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ABSTRACT

The trend of wireless and mobile networks is to increase the capacity in terms of the
number of users connected to the mobile network and the capacity in terms of bit rate.
The main goal of 5G is to provide ultra-reliable, fast, and low-latency communications.
The field of applications of 5G entails, for example, IoI, smart cities, and virtual reality. To
achieve this level of massification, the mobile handsets have to be the most low-cost and
compact and the base stations need to be the most power-efficient possible.

In order to achieve higher data rates and higher spectral efficiency, modulation schemes
with high envelope fluctuations must be employed. Given this signal envelope fluctuation,
state-of-the-art PA’s are working at a point where it only outputs 10 W of 100 W. Now
given the complexity and the number of base stations a mobile operator has, it is not hard
to imagine the energy costs. With this scenario in hand, a new technique called Quantized
Digital Amplifier (QDA) with promising efficiency results is exposed.

Moreover, the focus of the thesis leans on understanding the factors that condition the
development of a power amplifier. With the development of an innovative design kit, the
reader will understand the ins and outs of a class E power amplifier including a theoretical
analysis of the losses due to real components. Based on this theoretical analysis and using
a 130 nm CMOS technology, a class E cascode topology will be designed for four distinct
output power levels. Namely, for a 12 mW output power level, a PAE of 46% was achieved.

Keywords: OFDM, QDA, Mobile Networks, Class E PA, 5G, Wi-Fi, Power Amplifiers,
Power Electronics



REsumMo

A tendéncia das redes sem fios e méveis é aumentar a capacidade em termos de niimero
de usudrios conectados a rede mével e capacidade em termos de ritmo binério. O principal
objetivo do 5G é fornecer comunicagdes confidvies, rapidas e de baixa laténcia. O campo de
aplicagdes do 5G envolve, por exemplo, IoT, cidades inteligentes e realidade virtual. Para
atingir esse nivel de massificagdo, os teleméveis devem ser os mais baratos e compactos e
as estagOes base precisam ser mais eficientes em termos energéticos.

Para alcangar ritmos bindrio cada vez mais altos e uma maior eficiéncia espectral, es-
quemas de modulagao com altas flutuagdes da envolvente complexa devem ser empregues.
Dada essa flutuagao de envolvente, os amplificadores de potencia de tltima geragdo estdo
a operar num ponto de eficiéncia em produzem apenas 10 W de 100 W. Agora, dada a
complexidade e o nimero de estagdes base que uma operadora mével possui, ndo é dificil
imaginar os custos de energia. Com este cendrio em mdaos, uma nova técnica chamada
Quantized Digital Amplifier (QDA) com resultados promissores de eficiéncia é exposta.

Além disso, o foco da tese vai também passar pela compreensdo de fatores que
condicionam o desenvolvimento de um amplificador de poténcia. Com o desenvolvimento
de um kit de design inovador, o leitor entenderd os prés e contras do design de um
amplificador de poténcia em classe E, incluindo uma anélise tedrica das perdas devido
a componentes reais. Com base nesta analise tedrica e usando uma tecnologia CMOS de
130 nm, uma topologia de cascode classe E sera projetada para quatro niveis de poténcia
de saida distintos. Nomeadamente, para um nivel de poténcia de saida de 12 mW, um
PAE de 46% foi alcangado.

Palavras-chave: OFDM, QDA, Redes Moéveis, Class E PA, 5G, Wi-Fi, Amplificadores de

Poténcia, Electrénica de Poténcia
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1

INTRODUCTION

1.1 Motivation and Scope

Energy efficiency is an increasingly a growing topic when it comes to mobile networks.
With the release of the fifth mobile generation, finding ways to efficiently use energy in
mobile handsets and base stations is a growing field of study. 5G represents in a way
the densification of mobile networks. It is estimated that by 2025 the number of global
connections reaches 100 billion [2]. The biggest innovation of 5G relative to its predecessor,
is the data rate and the field of application. Vehicle-to-vehicle communication augmented
reality and remote surgical operations are some of the many fields that 5G intends to pen-
etrate. A brief comparison between 4G and 5G can be seen in Table 1.1. The information
from these table was extracted from [3]

Table 1.1: Comparison between existing solutions.

