
sive components regime, there have been abundant designs for power dividers, impedance
transformers, baluns, and couplers used in ultra-modern configurations. In the case of the
power dividers, the T-junction configuration can be considered the most preliminary design,
but it is restricted by poor isolation between the output ports. Wilkinson Power Divider
readily addresses the isolation issues (WPD) [19]. The Wilkinson Power Divider achieves
good matching at the ports with excellent isolation between the output ports. However, the
WPD uses a quarter-wavelength transmission line that limits the intrinsic bandwidth at a
single frequency. Nonetheless, there have been extensive advancements in the WPD design
techniques to meet the requirements of multi-standard communication systems. A majority of

the research focus in the last decade has largely been on multi-band [52]-[68] and broadband
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WPDs [70]-[105]. This chapter will discuss different methodologies for designing broadband

power dividers.

4.2 Broadband Power Divider - Design 1

This design proposes a two-stage quarter-wave transmission line WPD, including DC block-

ing capability. The distinguishing characteristics of the proposed WPD are listed below:

1. Simple and generalized mathematical analysis.
2. Fully Resistive isolation network.

3. Closed-form equations for determining the value of isolation resistor without involving

optimization.
4. Flexible transmission bandwidth.
5. Good isolation between two ports along with excellent port matching.

6. Ready scalability for DC blocking application.

Several case studies are also included to show the versatility of the proposed technique.
Two prototypes are developed using the proposed approach, which provides an excellent

agreement between the simulated and measured results.

4.2.1 Design and Analysis

Fig. 4.1 is a depiction of the proposed wideband WPD. It consists of two transmission lines,
short-circuits stubs, and two isolation resistors. The main advantage of short-circuit stubs
is a simple structure with excellent ultra-wideband performance and reduced complexity in

circuit fabrication. It is a symmetrical network and hence can be split into two halves along
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the line of symmetry. Consequently, the proposed WPD can be analyzed using the standard
odd- and even-mode techniques. The overall S-parameters can then be obtained from the
respective even- and odd-mode S-parameters considering that they are related as Sy = Sy,
S22 = 833 = (8220+5220)/2 and S23 = (822.-5220)/2, where, St1e, S22, and S, are parameters
of even and odd-mode circuits respectively [3]. Here, subscripts "o" and "e" refers to the odd-

and even-mode parameters.

-
Zg; Zs; Zg
Z, Zy
|
R, R,
"
Z, Zy
- Zg, Z,

Fig. 4.1 Schematic of the proposed wideband WPD

Even-Mode Analysis

Fig. 4.2 represents the even-mode half circuit of the proposed wideband WPD. It is well
known that a two-port asymmetrical network with load Z; (here Zg) and source Zg (here

2Zs) is characterized in terms of ABCD parameters and its associated scattering matrix in

(4.1a)-(4.1b).

B AZr+B—-CZsZ; — DZg
" AZp +B+CZsZ; + DZg

11 (4.1a)
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A B g | B
& ol Zs Z ez p2] B Zs
Z, Zg
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CA DA CB DB R
27 R, 2

Fig. 4.2 Even-mode half-circuit

2ZsZL

= AZ. 1+ B+ CZsZ; + DZs

S21 (4.1b)

The comprehensive ABCD matrix of the even-mode circuit shown in Fig. 4.2 can be
calculated by augmenting the individual ABCD parameters of the stubs and the transmission
lines. Here As,Ba,Ca,D4 and Ap, B, Cp, Dp are the elements of the ABCD matrices of lines
Z4 and Zp respectively while Agy,Bs1,Cs1,Ds1 and Agy, Bs>,Cso, Dsy are that of the short
circuit stubs as expressed in (4.2a) and (4.2b) respectively. This can be interpreted to deduce

the ABCD parameters, using (4.3) and (4.4), for the even-mode circuit.

A, By, cos 6 JjZ4sin 0
— (4.2a)
C, D, jsin®/Z,  cosO
where a=A, B
Agy Bg 1 0
R (4.2b)

Csx DSx —jCOSQ/ZSx 1
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where x =1, 2

Acas  Beas As1  Bgp Ay Ba Ap Bp Asy Bg
= X X X 4.3)
Ceas Deas Cs1 Dgsi Ca Dy Cs Dp Csy Dg
Zycos20sin® Zgcos2Osin®  Z,sin O
A — cos? O+ 1 cOs” 0 sin Rz cos*BsinB  Z,sin (4.42)
Zsy Zsy Zp
Beas = jZ4cos0sin0 + jZpcosOsin O (4.4b)

sinBcos® cos’O  cos’O@  ZysinBcosPO  Zp sin? @ cos O

Ceas = J —J —J —J +J -
“ Z Zs1 Zsy Zs1Zs> VAVAS
Zgcos’0sin@®  sinBcos®  ZicosO sin? 6
= +j +jA (4.40)
Zs1Zs» Zp Zs1Zp
Dy = 0520 + Z4cos2 0sin6 B Zp sin? 6 cos 0 n Zpcos2 0sin O (4.4d)
Zs1 Z Zs1

where A qs, Beas, Ceas, Deas are the elements of the overall cascaded ABCD matrix. The
filtering characteristics of the circuit can be obtained by amplitude squared transfer function,
S»1 given in (4.5). Here, impedance transformation ratio is p = Z;/Zg with p < 1 (with, load
impedance Zg and source impedance 2Zg). From (4.1a)-(4.1b), Fypp is given by (4.6). Based
on (4.4) and (4.6), the Fyypp can be calculated in terms of design parameters expressed in
(4.7) and simplified in (4.8). The transfer characteristics of the proposed network is plotted

as function of electrical length in Fig.4.3 with different values of impedances within the
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fabricable range of 20Q2-150Q. The transfer characteristic as a function of S, and electrical

length O is plotted to illustrate its filtering response which can be compared to other filters.

1
SWPD 2 - - (45)

where FWPD = S]l/Szl

Fypp = Acas + Beas ;\f;cas — PD gy (4.6)

Fretwork = (AZCOSZG +A|+ BjcosO — pC3COS39

— pCicos6 — kDycos>0 — kD1)/2\/p (4.7)

Fretwork = (—PC3C0S39 + (A2 - pD2)60529

+ (B1 — pCi)cos® + (A1 — pD1)/2\/p (4.8)

From Fig. 4.3, it can be noted that the characteristics is similar to a band pass filter
and hence it can be compared with any theoretical band pass filter namely Chebyshev or
Butterworth filter to determine the characteristic impedances of transmission lines and stubs.
The Chebyshev bandpass filter transfer function is chosen here due to its fast roll-off speed
compared to other filter functions. The impedances of transmission line and stubs are
determined by comparing the transfer function of the proposed network with the theoretical
Chebyshev transfer function Fry, where € is the equal ripple factor, given in (4.9). Here,
the transfer function Fep is represented by (4.10) [69] where 7,1 is Chebyshev polynomial
of degree n, x = cos0, x. = cosO,. The term 6, is defined as the electrical length at lower
cut-off frequency [69]. For n = 2, Chebyshev polynomial 7}, are T3 = 4x>-3x and T = x.

Representing (4.10) in terms of x, x., 73 and 71, the expression in (4.10) results in (4.11).
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0.3 T T T !
40 60 80 100 120 140

° >

Fig. 4.3 Transfer characteristics of the proposed network

1

SU(CH)P = ———— 4.9
1+ 1T=x) T (5) — (1= /1 =22) T (5;)
Fey = < < (4.10)
2V1—x?
4(1+sin®6,) cos’ 6 _ (4—2sin6,)cos O
Fop = —— 050 cos b (4.11)

2sin 0

The transmission characteristic parameter S>; of the Chebyshev function in (4.11) is
plotted as function of 6 and 6. in Fig. 4.4. It is noted that at 8 = 90 °, the filter has band-pass
characteristics with a change in bandwidth for different values of ..