Parameters 4G (LTE Advanced) 5G
Speed (Mbps) 100 1000
Latency (mS) 200 1
Devices Connected (d/km?) 10000 1 million
Base Station (BS) power consumption (kW) 6.877 11.577
Mobile Handset (MH) power consumption (W) 0.2 0.4

In the second generation, it was employed a Gaussian Minimum Shift Keying (GMSK)
modulation. Asaresult, the envelope was constant hence there was no problem with Power
Amplifier (PA) efficiency. However, with the growing need for data rate, data modulations
with higher envelope modulation were employed, making the apparent nonexistent
problem in 2G a growing concern for mobile operators. In 4G the problem reached new
peaks with the implementation of Orthogonal Frequency Division Multiplexing (OFDM).
OFDM is a modulation technique that allows spectral efficiency maximization, making

then a better use of the spectrum (a scarce resource). One of the problems of OFDM is its

1



CHAPTER 1. INTRODUCTION

high envelope fluctuation. This problem decreases substantially the power efficiency of
the PA. In light of the latency and devices-connected specifications of 5G, it is no surprise
that energy efficiency is the make or break of this mobile technology. Energy consumption
constitutes around 20% to 40% of the network Operational Expenditure (OPEX) [4]. From
a base station point of view, there are many sources of energy consumption hence energy
efficiency. The energy consumption of each element of the base station depends on the
size of the base station [5].

The main goal of 5G is to have more devices connected and reduced latency, BS tend
to get smaller and smaller. This results in the PA being the element of a BS with the most
energy consumption. That is why solving the problem of energy efficiency is expected to
make 5G a more efficient and sustainable technology. Despite this solution being the main
topic of this thesis, there was research on other ways to increase the energy efficiency of a
mobile network. For instance, it was studied in [6] that there is an unequal distribution of
traffic. 80 % of the data traffic is conducted only by 30 % of the base stations. This happens
because to guarantee the most coverage, sometimes base stations have to be placed in
areas least populated. To overcome this problem recent advancements in the transceiver
technology make it possible for a deep sleep state where energy consumption is drastically
reduced [7]. To complement this, artificial intelligence solutions have been proposed to
smartly turn ON and OFF the base station or transfer data traffic from one base station to
the other.

With this in mind, researching new ways to maximize overall efficiency when subject
to high envelope fluctuation signals is of paramount importance. A new solution called
Quantized Digital Amplifier (QDA) is exposed and compared with other techniques. More
specifically, this new solution is analyzed from a signal processing standpoint and it is

deeply explored from an electronics standpoint.

1.2 Contributions of this work

This thesis exposes a new solution called QDA. This novel technique can potentially set a
new record for the maximum efficiency achievable. By making a signal processing analysis
and electronic analysis of the power amplifier, the reader can better understand the impact
of this new solution and understand its advantages and disadvantages compared with
other existing efficiency enhancement techniques.

Furthermore, with the development of an innovative PA design kit, a power amplifier can
be designed, under the technology node restrictions, for any frequency and output power
requirement. During this process, the reader will be able to understand practically all the
intricacies behind the design and simulation of a power amplifier and start to get familiar

with the challenges of integrated circuitry design.
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1.3 Thesis Layout

This work starts by introducing OFDM. The advantages of this frequency division
multiplexing technique will justify the need to use this technique in modern mobile
communications. The disadvantages of this technique are explored and serve as a prelude
for the next chapter. The next two sections outline the characterization of a power
amplifier and the metrics to characterize it. With this information, understanding why
overall efficiency is so low is a small step. With the familiarization with PAs characteristics,
in the next section, the basic topologies of power amplifiers are outlined, such as linear
and nonlinear amplifiers. At the end of this chapter, the reader will know the limitations
of linear amplifiers and why non-linear amplifiers are the way to go.

With a low PA efficiency due to the input of a high envelope fluctuation signal,
techniques to improve the linearity and maximum efficiency are exposed. Based on the
advantages and disadvantages of the techniques presented, a new solution called QDA is
exposed. The details and intricacies of this novelty technique are explored from a signal
standpoint and an electronics standpoint. Also, the developed design for an initial QDA
prototype is shortly presented and compared with existing techniques.

The thesis could end here but it would fail to address with some diligence and elegance
the most important issue, the power amplifier. Despite its characterization being explored
in previous chapters, what does it take to design one and more interestingly what does
it take to design one fully integrated? After all, whoever wins the power efficiency race
has to maximize the power amplifier performance and the power combining performance.
Picking the power amplifier performance as a mission then the next chapters emerge. The
class E power amplifier topology is studied considering a relatively small Direct Current
(DC) bias inductor. This allows for the full integration on the chip of the PA. An innovative
design kit will be developed in order to understand what are the factors that condition
the development of PA, more specifically a class E PA. As a proof of concept four power
amplifiers will be developed for different output power levels. Within this design, a
methodology to get the best PAE given real components is proposed. This methodology
requires some knowledge of impedance matching and integrated inductors. Last but not
least, given the fact that a Field Programmable Gate Array (FPGA) does not have the
power capability to turn on the PA fast enough, power amplifier drivers must be explored.
This will be a relatively brief chapter where one driver topology is seen and designed.
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THEORETICAL BACKGROUND

2.1 Orthogonal Frequency Division Multiplexing

2.1.1 Introduction

Orthogonal Frequency Division Multiplexing (OFDM) is a modulation technique with
spectral efficiency gains and good performance on fading channels. This concept is
not new and was used in Asymmetric Digital Subscriber Line (ADSL) communications.
With the hardware development and efficient algorithms implementation, nowadays it is
widely used in 4G mobile communications and will be used in 5G due to its hardware
simplicity and Multiple-input/multiple-out (MIMO) compatibility. The goal of this chapter
is to illustrate the many advantages when compared to a single-carrier solution and
the disadvantages. One can say with a high degree of confidence that the continuous
investigation of efficiency enhancement techniques of power amplifiers is due to one of
the major problems of OFDM. This chapter is organized as follows: First, a signal and
schematic description of OFDM will be given. Then an explanation of the cyclic prefix
and how it helps to eliminate Inter Symbolic Interference (ISI) will be given. Last but not
least, as this thesis is focused on improving the overall Power Amplifier (PA) efficiency,

one must understand where the high envelope fluctuation of OFDM comes from.

Sy X;
M X,
S, IFFT | x p/s b AP0 L o L
CcP
; - P/S - Parallel to Serial Converter
CP - Cyclic Prefix
So R Vi S/P - Serial to Paralell Converter
% N ¥ REMOVE cHaNNEL | EQ Py Do
S". EQ | v, | FFT | _» SP I cp [ ADC — RX (((\1: qualizer

Figure 2.1: OFDM Transmitter and Receiver Schematic.
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2.1.2 Signal Characterization

A generic frequency division multiplexing technique can be described, in the frequency

domain, as follows

=¥
S(f)= 3 Sk-R(F-k-F), 1)
=¥

where N represents the number of subcarriers, Sx the k;, symbol and F the spacing
between consecutive carriers. In traditional Frequency Divsion Multiplexing (FDM), F
must be bigger than signal bandwidth because of the spectral leakage one user might
incur in another. This happens because the filters are not ideal. In OFDM, R is equal to the
support signal. This can be better understood by observing Fig. 2.2. The particular choice
of F makes the subcarriers orthogonal between each other. This means that the condition
in equation (2.2) is met. Intuitively this means that at each integer multiple of F, all of the

carriers are null except the one carrier centred in that value.

r R(f —kF)-R*(f —K'F)df =0, k £k’ . 2.2)

In the time domain, the OFDM signal is simply obtained by doing the inverse Fourier
transform of equation (2.1) and then considering multiple OFDM symbols we get the

following expression

N
© 2

st)=> D) Sk-r(t)- el fie(t=1Toym) (2.3)

1=0 k:—%

where f; = ﬁ By analyzing equation (2.3), one possible hardware implementation
would be to add & IQ modulators in parallel. It is understandable that for a high number
of subcarriers this implementation is prohibitive. Instead, if the signal is sampled at
t = |- Tsym +nT where T is equal to Ts, /N, the continuous time signal in the equation

in (2.3) can be re-written to a discrete version.