To calculate the design parameters of the network, |Sh 7P| = 1S21(cH) |? should be maintained
and this entails that |Fyypp| = € |Fcy|. The resultant design equations are presented in (4.12)

below.

pCs  4(1+sin®6,)

= 4.12
2,/p &2 sin 6 cos’ 0. (4.122)
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Fig. 4.4 Transfer characteristics of Chebyshev band pass filter

Ay —pD; =0 (4.12b)

Bl—pC1:€4—2sin96 (4120)
2,/p 2sin 6 cos 6, ’

A1—pD; =0 (4.12d)

Here, the electrical length 6 of each element is 90°. The value of Z4, Zp, Zs; and Zs, can be
calculated from (4.12) using MATLAB, for different values of transformation ratio p, ripple
factor € and 6,.

The values of the isolation resistors are also a critical design parameter. These are obtained

in the next section from the odd-mode half-circuit analysis.

Odd-Mode Analysis

The odd-mode circuit half-circuit is depicted in Fig. 4.5. It simplify the conditions for
calculating the design values of resistors R; and R;. It is noticeable that the electrical length
of the transmission line and stubs are 90°, hence impedance at node X remains at short-circuit
resulting in the modified odd-mode circuit shown in Fig. 4.6. For preserving the conditions
of perfect matching, the odd-mode half-circuit impedance Z,,; should be perfectly matched
with output port impedance Zg. It should be noted that the line with characteristic impedance

Zp is a quarter-wave transmission line with load R/2. Here, Zz is the impedance at node Z.
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Solving (4.13b), the relation between resistors Ry and R, is obtained and provided in (4.14).
The impedance parameters and isolation resistor values for wideband WPD with different 6,

are tabulated in Table 4.1.

Zg, Zs,
Z, Zy
X v Z
= R,2 R,2 Zs

Fig. 4.5 Odd-mode half-circuit

ZB
T,
R,/2 R,/2 Ls
Zout
Fig. 4.6 Transformed odd-mode half-circuit
(zp)?

Z7 = 4.1
2= R )2 (4.13a)
Zow =27 || R2/2 =Zg (4.13b)

1 (4ZsZ3)

R = — (223 — ~ =B/ 4.14
1 Zs( BT R, ) (4.14)

For different values of Zg, (4.14) results in distinct sets of isolation resistor combinations.

Fig. 4.7 represents the variation of resistors for different values of Zg (for different values of

6.) listed in Table 4.1.
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R, ()

250

R, ()

Fig. 4.7 Relation between isolation resistor values

Design Steps

Table 4.1 Design parameters of wideband WPD

Parameters Cases

0.(°) 55 60 65
Z4 (Q) 115 | 127 | 120
Zp (Q) 81 90 | 94
Zs1 () 110 | 55 | 35
Zs» (Q) 40 | 31 24
R () 131 | 94 | 162
Ry (Q) 200 | 150 | 200

The procedure for designing wideband power divider is discussed below:

* Choose the center frequency f,.

* Divide the network designed using transmission lines and short-circuit stubs into

half-circuit because of the symmetrical structure.

* Perform the even-mode analysis to determine the impedance values, Z4, Zp, Zs; and

Zs> according to (4.12) at centre frequency for distinct 6,.
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* Perform the odd-mode analysis to determine the values of the isolation resistors from

(4.14).

* For EM simulation and eventually layout, model the junction discontinuities properly

using tapers and bends.

FBW : 84 %

FBW : 77.6 %

S1u, 82, 13 (dB) =

S11,85 (dB) 2

Simulated S!l' S

Simulated S“
Simulated Szz

Simulated 51_\

1 L5 2

31

Frequency (GHz) ——>

Fig. 4.8 Simulated S-parameter for 6, = 55°
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5
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C‘;E 20 \ /A ;.Ff
W \ /\ =
g -8 \ /7 o
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30 \ \Mf f ——— Simulated 8,,,8
\ ll' |II llll Simulated 511
1 ||; : )
35 Illl I_‘l" | —— Simulated S,,
\ /[ \ |/ ——— Simulated S,
=4l 1

1.8 2 2.2

Frequency (GHz) >

Fig. 4.9 Simulated S-parameters for 6, = 60°
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0 — 0
\‘ // i 1
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/ 0
‘-’m S \\1 FBW: 48% i} {4 g
“ 15+ / l' \ /' , : \ 5 =
a 77/ T @
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70} a A -
= 15 &
“@ =20 ¢ {7
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Simulated SH
=30 10

Frequency (GHz)

Fig. 4.10 Simulated S-parameters for 6, = 65°

4.2.2 Case-studies, Results and Analysis

Based on the above design procedure and calculated design parameters listed in Table 4.1,
simulation results of different case studies are presented in Figs. 4.8 - 4.10 illustrating S-
parameters for varying 6. It can be noted from the simulation results that, with an increasing
value of 6., the bandwidth of the power divider decreases. The prototype shown in Fig 4.11
has been fabricated on RO5880 substrate with dielectric constant (&, = 2.2), dissipation factor
=0.0009 and substrate thickness of 1.52 mm. The measurement setup is depicted in Fig. 4.12
along with the EM simulation and measured results in Fig. 4.13 - 4.15. It can be observed
that there is a slight discrepancy in EM simulation and measurement results which can be
attributed to the cables and connector losses that tend to degrade over time.

The measured return loss S1; (dB) and isolation S>3 (dB) is better than -10 dB and -12 dB
respectively within the frequency range of 1.0 - 3.0 GHz. The measured insertion losses at
output ports, S>; (dB) and S3; (dB) are -3.0+0.4 dB which are comparable to the simulated
results of -3 dB.
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o 1 2 3 4 5 6 7 8 9 10 11 1

= IIIIIIIIIIIIIIIIIIIlIIIIIIII|IIII|II|III|IIII|III1IIII|IIlIIIII|IIII|IIIIIIIIIIII|IIIIIII|II|IIII|IIII|IIII1

Fig. 4.12 Measurement setup for (A): S1; (B): S for 6, = 55°
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Fig. 4.13 EM vs measured S-parameters for S1; for 6, = 55°
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Fig. 4.14 EM vs measured S-parameters for $33, 57, for 6, = 55°
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Fig. 4.15 EM vs measured S-parameters for (A) Sp; (B) S31 for 6, = 55°
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4.2.3 Wideband DC Isolated WPD

The schematic of the proposed wideband DC isolated WPD is presented in Fig. 4.16. For
DC isolation, it consists of core wideband WPD with coupled lines with electrical length 6 =
90° and Z,, Z, as the even- and odd-mode characteristic impedance at the input side. The Zg

are port terminations at the input and output sides.

Zs

Fig. 4.17 Even-mode analysis of half-network

Even-Mode Analysis:

The even-mode half-network is presented in Fig. 4.17. It is to be noted that the even-mode

half-network is lossless and reciprocal; thus, matching at port-1 and port-2 remains the same.
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As mentioned earlier, the port matching requirement at port one, i.e., S11, is related in terms
of even-mode half-circuit port matching, Sy1.. This conveys that Z;, should be equal to Z,, in
Fig. 4.17. For fulfilling the port matching requirement, the resulting equations are as follows

(assuming that Zg; and Zg, result in open-circuit because of 90° electrical length):

ZZ
Z, =B (4.15a)
Zg
7z Z3Zs

The value of impedance looking into coupled line, Z;, can be calculated using (4.16) [3],

where Z, = (Z, + Z,)/2 and Z,, = (Z, - Z,)/2.

Zy2 csc? 0

Z-:—'ZCOtQ —_—
in=—J(Z )+ZS—jZacot9

(4.16)

For 6 =90°, (4.16) results in (4.17) and for matching conditions, Z;, = qu which results in

equations (4.18a)-(4.18b).

Ze _Zo 2

Zin = (Ze—2) 175 ) (4.17)
72 727

Zoyg= A ="A2 (4.18a)
eq Zx leg
77,

(Ze—2,) =2 ;A (4.18b)
B

Equation (4.18b) is the design equation for the coupled line and it gives the difference

between even and odd-mode characteristic impedance of the coupled line.
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0Odd-Mode Analysis:

The odd-mode analysis for the DC isolated WPD is the same as discussed in section-2. Table
4.2 provides the impedance parameters for wideband WPD with different 6. The relationship
between R| and R, according to (4.14) is plotted in Fig. 4.18 for different .. To better
illustrate the isolation between two ports of WPD, considering the case-1 in Table-II, S>3

(dB) is plotted for different values of isolation resistors calculated from Fig. 4.18.