N
7—1

Xp = Z S - el N (2.4)
k=0

This is precisely the inverse Fourier transform. This means that hardware-wise, the imple-
mentation of OFDM at the receiver could be done using a relatively inexpensive Inverse
Fast Fourier Transform (IFFT) block. At the transmitter side since there is orthogonality
between subcarriers integrating the input signal with the k;j, carrier will output the k;,

symbol. In a discrete form, the integral becomes a summation and for a generic carrier,

5
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we get equation 2.5.

Z

Y[kl = > yln]-e /2%
n=0
N-1 (1 N-1 o o
— il Si . e]Zm-N . e—]-2nk-ﬁ (25)
n=0 N i=0
1 N1 N1
Si e—]~2n~(l—k)~% )
i=0 n=0

Note that ZnNz‘Ol ¢ /2 (i=k)' % is the Fourier transform of the constant function, which is

equal to 6(i — k). Replacing that in the expression above, we get.

—_
Z

Y= S, S(i— k) = (2.6)

X, 6w X, (w

(b)
Figure 2.2: (a) Traditional FDM ; (b) Orthogonal FDM

2.1.3 Cyclic Prefix

The duration of a OFDM symbol is N times greater than the input symbol time. This
means that the OFDM signal suffers less inter-symbolic interference than a single carrier
solution. To completely eliminate ISI, a guard interval with a time duration corresponding
to the coherent time of the channel considered is used. Usually, a cyclic prefix is used
where a set of final samples of each symbol is added to the beginning of the symbol. Using
a cyclic prefix makes the convolution between channel samples and signal samples, a
circular kind. This allows for the following relation

Y [k] =H[k]- X [k]+ Z[k], (2.7)
where H is the frequency component of the channel at the frequency k. X is the symbol
value at the frequency k. This is quite useful because if the coherent band of the channel
is lower than each carrier band, the equalization is quite simple.

2.1.4 Envelope characterization

Looking at equation (2.3) it is clear that at each time sample, the signal is the result of
summing different sinusoids with different amplitudes and phases. This results in a signal

6
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whose envelope fluctuates quite considerably. To measure this fluctuation a metric called
Peak-To-Mean Envelope Power Ratio (PMEPR), defined by equation (2.8), is used.

PMEPR = Rzlgp ) | (2.8)

P is the average power and R(P) is the envelope value that is exceeded with probability P.
The numerator of this metric could be replaced by the peak power of the OFDM signal.
That would be the traditional form of this metric, so to speak. However, the peak power
value grows with the number of sub-carriers and that leads to a high value of PMEPR.
Additionally, the probability of the occurrence of a peak taking place is relatively low. As
so, the contribution of the peak for the overall efficiency is almost insignificant. By using
equation (2.9), an approximated peak envelope can be set. Beyond this envelope value,
the probability can be as low as desirable. For example, a reasonable value for P is 107
[8]. For a high number of sub-carriers, the distribution of the complex envelope’s real
and imaginary parts approaches a Gaussian distribution. This implies that the envelope
module has a Rayleigh distribution and the phase a uniform distribution. The probability
density function of the Rayleigh distribution is given by the following

2

R _=r2
pR)=— e 22, (2.9)

where R is the module of the complex envelope of the OFDM signal. o2 represents the
average power. The probability of the envelope amplitude exceeding r is given by equation

(2.10)

2

+00
P=Prob(R>r)= J p(R)dR =e 22 . (2.10)

R P=Prob(R>r)

4
g N

Figure 2.3: OFDM Envelope Fluctuation.