Table 4.2 Design parameters of DC isolated wideband WPD

Parameters Cases

0:(°) 55 60 65
Z1 (Q) 110 | 50.82 | 35
7> (Q) 88.63 | 127 92
73 (Q) 56.5 90 68
Z4 (Q) 70 474 | 48
Z, (Q) 131 160 | 129
Z, (Q) 30 69 42
R () 38 100 62
Ry () 150 150 | 150

140 T
—.—Hc=4s: .
120 + —|—b'c=55

——8 =60’
100 F —e—p =65°

—h— =70 A
80

R, ()

60 3
40

201

0 . . . . . . .
50 75 100 125 150 175 200 225 250

R, ()

Fig. 4.18 Relation between R; and R, for different 6,
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RI =324, R2 =100
RI =408, R2 =125Q
RI =440, R2 =150}
RI =480, R2 =175Q

35

Frequency (GHz)

Fig. 4.19 Variation of S>3(dB) for 6, = 55° with different isolation resistors

It can be observed from Fig. 4.19 that the value of S>3 (dB) varies with different values
of R| and R, . Fig. 4.20 - 4.21 presented the S — parameters (dB) for different cases with
varying 6, and all parameters are within realizable range of 20 - 160 Q.

The approach described above has been utilized to design a wideband DC isolated WPD
with a centre frequency of 2 GHz and 6. = 55°. The prototype depicted in Fig.4.22 has been
fabricated on RO4350B substrate with dielectric constant (€, = 3.66), dissipation factor =
0.0037 with substrate thickness of 1.52 mm. The prototype, along with the measurement
setup, is presented in Fig. 4.23. The EM simulation and measured results are depicted in
Figs. 4.24, 4.25. It can be noted that there is a slight discrepancy in EM simulation and
measurement results as a result of the utilization of bends and tapers post-processing to avoid
junction discontinuities and substrate parameter variation.

The measured return loss S1; (dB) and isolation S;3 (dB) is better than -10 dB and -10
dB respectively within the frequency range of 1.0 - 3.0 GHz. The measured insertion losses
at output ports, S>; (dB) and S3; (dB) are -3.040.4 dB which is quite comparable to the
simulated results of -3 dB. Table - 4.3 presents the comparison of the proposed wideband

WPD with the previous designed WPDs.
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Fig. 4.22 Fabricated prototype of the proposed DC isolated WPD
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Fig. 4.23 Measurement setup for (A): So3 (B): S for 6, = 55°
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4.3 DC Isolated Broadband Power Divider - Design 2

We proposed another topology for designing a broadband power divider with inherent DC
blocking capability because of the utilization of coupled lines. In a conventional WPD
[19], the core of the design includes quarter-wave transmission lines, which make such a
design suitable for operation at one frequency. This strategy shows that this design exhibits
wide band behaviour with inherent DC isolation and achieves good in-band return loss and

excellent port-to-port isolation.

4.3.1 Circuit Topology and Analysis

The circuit is presented in Fig. 4.26 comprising two coupled lines in cascade with two

isolation resistors envisaged to enhance the bandwidth.

Zel . Zol ,9
— Zo 70, 0
| P

Fig. 4.26 Schematic representation of proposed WPD

The frequency response of this proposed WPD investigates its S-parameters obtained
using even/odd-analysis. The S-parameters of this WPD in terms of even/odd-mode are S1;
=S11,e0 822 = (822,6+522.0)/2, $23 = (522.¢-522,0)/2 [3]. Here, subscript "¢’ and "0’ stands for

even-/odd-mode circuit respectively. In the even mode circuit, shown in Fig. 4.27, because of
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virtual open-circuit at the plane of symmetry, the isolation resistors are eliminated. It consists
of two distinct coupled-line sections of equal electrical lengths 6, namely sections-A and
B, with Z,1, Z,1, Z.2, Z,, being the even/odd-impedances. The analysis of this even-mode
circuit, for the determination of its transfer function, involves cascading of their ABCD

parameters expressed by (4.19)-(4.20).

B
= 4.19)
where x =1, 2

(Zex + Zpy) cot 0

A, =
Y (Zex —Zyy)c5c B

(4.20a)

B, = (—j/2)2(Zex +ng)2C0t2 06—

(= J/2)* (Zex — Zox)* 3¢ 0 ) (— j/2)(Zex — Zox) csc 6 (4.20b)

1
(—j/2) (Zex - Zox) cscO

C,= (4.20c)
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(Zex +Zpx) cot 0
(Zex — Zox) csc O

D, = (4.20d)

The overall ABCD parameters Awpp, Bwpp, Cwpp and Dy pp, outlined in (4.21) - (4.22),

of the even-mode circuit in Fig.4.27 are utilized for deducing the performance behavior of

the proposed WPD.
Awpp Bwpp Al Bi| |[A2 B
= “4.21)
Cwpep Dwepp Ci Di| |G Dy
20 sin 0(Z,1 + Zp1 ) (Zer + Z, in’ 60.
AWPD:co $in” 0 (Ze1 +Zo1)(Zeo +Zp2)  sin”“ 600y 4220
(Ze1r —Zp1)(Zeo — Zs2) 0102
Bupp _ cotO sinZG(Zez +Z,2)04 B cotesinZO(Zel+Zol)G3 (4.22)
(Ze2 - 202)61 (Zel - Zol ) (o)
—cotOsin?0(Z,; +Z t0sin®0(Z,, +Z
o — cotOsin” 0(Z,; + 01)_00 sin“ 0 (Zer +Zy2) 4.22¢)
(Ze1 —Zp1) 02 (Zer —Zp2)0)
20sin% 0(Z,1 +Zp1)(Zer + Z. in” 0
Dyypp — SO Osin (Zet +Z01)(Ze2+Zp2 _ sin” 603 4.224)
(Ze1t —Z01)(Zep — Zn2 0102
where,
Z.—7Z
o) = j% (4.22¢)
Zo—7
o :j% (4.22f)

t2(0)(Zoo +Z02)?  (Zer —Zp2)?
o5 = /% ( )(4€2+ 02)”  (Ze = 02) (4229)
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t2(0)(Zo1 +Zo1)*  (Zoy —Z1)?
oy = 2oL )(4“+ ot} _ (e = 1) (4.22h)

o5 = 4sin’ 6 (4.221)

_Section-A > __——
S — — Section-B >

Fig. 4.28 (a) Odd-mode circuit of proposed WPD (b) revised equivalent circuit

The odd-mode circuit, in Fig. 4.28(a), has been arrived at by considering a virtual short-
circuit at the plane of the symmetry of WPD. Now, the impedance looking into section-A,
Zx, in terms of impedances Z,; and Z,; can be given by (4.23). Here, Z, = (Z.1 + Z,1)/2
and Z, = (Z,1 - Z,1)/2. It should be noted that Zg is grounded and electrical length 6 =
90° at the design frequency, the impedance looking into it will be an open-circuit resulting
in a modified equivalent circuit presented in Fig. 4.28(b). It can be inferred that for a
perfect output matching condition, Z,,, should be equal to Zy, the impedance looking into

Section-B. These simplifications, carried out using (4.24) and (4.25), eventually result in a
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very simplified closed-form expression for the isolation resistor.

Zy = j(Zacot0) + - SO 4.23)
= — co D —— .
X ="/ \ba Zs — jZacot 8
Z
Ty = —b_ 4.24
Y R, /2 (4.24a)
ZsR,
Zovr = Zs||(R1 /2) = —="2__ 4.24b
ouT sl|(R1/2) 275+ Ry ( )
ZOUT = Zy (425&)
Zor —7Z.0)*(2Zs + R
Ry = e Ze) (2Zs tRy) (4.25b)

27ZsR,

4.3.2 Frequency Response Analysis

The even- and odd-mode analysis leads to simplified expressions for the frequency response
analysis with an eventual determination of the design parameters of the proposed WPD.
First, the ABCD parameters in (4.20) have been studied to understand the behavior of the
proposed WPD. Apparently, the ABCD-parameters can be utilized to develop the transfer
characteristics of the proposed WPD [69], where k is the impedance transformation ratio i.e.