CHAPTER 2. THEORETICAL BACKGROUND

2.2 Power Amplifier Modelling

2.2.1 Introduction

The ideal power amplifier can be described with a linear function. Meaning that indepen-
dently of the input power the output power will always be a scalar of the input power.
However, in reality, all electronic components are non-linear. This is quite a bold statement
but if one starts to see why we consider the components linear, one will conclude that it is
a mere approximation. For instance, the small signal analysis of the transistor is nothing
more and nothing less of a linearization around the quiescent point. There are two main
types of non-linearity: strong and weak. The weak non-linearity is usually a non-linearity
that can be expressed by a Taylor series with actually few coefficients. An example of this
weak non-linearity is the quadratic current description of the transistor when the latter is
in saturation. A strong non-linearity is applicable when either the Taylor series presents
a prohibitive number of coefficients or when it is preferable to define the non-linearity
as a piece-wise function. Usually, this type of non-linearity is tackled by using advanced
techniques such as harmonic balance. A very good example is the current description
when the transistor transients between the triode region and saturation region. In our case,
only the weak non-linearity will be considered. The power series of a weak non-linear

system can be described by equation (2.11)
y(t) = ay - x(t) + az - x(t)* + a3 - x(t)° . (2.11)

Working with power series can quickly become a cumbersome task. It has been shown
that the interest is definitely the envelope and the phase of the input signal. As so, creating
abstractions from the Taylor series is a must. To start with, let’s analyze the Cartesian
memoryless non-linear characteristic. The band-pass complex envelope can be described
by the following equation

x(t) = R(t) - e/V® (2.12)

where () = O(t) + 21 - f, - t It can be proven [8] that the output complex envelope of the
non-linear system is obtained by applying a non-linear function to the real and imaginary

part of the input complex envelope.

y(t) = g1(R(t) - cos(y(t))) + j - go(R(¢) - sen(Y(t))) - (2.13)

The complex envelope is a periodic function. As a consequence, it can be re-written as a

Fourier series

+00

y(t) = D> cR(t)) - eV (2.14)

|=—00
Admitting the existence of a filter that only keeps the fundamental component and removes

all the other components the output of a non-linear system can be described as follows
y(t) = f(R)- e/ TVD) (2.15)

8
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where f(R) =2 - Re(c(R(t))) +2 -] - Im(c(R(t))). In polar format f(R) can be described by
equation (2.16)

f(R) = A(R) - e/ OR) (2.16)

The amplitude of f(R) represents the AM/AM conversion, and the phase represents the
AM/PM conversion. The AM/PM conversion will be useful to characterize some PA
circuits enhancements. As so, it is really important to know, based on a PMEPR value if
the amplifier is going to distort the signal.

2.2.2 AM-AM Conversion

It is useful to quantify this compression effect in a general way, independent of the specific
transistor in use. There are models that describe the variation of output phase with
input amplitude called AM/PM models and models that describe the variation of output
amplitude with input amplitude called AM/AM models. A very useful AM/AM modelis
the Rapp model that can be observed in Fig. 2.4. The AM/AM characteristic is described
by equation (2.17).

A(r)= - (2.17)

Ssat is the saturation value of the amplifier and p is a parameter that controls the non-
linearity near the compression point.

0.8}

0.6

V;'J-ut

0.4}

0.2}

‘/E?i‘.
Figure 2.4: Rapp model for different values of p.
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2.3 Metrics to rank a Power Amplifier

2.3.1 Drain Efficiency

This metric expresses the quotient between the output power and the power supplied by
the power supply. It is quite useful when one wants to know how much of the energy
supplied is actually being dissipated on the transistor or non-ideal components. The drain

efficiency is given by the following formula

Pout
=—. 2.18
n=p (2.18)

2.3.2 Power Added Efficiency

To complement the metric, drain efficiency, there is a metric called Power Added Efficiency
(PAE). This is a more suitable metric to be used as a figure of merit of a PA topology.
Because this metric tells us how much power we need to give to the gate of the transistor
to get a specific output power. In other words, it is not only important to get a good drain
efficiency, but it is also important to have a big gain in order to have a higher performance.