Z1l/Zg, with Zy and Zg being the load and source impedances respectively.

Foror — Awpp + Bwpp — kCwpp — kDwpp
WPD = 2k

The equations (4.20) and (4.26) can be simplified together to achieve the transfer function

(4.26)

of the proposed WPD circuit in terms of even/odd-mode impedances of the coupled lines as

outlined in (4.27). The transfer function can then be used to find the insertion loss character-
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istics of the proposed WPD according to the well-known expression given in (4.28) [69].
The transfer function in (4.27) and the insertion loss characteristics in (4.28) are apparently
dependent on the design parameters, the electrical length 6 and characteristic impedances
Zeols Zo1, Zeo and Z,y. In order to assess the parameter’s dependence on performance charac-
teristics, these are investigated as functions of 0 for different values of Z,1, Z,1, Z.» and Z,
within the range of 50 to 250 € and plotted in Figs. 4.29 and 4.30. It can be noticed that
around 6 =90°, the bandwidth varies as a function of even/odd-mode impedances, exhibiting
bandpass behaviour. This allows the generalized form of any filter with bandpass response,
such as Chebysheyv filter, Butterworth, and maximally flat, to calculate the unknown variables
in the proposed circuit. Considering the merit of sharp transition between passband and
stopband with low order filter, the insertion loss S71 (TH) in (4.29) for the Chebyshev transfer

function has been examined to find out the unknown variables of the proposed WPD.
3000
2500 —
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Fig. 4.29 Transfer characteristics of proposed WPD

1
SWPP2 — (4.28)
521 1+ |Fwpp|?

1
1S (TH)|* =

= 4.29
1+82|FTH|2 ( )
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Fig. 4.30 Insertion loss characteristics of proposed WPD
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(T V1 =) T (7)) — (1= V1 =x) T ()
Frg = < < (4.30)
2v1 —x2
4(1+sin? 6,.) cos’ O _ (4—2sin6,)cos O

Frg = —<% cos O (4.31)

2sin O

In (4.29), € is the equal ripple factor and Frp is the theoretical Chebyshev transfer
function given in (4.30). The term 7;,.; is Chebyshev polynomial of degree n, x = cos0,
and x. = cos0,. It is imperative to mention that 6 and 6, is defined as the electrical length
at the centre and lower cut-off frequency respectively. For ready comprehension, let us
consider a second order filter with n = 2, then the Chebyshev polynomial 7, are 73 =

4x3-3x and T} = x. Therefore the simplified expression for Fry in terms of x, x., 73 and 77 is
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given in (4.31). The filtering characteristics of the theoretical Chebyshev function plotted for
varying 0 and 6, in Fig. 4.31 clearly demonstrate a wideband behavior. It can be inferred that
the proposed design’s filtering feature represented by (4.29) has the possibility to provide
wideband behavior if the coupled line parameters are chosen correctly.

To determine the unknown impedances of coupled lines of the proposed WPD, the
magnitude of the transfer function in (4.27) are equated to the transfer function of chebyshev
band-pass filter in (4.31). Apparently, the expressions (4.27) and (4.31) has equivalent form
in terms of cosine function. Now, for impedance ratio k < 1, and electrical length 6 = 90°,

the equations (4.32)-(4.35) can be obtained for different 6,.

\\\\\\\ \\\\\\\\\Q\Q\\\\\\ i
T \\\\\\\\\\\\\\\\\\ N

40 50 60 70 80 9 100 110 120 130 140
0>

Fig. 4.31 Filtering characteristics of theoretical bandpass filter

(a®h—ab®)  4(1 +sin®6,)

_ 4.32
dcd+/(k) 2¢cos3 6, e
2 A2
(ab+a® —kab—ka®) _ (4.33)
2cd/ (k)
(bc®+ad® —2ka—2kb)  4—2sin6,) (4.34)

dcd \/ (k) ~ 2cosf
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((1—k) _
N R (4.35)

The equations (4.32)-(4.35) can be solved using mathematical solvers, such as MATLAB, to
compute the value of unknown impedances of the coupled line. Subsequently, the equations
(4.24)-(4.25) can be used to determine the isolation resistors’ value to maintain the good
in-band isolation. A plot signifying the variation of R; and R; according to (4.25b) for
excellent port matching is presented in Fig. 4.32. It can be noted that the isolation resistors
depend on the characteristic impedance of Section-B only. There are plenty of choices

available to select isolation resistors from the plot presented in Fig. 4.32.
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Fig. 4.32 Isolation resistor variation

4.3.3 Case Studies, Simulation and Measurement

Based on the above design procedure and calculated design parameters listed in Table - 4.4,
simulation results of different case studies are presented in Fig. (4.33) - (4.36) illustrating
S-parameters for varying 0.. Fig. 4.33 represents the simulated S;; (dB) for different 6,
over a wide frequency range from 3GHz to 12 GHz. Similarly, Figs. (4.34), (4.35) and
(4.36) illustrates the S»>; (dB), S»; (dB) and S>3 (dB) respectively. It can be noted from the
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simulation results that, with increasing value of 6., bandwidth of power divider decreases.

Table 4.4 Parameters of the different case studies with varying 6,

0. Ze Zo1 Ze) Zp
O] ©@ | ©@ | @ | ©

40 | 320 | 80 | 180 | 20
50 | 360 | 100 | 200 | 30
60 | 400 | 180 | 220 | 60
70 | 580 | 320 | 280 | 100

3 4 5 6 7 8 9 10 11 12
Frequency (GHz)

Fig. 4.33 S11(dB) vs frequency (GHz) with varying 6,

From Table - 4.4, it can be inferred that techniques like a slotted ground, slot-coupled mi-
crostrip line, defected ground structures etc. should be employed to maintain the impedance
values of the coupled lines within fabricable limits.

The proposed wideband WPD is fabricated on a Rogers RO4003C substrate with 1.52mm
thickness and dielectric constant & = 3.55. The parameters of the proposed WPD at the
chosen center frequency of 7.5 GHz are Z,; =250 Q, Z,; =60 Q, Z,, = 180 Q, Z,; = 60
Q, Ry =450 Q and R, = 100 Q. The photograph of the fabricated prototype is shown in

Fig. 4.37. Defected Ground Structure (DGS) has been employed at the bottom plane because
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Fig. 4.34 S5, (dB) vs frequency (GHz) with varying 6,
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Fig. 4.35 S, (dB) vs frequency (GHz) with varying 6,

of its advantage, including lowering the characteristic impedance of the coupled-line section

and improving the overall bandwidth [140]. Tight coupling between the coupled line sections

is used to lower the characteristic impedance. However, it is challenging to realize the

coupled-line structures in microstrip because of fabrication limitations. The defected ground

structure technique results in broader fabrication tolerance, including realizable coupled-line

width and separation. The etching of the DGS on the ground plane of WPD can be realized
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Fig. 4.36 S»3(dB) vs frequency (GHz) with varying 6,

by different geometric shapes, including rectangles, triangles, circles, hexagons, spirals etc.
[141]. Initially, the slots in the ground plane were chosen with random dimensions and then

subsequently optimized to make the planar circuit dimensions realizable, and compact [142].

Fig. 4.37 Fabricated prototype (top and bottom view)

It can be observed in Fig. 4.38 that the measured bandwidth of 82% with minimum
insertion loss S»; of -3.08 dB can be achieved at a return loss S;; of less than -15 dB for
the proposed design. Apparently, the measured results align with the EM simulated results
obtained in the ADS environment. Furthermore, Fig. 4.39 provides the measured isolation
S>3 of more than -15 dB over the entire frequency range of 4.0 - 11.0 GHz resulting in the

bandwidth greater than 100%, with an excellent port matching bandwidth S, of 89%. Once
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Table 4.5 Comparison with the previous wide-band WPDs
References Frequency Technique Isolation FBW/ FBW(%) DC
Range (GHz) Used Network | (Return loss) | (Isolation) | Isolation
TMTT (2016) 145-4.6 Quasi-coupled 1 Resistor 104 (%)/ 100 (%)/ No
[145] ’ ’ Lines 1 Capacitor (15 dB) (17dB)
MWCL (2016) Coupled-lines . 62 (%)/ 71 (%)/
[143] 125-25 1 Input / Output port | | RESIStOr (15dB) (18 dB) Yes
Access (2018), Three Line coupled . 62 % / 16 % /
[144] 1.42-3.42 structure 1 Resistor 16 dB 16 dB Yes
TCPMT (2019), Three Line Coupled . 82.6 %/
[146] 1.5-3.55 structure 1 Resistor 10 dB - No
TMTT (2020), Quasi Coupled . 104.5 %
[147] 1.44 - 4.61 Lines 1 Resistor (-15 dB) - No
. Coupled -Lines . 82.6 (%) | >100 (%) /
This Work, (2021) 4.2 -10.5 as Core 2 Resistors (10 dB) (15dB) Yes

again, these results are in excellent agreement with the EM simulated results. Overall, the
slight discrepancy in the measured and simulated results can be attributed to the cables and
connectors losses, slight port mismatch etc., which are critical at higher frequencies. Finally,
the performance of the proposed WPD is compared with the recently reported wideband
WPDs in Table - 4.5. It is worth noting that the proposed work provides good in-band

performance with DC isolation.

10 . . - - . - 0
=—— 5;,(dB)
S —— 5,,(dB)
' v
0 je=mmmmme e ——
St Simulated N -5
—_ - = = = Measured w
% -10 Simulated . &
~ =« = Measured  _ 7 _
=15t * [=9
a =
-zu _lu
-25
-30
-35 -15

Frequency (GHz)

Fig. 4.38 Simulated vs measured S;;(dB) and S»; (dB)



4.4 Summary 107

-10

I— S5,(dB)

J15 b e S5(dIB)

Sz3 (dB)
Yo
th

S22 (dB)

Simulated
35t — . — .. Measured
—— Simulated
=« =+« Measured

1-35

4 5 6 7 8 9 10 11
Frequency (GHz)

Fig. 4.39 Simulated vs measured S>,(dB) and S3 (dB)
4.4 Summary

This chapter discusses the different types of power dividers, including multi-band or broad-
band WPD utilizing different design techniques. Two different methods for designing
broadband power dividers are proposed. Design 1 utilizes the transmission lines, short-circuit
stubs and isolation resistors to provide broadband dividing operation with excellent isolation
between ports. A modified DC isolated WPD is also illustrated with practical applications in
devices such as Doherty Power Amplifier. Design 2 uses coupled lines in cascade to make
inherent DC isolated WPD, with excellent port isolation and return loss. Design equations
are developed along with their mathematical formulations, and equations for calculating the
value of isolation resistors are presented. The transfer characteristics are plotted to calculate
the design parameters for both designs. Different case studies have been discussed to validate
the theoretical formulations. Also, prototypes are developed with simulated and measured

results in good agreement.






Chapter 5

Harmonic Tuned Power Amplifier -

Application of Matching Networks

5.1 Introduction

The power amplifier is an essential component required to convert a low-power radio-
frequency signal into a higher power signal in any microwave device. The overall performance
of a wireless transmitter is highly reliant on the features, namely Power Added Efficiency
(PAE), output power, gain, etc., of RF Power Amplifiers (PAs). Different classes are defined
to enhance the efficiency of a power amplifier. The PAs operating as Class-A, B, AB, and C
are defined by controlling the current conduction angle. Theoretically, the class-A amplifier
can achieve maximum 50% drain efficiency with both current and voltage waveforms as
sinusoidal. However, to increase the efficiency, the current and voltage waveforms need to be
reshaped. For reshaping the waveforms, drain voltage may contain a number of harmonics
while maintaining the current waveform as sinusoidal or vice versa, as shown in Fig 5.1. This
technique reduces the overlapping area between waveforms resulting in a new class of PAs,
namely switched-mode (Class-D, Class-E) and harmonic-tuned PAs (Class-F or Class-F -1

[148]-[152]. In the defined classes, the drain current and voltage waveforms are altered
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by terminating the harmonic load impedances such that they contain an infinite number of
harmonics. It is imperative to note that power dissipation can be minimised by avoiding
overlap between voltage and current waveforms, and theoretically, drain efficiency can reach
100%. However, practically, it is impossible to alter infinite harmonics, but it is possible to
achieve efficiency greater than 75 % by controlling the first few (two or three) harmonics.

Also, it is traditional to drive the transistors in a nonlinear region of operation to achieve

Current (A) » #Voltage (V)

Imax ‘ Vmax

Time —pp»

Fig. 5.1 Current and voltage waveform with zero overlapping area

high PAE and output power. A critical point in highly efficient RFPA configurations such
as switched-mode PAs is a restriction in the frequency of operation. At higher frequencies,
parasitic capacitance and inductance at the drain of the transistors play an essential role,
which prevents operation as ideal switch [153]. Several design techniques have been reported
in the past decade to circumvent this issue, and some of them can be considered seminal
[154]-[164]. In general, designs utilizing input harmonic terminations [154], broadband
harmonic tuned approach [155], external harmonic injection [156], independent harmonic
tuned output network [159], harmonic treatment up to fourth order [160], concurrent dual-
band harmonic-tuned [162], second harmonic tuned [163], harmonic tuned inverse Class-F
using bare-die device [164], etc. have found wide approval because of their performance in
practical applications and commercial products.

In the past, different multi-band passive networks have been proposed operating at different
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frequencies concurrently, including tri-band branch-line coupler with open/short-circuit stubs
[166], quad-band branch-line coupler based on optimization compensation technique [167],
tri-band impedance transformer based on virtual impedance [168], etc. We proposes an idea
to utilize the multi-band matching network to control the harmonics at the drain impedance
of the transistor so that maximum efficiency can be achieved by considering the parasitic
inside the transistor. The following sections will discuss the design methodologies for the
harmonically tuned power amplifier by tuning either two or three harmonics and providing
mathematical equations to utilize the multi-band matching networks as the output network

for maximum efficiency.

5.2 Design of Harmonic Tuned Power Amplifier - Design 1

We proposed a design technique that makes use of a tri-band design methodology [166] as
a two-port output network to match the optimal fundamental, second, and third harmonic
impedances concurrently at the output of the transistor. This technique provides a method
for designing an output matching network using closed-form equations. The proposed
design is augmented by analytical formulations for obtaining the requisite design parameters
for the two-port output network. It is demonstrated that the incorporation of a two-port
output network enhances the performance of harmonically tuned PAs with a mathematical

framework, apart from a reduction in the circuit complexity and form factor.

5.2.1 Circuit Design and Analysis
The Proposed Configuration

In harmonic tuned PAs, perfect terminations are required at the fundamental as well as the
second and third harmonics [154] - [160]. For example, the design of the conventional

Class — F /F~! power amplifiers requires proper short/open harmonic terminations at the
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current generator plane, followed by the fundamental match. Usually, the matching at
harmonic frequencies requires intense optimization and can be quite tedious [158] - [160].
The proposed design scheme depicted in Fig. 5.2 envisages addressing this concern. It
incorporates a tri-band impedance transformer at the output to match the fundamental and

harmonic impedances with the load R;.

90° @ 2f,

90°@ f,

| 7, @f, .
ZLZ@Zfll Y*@f IZZ@fZ
Ro - x
= Z: @ 31 ’ |
, !

Fig. 5.2 Schematic of the proposed two-port output network

The two-port output network identified by the dashed box in Fig.5.2 primarily serves
to match the fundamental and harmonic impedances at the transistor’s drain terminal to a
resistive load Ry. Here, the output impedance is represented by Z;, Z;5, and Z;3 at the

fundamental f1, second f;, and third f3 harmonics, respectively.

Drain Network

For matching the drain impedance at a fundamental, second and third harmonic frequency
to load resistance R;, the drain biasing network should provide high impedance at all
three harmonics. The designed drain network shown in Fig 5.3 is capable of providing

infinite impedances at the designed fundamental frequency, its second and third harmonic as
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discussed.