These two factors can be expressed by the following equation

Pouf - Pgt Pout 1
PAE = = [1-=1], 2.19
Ppc Ppc G (2.19)

where G = % When the gain is relatively big, the power-added efficiency is equivalent

to the drain efficiency. Also, there can be advantages in terms of the maximum value of
PAE achievable if the drain efficiency drops slightly but the gain increases.

10
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2.4 Basic Power Amplifier Topologies

24.1 Linear Power Amplifiers

The use of a linear Power Amplifier is not new and dates back to 1941 [9], where the
optimum conditions of a linear PA were analyzed. This type of PA can be used in audio
amplification such as HiFi audio where the good linearity of the power amplifier plays a
crucial role in delivering a clean signal to the speakers. This type of amplifier is called
linear because of the harmonic purity at the output. This term, as the reader will see, is
better used in a specific class of linear power amplifiers.

In Linear Power Amplifiers, there are three major classes: A, B and C. The class A PA
is best in terms of linearity as it will be explained. The figure of a generic linear PA can be
observed in Fig 2.5. It consists of a transistor operating equivalently as a current source.
Then it has a choke inductor which forces a DC voltage, in the drain port of the transistor,
equal to Vpp. This doubles the maximum efficiency. Then there is the LC tank. This tank
is working as a band-pass filter. For a high enough quality factor, only the fundamental
harmonic is delivered to the output resistance R. This schematic is applicable to all the
power amplifier classes. What changes is the gate polarization? If all of the input signals
are above the threshold voltage then we have a class A regime. If the signal is centred
at the threshold voltage then we have a class B regime. The class C regime happens
when more than 50% of the input signal is below the threshold voltage. This section was
inspired by Kazimierczuk’s book [10].

Lo

| 1,0
|

& hr =T E
1

Vis

Figure 2.5: Linear Power Amplifiers.
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2.4.1.1 Class A

This class of amplifiers is used when a high degree of linearity is required. The amplifier
consists of a transistor, an LC tank at the output and a choke coil. The latter is extremely
important as it doubles the maximum efficiency possible if, for example, we put a resistor
instead of the coil. A DC decoupling capacity C. is also used.

The transistor in this class is saturated hence it operates as a current source. The
transistor is always on which means that the voltage applied to the gate of the transistor
must be always greater than the threshold voltage. Unlike the Low Noise Amplifier
(LNA) or the mixer where it is possible to apply a small signal regime and thus simplify
the analysis, in this case, it will not be possible. This is due to the fact that we have a
signal at the gate whose amplitude is frankly greater than the threshold voltage of the
transistor. The LC tank, considering that it has a relatively high-quality factor, will only
allow the flow of current whose frequency is equal to the input frequency. The LC tank at
frequencies different than the resonant frequency will behave like a short circuit therefore
no ac current can flow. On the other hand, at the resonant frequency, the LC tank behaves
like an open circuit so ac current can flow.

The input voltage applied at the gate of the transistor can be expressed as vgs =
Vis +vgs = Vigs + Vs - cos(wt). The DC component of this voltage forces a DC regime on
the transistor leading to a DC current through the drain-source channel. The sinusoidal
voltage applied at the gate produces a sinusoidal current. If the quality factor of the tank
is relatively high, the drain voltage and current can be expressed as follows

Vp =Vpp +vp -cos(w - t), (2.20)

Ip =Ipc+ip-cos(w-t), (2.21)

What values do i; and v, take? The answer must be such that allows maximization of the
drain efficiency. The DC power given the power supply is evident by equations (2.20) and
(2.21) and is given by

Ppc =Vpp -Ipc, (2.22)

Since the tank only allows to let the fundamental harmonic through, the output power is
given as follows
1 )
Pous = E *Up-1p, (2.23)
The drain efficiency is given by equation (2.24).