90° @ 2f,

Fig. 5.3 Drain bias network

< me m3
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w

freq (2.000GHz to 15.00GHz) freq (2.000GHz to 15 00GHz) freq (2.000GHz to 15.00GHz)

Fig. 5.4 Impedance looking at the drain bias network at fundamental frequency, second and
third harmonic

At the fundamental frequency and third harmonic, Zp;,s in Fig.5.3 will be open-circuit

because of quarter-wave transmission lines, and node 'm’ is at short-circuit because of
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transmission line B’. Hence, the transmission line will transfer short-circuit to open-circuit.
Similarly, for the second harmonic, node *'m’ will be at an open circuit due to the presence of
transmission line C, and then transmission line A will see an open circuit as shown in Fig.

54.

Output Matching Network

In Fig. 5.2, the output network is a tri-band impedance transformer designed using the
concept discussed in [166]. It comprises of a coupled-line dual-band impedance transformer
[169] denoted by Z.4, Z,4, 6> and a dual-band transmission line-based L-network [40] in-
dicated by Z;, 01, and Z,, 6,. It eases the matching of the device’s fundamental/harmonic
impedances, Z;; = Ry + jX| at f1, Z;p = Ry + jXo at f>, and Z;3 = R3 + jX3 at f3 =311,
achieved using load-pull for optimal efficiency [165] and the load impedance Ry .

First, the impedances Z; | and Z; 3 are transformed into complex conjugate, i.e. Yol = Y|,
by the segment [Z}, 6] of the L-network. Here, Yp = 1/Z9 = Gp+ jBo @ f} and Gp — jBo
@ f3. Subsequently, the susceptance By is cancelled by the dual-band stub [Z, 6] of the
L-network. The parameters [Z;, 0] and [Z,, 6;] are calculated using (5.1) and (5.2) respec-

tively [168]. The term r3; = f3/f] is the frequency ratio.

X1 +X;3
Z1=+/RiR3 + X1 X5+ R X3 — R3X 5.1a
1\/13 13R1+R3(13 3X1) (5.1a)
Z\(R1—R3)
nw+arctan o ~———
0, = RiX5—RsXi (5.1b)
1+r31
nw nw
6, = = — 5.2
2 14173 4 ( a)
—jcotf jtan O
7y = JEO T2 (Short), Z2:J a2 (Open) (5.2b)
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The real part Rp = 1/Go is then matched with the load impedance, Ry, at f| and f3 by
the dual-band A /4 coupled-line impedance transformer. The coupled line transformer’s
image impedance, Z4 = /RoR [169], is analogous to its corresponding even- and odd-mode
characteristic impedances Z,4 and Z,4 are given in (5.3). Furthermore, in the process of
matching at f3 and fi, second harmonic impedance Z;, gets transformed to a new value Zx,

= Gx2 + ]Bxy @ f;, expressed in (5.4), at the node A in Fig. 5.2.

Zoa = Zatan 0 (5.3a)

Zoa = ZA/tan 6 (5.3b)

Zir = Zi[ (Z1 +jZL2tan61) ] +js tan6, (5.4)
(Z\Zo + jZ}tan6y) Z

Atnode A, as shown in Fig.5.2, the value of impedances present at three different frequencies
are as follows: Ry @ f and f3, while Z,», @ f,. At the fundamental and third harmonic, the
drain impedance previously matched to load impedance Ry, but Z,, @ f, needs to be matched
without disturbing the match at f; and f3. Thus, a transmission line with characteristic
impedance Z3 = Ry, with electrical length 65 is used [166]. Here, the impedance Z3 is equal
to the load resistance Ry and accordingly matching at the fundamental and third harmonic will
remain the same, while transforming the Z,, @ f, to a new value, which can be controlled

by its electrical length 65.

1

3 3
( RL ) + ( RLtanz 93 )
R%tan2 63 +Rz R%l‘an2 03 +R%

Gxr = (5.5a)

1
( R:Ztan93 ) o ( R%Z3lan293 )
R%mn2 63 +Rz Rlz‘tan2 03 +Ri

By, = (5.5b)
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It can be seen from (5.5a) and (5.5b), by calculating the value of 85 the real part Gy, can
be set equal to 1/Ry. Thus, in a second harmonic, the real part matches the load perfectly.
However, the generated susceptance by this transmission line needs to be cancelled without
disturbing the matching at the fundamental and third harmonic. Therefore, a combination
of open and short circuit stub with characteristic impedance Zpc and Zgc respectively is
utilized. This network should be capable of cancelling the susceptance generated at the
second harmonic while providing infinite admittance at the fundamental and third harmonic.
For maintaining the infinite admittance seen by fundamental and third harmonic, the relation
Zoc = Zsctan*6, should remain valid. However, the impedance generated by the stub
network should cancel the susceptance Bx, @ f,. The expression used to calculate the

impedance of the stub network is given in (5.6):

Bxy = —jYoccot(X 6,) + jYsctan(X 6,) (5.6)

Here, X is defined as f>/f1, while 6, is defined at the fundamental frequency. Substituting
the value of Yo = Ysc cot? 6, in (5.6), the characteristic impedance of short-circuit stub Zgc

and hence open-circuit Zpc is given in (5.7a) and (5.7b) respectively.

t260,cot (x6,) + tan(x0
Zso = cot“6rco (sz) +tan(x6) (5.7a)
X2

Zoc = Zsctan2 6, (5.7b)

The above discussion completes the mathematical derivation of the tri-band impedance

transformer.
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5.2.2 Case Study and Experimental Evaluation

For validating the theoretical proposition, first, the standard 10W GaN HEMT was biased
at a gate voltage of Vgg = —2.7V and drain voltage of Vpg = 28V for the drain current of
Ip = 63mA. After that, load-pull simulation was carried out for maximized efficiency by
tuning the first three harmonics and the achieved fundamental and harmonic impedances as
listed in Table - 5.1. After that, an output two-port network is designed using the concept
presented. All the parameters are chosen to remain within the realizable limits of 20-150 €,

inferred from the parameters listed in Table - 5.2.

Table 5.1 Optimum impedances at the drain of the transistor

Frequency Output Impedances ()
f1=3.5GHz 10.27+ j1.245
f>»=7.0 GHz 1.1+ 1.5
f3=10.5GHz 7.75+ j14.35

Table 5.2 Design parameters of matching network

L-Network | Coupled-Line Transformer | Transformation Network
Z,=26.44 Q Z,=55Q Z3=50 Q
7, =148 Q Z,=50 Q 6;=60.53 °
6,=75° 6,=45° Zoc =133 Q
_ _ Zsc =82 Q

It is interesting to investigate the impedance trajectories. Fig. 5.5 illustrates the co-
simulated trajectories of the fundamental, second, and third harmonic impedances for a
frequency range of 3.4 - 3.7 GHz. The impedances lying on these trajectories correspond
to drain efficiency of more than 50 %. Furthermore, the impact of the transmission line
parameters on the overall design is also significant. The relationship of the optimal efficiency
related to the electrical length of 6y, is given in Fig. 5.6. The drain efficiency is maximum

when 0 falls within the shaded region. At the design frequency of 3.5 GHz, it is evident
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that 6, should be approximately 75°, which is close to the value obtained for the designed
network given in the Table - 5.2. The impact of 6, is also significant on the achievable drain
efficiency, as can be inferred from Fig. 5.7. The shaded region is earmarked for optimal

efficiency, and it is in perfect agreement with the data in Table - 5.2. Furthermore, the

Drain Efficiency (%)

Electrical Length, 6,

Fig. 5.6 Dependence of drain efficiency on 0; for different frequency

variation of drain efficiency with the drain impedance at the fundamental frequency is also
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Fig. 5.7 Dependence of drain efficiency on 6, for different frequency

an important aspect. In this context, the variation of drain efficiency with load is depicted
in Fig. 5.8. The boundary of impedance ratio at the fundamental frequency (i.e., Z;/Zs) for
maintaining efficiency above 60% is between 0.1 to 0.5. It can also be inferred from Fig. 5.8
that, in this case, the maximum efficiency is achievable for the fundamental impedance, i.e.,

Z1,0f 10.27+j*1.2 Q obtained from load-pull.

w
o

Im (Z,,) =0.000000
Im (Z,,) =1.000000
Im (Z,,) =2.000000
Im (Z,,) =3.000000
Im (Z,,) =4.000000
Im (Z,,) =5.000000
Im (Z,,) =6.000000
Im (Z,,) =7.000000
Im (Z,,) =8.000000
Im (Z,,) =9.000000
Im (Z,,) =10.00000(

[e]
o

~
o

Drain Efficiency (%)

[+
(=)

N
(=]

L I L L B A B
10 15 20 25 30 35 40 45 50

Real (Z;,)

[4;]

Fig. 5.8 Drain efficiency vs fundamental load
*Real - Real part of impedance (Z;) @ fundamental frequency, *Im - Imaginary part of
impedance (Z;;) @ fundamental frequency
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The schematic of the measurement setup is shown in Fig. 5.9. Keysight’s (MXG N5182B)
and Vector Network Analyzer (PXA N9030B) are used for generating and receiving the
signal, respectively. The developed PA prototype on RO5880 substrate (&,= 2.2, thickness
1.575mm, loz Cu) using 10W GaN Wolfspeed GaN HEMT, shown in Fig. 5.11, is measured
at the design frequency of 3.5 GHz. The drive power is swept from 22-31 dBm, and then
PAE, DE, and Gain are measured, plotted in Figs. 5.10 and 5.11. For an input power of
30 dBm, the maximum measured PAE and DE are 73.8 % and 77.3 %, respectively, while
the gain is 10.4 dB. Also, current and voltage waveforms at the transistor’s intrinsic plane
are presented in Fig.5.12. These are in good agreement with the corresponding simulation
results. Finally, the achieved results for the proposed design are compared with the previously
reported design at 3.5 GHz in Table - 5.3. It demonstrates that the proposed design technique
could be a potential alternative as the achieved results compare favourably to the reported
designs.

Drain Bias

Gate Bias

Signal Generator
Signal Analyzer

Attenuator

Fig. 5.9 Schematic of the measurement setup

Table 5.3 Comparison with the previous 3.5 GHz PA design

References T”I';‘SS:Z“” Fr(eg‘;{ez‘;cy (gl‘;‘;:) PAE (%) | DE (%)
EuMC T [170] | GaN HEMT 35 405 72 79
EuMC [163] | GaN HEMT 35 353 577 69
TMTT * [157] | GaN HEMT 35 402 70 75.8
TMTT [149] | GaN HEMT 3.54 55 63 70
This Work | GaN HEMT 35 40.4 73.8 773

* Class-E PA
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Fig. 5.10 Drain efficiency and gain for input power sweep
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Fig. 5.12 Voltage and current waveforms at the intrinsic plane of transistor
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5.3 Design of a Harmonically Tuned RF Power Amplifier -
Design 2

In the previous design, we harmonically tuned the three harmonics concurrently, whilst this
design reports the variation of efficiency of harmonic tuned PA by considering two harmonics
only. An essential concept of this proposed design is to ease the mathematical equations
while considering only two harmonics while optimizing the performance of the PA. The
central aspect of designing a high-efficiency PA is to provide the optimum impedances at
the drain of the transistor, which needs to be matched to a terminated load Ry, usually 50 Q.
Load-pull simulation is carried out at the packaged drain terminal of the non-linear transistor
to estimate the value of the optimum load impedances [165]. As described in the former
section, the first three harmonics affect the performance of the PA, while the other has a
negligible effect.

The first step is to obtain the optimum drain impedance at the fundamental frequency to
maximize the PAE and gain. Afterwards, the harmonics are tuned and observed to optimize
the overall performance of the PA. The different cases have been studied to analyze the
variation of the efficiency and other parameters, including the gain of the PA with the

harmonic alteration at the drain of the transistor as discussed:

* Case - 1 : First, load-pull is carried out to calculate the impedance at fundamental
frequency i.e. Z;; @ fy, while second harmonic is short-circuited with third harmonic
open-circuited. For the second-harmonic to be short-circuited while fundamental and
third-harmonic sees an open-circuit through the drain, the drain-bias network should
follow the Design 1 depicted in Fig. 5.13 i.e., a quarter-wave transmission line at

fundamental.

* Case - 2: The impedance at the fundamental frequency is kept fixed according to

Case-1 and tuning the third harmonic impedance while keeping the second harmonic
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Fig. 5.13 Schematic of the PA with different drain bias network

short-circuited during load-pull simulation. The drain bias should also follow Design 1

shown in Fig. 5.13.

* Case - 3: Here, the fundamental and second-harmonic are considered only. The
load-pull is performed to obtain the optimum fundamental impedance with a second-
harmonic tunable. The drain-bias should follow the Design 2 [171] shown in Fig. 5.13.
It ensures that the fundamental and second-harmonic impedances see an open circuit

through the drain-bias network.

The different cases with impedances at the packaged drain terminal and the corresponding
PAE obtained from load-pull at 3.5 GHz are tabulated in Table- 5.4. It can be observed that
Case-2 corresponds to maximized efficiency. Hence, the necessary condition to design the
two-port output network is to short the second harmonic while matching the fundamental
and third harmonic impedance with the load R;. The subsequent section will discuss the

circuit design topology, analysis, and results.
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Table 5.4 Impedances at the drain terminal with obtained PAE

PAE (%)
Case Impedance (obtained
Condition (Q2) from
Load-pull)
— 13k — 1%k
| Z1 =10.6+j%9.3 | Z, =0.0+*0.0 ] 71.9
@ fi @
. . Z3
— S — *
) |47 1(2'?’] 93| 2 éo}” O 1 _20#30 | 762
: ’ @ fs
Z1 =10.6+j%9.3 | Zp = 0.25+j*2.1
3 - 71.2
@ fi @ f

5.3.1 Circuit Design and Analysis

To obtain the high efficiency, it is required to terminate the drain with the optimal impedances
at the fundamental and third harmonic frequency according to Table- 5.4 and match it with
a load, 50 Q. In the last decade, the different architectures for designing the dual-band
matching network are available in the literature, including matching utilizing T-section,
dual-band A/4 lines, L-type network, two-section transmission line and more [40] - [44].
This section discusses the design of a dual-band output network to match the fundamental

and third harmonic with the load R;..

Circuit Topology

The schematic of the dual-band output network for matching the fundamental and harmonic
impedances at the transistor’s drain terminal to a resistive load Ry is presented in Fig. 5.14.
Here, the output impedance is represented by Z;; and Z; 3 at the fundamental ( fy) and third
(3 fo) harmonics, respectively.

In Fig. 5.14, the output network consists two sections namely section-A and section-B.
Section-A comprises of an all-pass coupled-line [134] denoted by [Z,,Z,, 0;], a dual-band

stub with characteristic impedance Z4; and electrical length 6, [172]. Section-B consists of
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Fig. 5.14 Schematic of the proposed two-port output network

a m— structure based real-to-real impedance transformer denoted by [Zg1,Zp2,Zp3, 62] [29].
Each section of the dual-band output network along with their mathematical formulations is

discussed below:

Section - A

The section - A depicted in Fig. 5.15 transforms the impedances Z;; and Z;3 into a complex
conjugate, i.e. Y4|s = Y;|35,, using coupled-line in its all-pass configuration [134]. The
characteristic even/odd-mode impedance Z,;, Z,| related by M = Z,1/Z, and electrical length

0, can be calculated using (5.8) [134].

2\/R1R3 +X1Xs + X5 Ry X — RyX))

Zel oM (5.8a)
Ze1 (14+M)(R1 —R3)
nm+ arctan( =403
91 — 2(RIX3 R3X1) (58b)

1413
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where, r31 = 3f()/f().

Ze9 Zon 0 1
]

—

ZA, 92

7oy =Ry + Xy, @ 1 Yy @ Open/Short R, @f,
Z;=Ry;+ jX; @ 3, Y, @ 31, R, @ 34,

Fig. 5.15 Section - A: All-pass coupled line with dual-band stub

As illustrated in Fig. 5.15, the admittance looking into all-pass coupled line is complex
conjugate of each other at two given frequencies i.e. Y4 = 1/Z4 = G4 + jB4 @ fy and
G4 — jBs @ 3fy. Subsequently, the susceptance By is cancelled using either open/short

dual-band stub. The parameters [Z4, 6,] are calculated using (5.9)[172].

nmw nmw
0, = E—— " (5.9a3)
—jcotH jtan 6
Zy = —JE (Short), Zp = JEnT (Open) (5.9b)
By By

After cancelling the susceptance part, the real part of the impedance, i.e. R4 = 1/G4 at
fundamental and third harmonic frequency, remains. Now, Section-B is used to match this

remaining real part to load Ry at two given frequencies.