_ Pout
Ppc

Up - iD
Vpp - Ipc

1
== 2.24

: 224)
Since the goal is to maximize this value, one has to find a relation between the output
voltage and current with the DC current and voltage. In terms of sinusoidal current, since
the input gate voltage cannot fall below the threshold voltage, the maximum sinusoidal
current amplitude is equal to Ipc. Relative to the output voltage, since the transistor needs

12



2.4. BASIC POWER AMPLIFIER TOPOLOGIES

to stay in saturation, the maximum voltage is Vpp ( assuming a really small saturation
voltage). This being said, the maximum drain efficiency is effectively 50 %. This means
that in half of a period the energy is spent on the transistor in the form of heating and in
the other half the energy is delivered to the load. In reality, the value is lower because the
transistor in order to operate in saturation, its drain-source voltage must always be higher
than the maximum saturation value. The drain efficiency can then be reformulated in the

following equation

1 2-(Vgg =V
o= (1= (Vs — Vrn)

5 v < 50% . (2.25)

2.4.1.2 Class B

The class B amplifier has the same basic operation as class A in the way that the transistor
works as a current source. In the following analysis, the quadratic model will be used to
describe the transistor working in the class B regime.

In class B, the transistor is ON half of the time and OFF the other half. At first glance,
this might not bring any clear advantages. It will be seen, that there is a way to change the
harmonic value of the DC component and the fundamental to increase the ratio between
the output power and DC power. Being OFF half of the time suggests that the input wave
is half of the time below the threshold voltage. The input voltage is precisely given as
follows

vgs = Vry + Ugs = Vry + Vgs - cos(wt) , (2.26)

Using the quadratic formula one can describe the current behaviour during a period by

the following branch function

-
IA
NI

1 w 2 _
id(t):{ §~Kn~f-[VTH+Vgs-cos(w-t)—VTH] - <w

Looking at the branch function, two observations are necessary. The first is that this
branch function assumes an infinitesimal switch time between states. There is no such
thing. Then, the current when the transistor is OFF despite being very small is not entirely
0. It is a good approximation to consider it as 0. For simplicity’s sake, consider a new
variable, Ipyr whose value can be described in equation (2.27). This variable represents
the maximum current through the drain-source channel of the transistor.

W
T

With the description of the current in a branch even function, the value of the DC harmonic

1
Ipm =5 - Ky Vas - (2.27)

and the fundamental harmonic using the Fourier transform. are given as

s

1 7, Ipm . 2 Ipm
I = —— . =22 2 === .
pe=5— ‘[_% id d (wt) > [sin (wt)]_% o (2.28)
Iy = % : Jz id - cos (wt) d (wt) = IDTM , (2.29)
-3
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With these two quantities, the drain efficiency can be calculated using equation (2.30)

—
=

D

_bPout 1 Owoiw _1 Voo 5" m (2.30)
PDC ZVDD'IDC 2 VDD.ID_M 4
T

In comparison with the class A PA, despite the output current is the same the DC current
is reduced which in turn increases the drain efficiency. Reminding the less attentive reader,
in class A the output current can be expressed like the maximum drain current divided
by two and the DC current follows suit. This harmonic relationship can be observed
graphically in Fig. 2.6. Either in class A or in class B it is assumed that the output resistor
is such that creates an output voltage whose amplitude is equal to Vpp. In reality, this
never happens because the transistor when it is ON must be in saturation for the current
description given above to be valid. Now, can we push this ratio up? Meaning, if the
transistor is more time OFF than ON, does it brings benefits to the drain efficiency? This

alluring question will be explored in the next subsection

F F
Ipy + ﬂ
= Loy 2
T T
oce
0 1 f 0 fe f
(a) Class A (b) Class B

Figure 2.6: Comparison between class A and class B from a harmonic point of view.

2.4.1.3 Class C

It is now possible to generalize the results for when the transistor is more time OFF than
ON. As mentioned earlier, the voltage applied to the gate is given by equation (2.31)

vGs = Vs + Vgsm - cos(wt) . (2.31)

Analyzing the equation (2.31), it is possible to see that the time the input voltage is above
Vru can be varied by changing the value of Vgs or Vg, With this idea in mind, one
can define a quantity called conduction angle. The conduction angle, 0,is determined by
finding the angle that causes the input gate voltage to be equal to Vry.