Section - B

The m— structure real-to-real dual-band impedance transformer as depicted in Fig. 5.16 is
used to match the real part R4 with load Ry, [29]. It consists of a transmission line and two
open-circuit stubs in 7— configuration.

The design equations used to achieve the matching is defined in (5.10).
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R, @ f, Zg;, 0, Zy;, 0,
R, @ 3f, 1

Fig. 5.16 Section - B: 7-structure based real-to-real dual-band transformer

ko?
1 = 5.10a
b1 T+ vE ( )
o =Vk (5.10b)
Vko?
3 = 5100
b3 T+ VE ( )

Here, k = R; /R4 and the characteristic impedances of section-B in (5.10) are Zg| = 751 *Ry,

Zpy = 7, ¥Ry, Zp3 = 7p3*Ry, with electrical length 6, mentioned in (5.9a).

5.3.2 Experimental Validation and Results

A case study has been considered for verifying the theoretical formulations to design the
harmonic-tuned PA with a dual-band output network. Initially, the standard 10W GaN HEMT
was biased at a gate voltage of Vg = —2.7V and drain voltage of Vpg = 28V for the drain
current of Ip = 61mA. The impedances at fundamental and third harmonic frequencies are
listed in Table - 5.5 below, obtained from the load-pull simulations to achieve the optimum
efficiency and gain.

Subsequently, the proposed dual-band output network has been designed employing the
concept discussed above. Table - 5.6 tabulates all the design parameters of the two-port
output network, and it is evident that all the parameters are within the realizable limits of

20-150 Q.
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Table 5.5 Optimum impedances at the drain of the transistor

Frequency Output Impedances (Q2)

fo=3.5GHz 10.669 + j9.393

3f, = 10.5GHz 20— j30

Table 5.6 Design parameters of the proposed output network

Section - A Section - B
Z, | 41.4252Q | 7z | 405Q
Z, | 22.7839 Q | Zp, | 69.64 Q
6, | 52.5002° | Zp; | 29.1 Q
Zy 111
6 45 °

Power Added Efficiency (%) =
(ap) uren >

Input Power (dBm)

Fig. 5.17 Power added efficiency and gain vs input power(dBm) and prototype

The proposed 3.5GHz harmonic tuned PA using a dual-band output matching network
has been fabricated on RO5880 substrate (g, = 2.2, thickness 1.575mm, loz Cu) with a
10W GaN Wolfspeed HEMT, shown in Fig.5.17. The current and voltage waveforms at the
current generator (CG) plane of the transistor are illustrated in Fig. 5.19. The simulated and
measured Power Added Efficiency (PAE), Gain, Drain Efficiency (DE), and Power Delivered

are depicted in Fig. 5.17 and Fig. 5.18 respectively. For an input power of 30 dBm, the
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Fig. 5.19 Voltage and current waveform at the CG plane
Table 5.7 Comparison with previous high efficiency PAs
. fo PAE | DE Pout
References Technique Used (CHz) | (%) | (%) | (@Bm)
(2009), [163] 2nd Harmonic Tuned 3.5 57.7 | 69.18 | 35.3
(2011), [149] Class F 3.54 63 70 55
(2014), [173] | Resistive Loaded Harmonic Tuning 2.4 70 76 40.6
(2017), [174] | Low Pass Filter Matching Network 1.2 - 80 45
This Dual-band Output Network 35 | 751 | 794 | 407
Work
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maximum measured PAE and DE are 75.1 % and 79.4 % respectively, while the gain is 10.8

dB. These are in good agreement with the corresponding simulation results.

5.4 Summary

RF power amplifier is a ubiquitous block, present in any RF front end, with various applica-
tions. This chapter discusses different classes of power amplifiers and their operation. The
different traditional classes, including Class-A, B, AB and others, with their characteristics
and performance, have been discussed with their pros and cons. Another class of power
amplifiers is defined where harmonics at the drain of the transistor are tuned to reduce the
overlap between current and voltage waveforms. This class, defined as Harmonic-tuned PA,
can achieve theoretical efficiency of 100%. Although it is impossible to control an infinite
number of harmonics, we propose a method that can tune either two or three harmonics of
the amplifier to maximize the performance in terms of gain and efficiency. The two design
methods to tune the three and two harmonics according to the load-pull have been presented.
Design-1 described the technique to incorporate the tri-band impedance matching network to
generate the desired impedance at the drain of the transistor. Similarly, design-2 utilizes the
dual-band matching network to control the two harmonics to maximize performance. The
closed-form design equations and mathematical formulations ease the design procedure with
a reduction in form factor. Also, the prototype has been fabricated to validate the theoretical

foundation with good agreement between simulated and measured results for both designs.



Chapter 6

Conclusions and Future Work

6.1 Conclusion

The exponential growth in the number of users increases the complexity of mobile devices
because of the strong demand for high data rates. This results in more significant challenges
from the engineering resource perspective. Communication based on the RF transceiver is one
of the most significant examples of this challenging demand. Considering the RF front-end
module with a multi-band platform is challenging as the constituent blocks have to operate on
multiple frequencies simultaneously. With the evolution in telecommunication, researchers
are moving from today’s discrete solution toward multi-band or wideband solutions in which
the RF transceiver module will support all available interface standards covering numerous
frequency bands. In the multi-band RF front end, the design of multi-band or broadband
modules, including matching networks, power amplifiers, dividers, couplers etc., is also
challenging because it is tough to obtain optimum performance, and that too, at different
frequencies of interest. This thesis demonstrates the design of passive and active circuits
constituting the RF front end. The dual-band matching circuit and three design methodologies,
including different scenarios, are discussed. The analysis, along with the closed-form

design equations, is performed that ease the design part for easy fabrication. Unlike dual-
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band matching networks, the broadband power dividers are focused. The few prominent
characteristics of broadband power divider include simple and generalized mathematical
analysis, fully Resistive isolation network, closed-form equations for determining the value
of isolation resistor without involving optimization, flexible transmission bandwidth, sound
isolation between two ports along with excellent port matching, ready scalability for DC
blocking application that makes the design practical. The prototypes have been fabricated in
both cases, demonstrating the effectiveness of the proposed design methods and several case
studies. Another crucial active device, the power amplifier, is explored to achieve optimum
performance in terms of gain, power added efficiency and drain efficiency. The multi-band
matching network with its application in designing the output matching network of the power
amplifier to achieve the optimum performance by tuning the harmonics is demonstrated. The
designed output matching network can provide the performance well following the load-pull
data, achieving good performance. The two design methods for designing a power amplifier
by tuning either two or more harmonics are studied. The prototypes are developed along

with measured results to verify the simulated design parameters and technique.

6.2 Future Work

The next-generation wireless system needs to accommodate new standards compared to the
present scenario for providing more data rates with more standards. Therefore, the RF front
end should be more complex than the present scenario. This thesis focuses on dual-band
matching networks, broadband power dividers, and harmonically tuned power amplifiers

with optimum performance. The future work of this research is discussed briefly:

* Designing of multi-band matching networks including tri/quad/penta-band designs.
Since literature survey acknowledges the limitation of defined circuits with compli-

cated mathematics and optimization algorithms. Hence, this area can be explored
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further to improve the RF front end performance by reducing cost and form factor and

simultaneously enhancing performance at multiple frequencies.

* The research can be focused on broadband designs for other circuits, including match-
ing networks, power dividers, couplers etc, over a wide frequency range with excellent

performance.

* The designing of the power amplifier is a challenging task as it is the most crucial
block in any RF front end. The optimum efficiency, gain, and linearity performance
are very demanding for any power amplifier. The multi-band power amplifiers are very
limited in literature; hence multi-band matching networks can be the solution to design
multi-band power amplifiers. These can be topics of interest for research since it is
fascinating to obtain the optimum performance at different frequencies of operation

simultaneously.

* Another vital area to be explored is to design a multi-band RF front end by cascading

different multi-band circuitry with good performance.
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