Vg =V,
-1 YTH GS (232)

0=2-cos
Vgsm

The conduction angle represents then the amount of angle that the input voltage is above
Vra. In other terms, the amount of time the transistor is ON, 3, can be found by doing the
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following
7]

=—-T,
2.7

where T represents the period of the input signal. This can also be seen graphically in Fig.

9 (2.33)

2.7. Bridging with the previous subsection, when Vry = Vs the transistor is in a class B

Ip

wt

o)
=
~®

- 0 b1 wt

Figure 2.7: Gate input voltage and drain current of a class C Power Amplifier.

amplifier situation. When Vryg — Vs > 0 the transistor is in a class C amplifier situation.
Assuming a quadratic relationship between the drain current and the voltage applied to
the gate, the drain current temporal evolution can be described as a branch function

I . cos (wt)—cos(0)
id(t) — { bm 1—cos(0)

&

[}
<wt£5

<wt<L2-m—

NID |,
N|D

where the conduction angle is equal to 0 and Ipy = % - K, - % - Vgs. The procedure to
determine the fundamental harmonic and the value of the DC component follows the same
rationale taken in the study of class B. Using the Fourier transform, the dc component of
the drain current is given by

sin(%) - % . cos(%)

=Ipm-ap . (2.34)
(1l — cos(%)) oMo

Ipc =Ipm -

In the same way, the fundamental harmonic amplitude can be obtained through the
following equation

0 .0 0
2 —sin(2)-cos (=
b=ty 805 (8) 035
{1 cos (2))
With these two quantities, the drain efficiency can be formulated as follows
Py 1 6—sin(0)-cos(0) (2.36)

nD:ﬁ_E.sin(Q)—Q'cos(Q) '

The normalized value of the harmonics for each conduction angle can be observed in Fig.

2.8 (a). As they are normalized, the ratio between the first harmonic and DC component
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gives, for each conduction angle, a ratio which is directly proportional to the drain effi-
ciency apart from a factor of 0.5. With that in mind, Fig. 2.8 (b) is given.

0.6~ ’
0.5
09F
0.4
>
2
0.3} go8y
o =
0.2 c
® 0.7r
0.1k e
06
0+
-0.1 . . . . . . . 05 . . . . .
0 0.5 1 1.5 2 2.5 3 3.5 0 0.5 1 15 2 2.5 3 3.5
0 0
(a) Normalized harmonic values variation with the (b) Drain efficiency variation with the conduction
conduction angle angle

Figure 2.8: General view of Linear Power Amplifiers.
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2.4.2 Non-Linear Amplifiers

As seen in previous chapters, linear power amplifiers have relatively low peak efficiency.

Drain efficiency can be written as follows

The efficiency is intended to be 1, so the power consumed by the drain must ideally be
0. To know which criteria this occurs, the drain power definition is analyzed in equation
(2.38).

Pp = % . J ig(t)-vg(t) dt. (2.38)

Power is 0 if the transistor draws current but does not create a potential difference across
its terminals. With this idea in mind, topologies such as the class D or class E emerge.
One of the class D advantages is that the maximum drain source voltage of each transistor
is roughly the nominal supply voltage. On the other hand, this topology has some losses
when the transistors turn ON and OFF and requires additional circuitry to generate the
input waves. The next subsection explains the class E topology in further detail.

2.4.2.1 Class E

This class was first introduced by Nathan Sokal and his son Alan Sokal in 1975 [11]. To
this day it is still widely used in power amplifier design. This happens because this
amplifier’s main goal is to reduce the power losses when the transistor switches on or
when the transistor switches OFF. Compared to a class D amplifier, this alone represents
an advantage because class D has losses both when the transistor turns ON and turns
OFF.

There are two main class E topologies. The difference lies on where is the reduction
of power losses. If it is when the transistor turns ON, then the topology is called class E
voltage switching. If it is when the transistor turns OFF, then the topology is called class
E current switching. In this thesis, only the first will be carefully designed.

The schematic of the class E voltage switching can be observed in Fig. 2.11. So how does
this circuit works? To simplify the following analysis, consider the following restrictions:
The on-resistance of the transistor is extremely small or null, the inductor (L1) is a choke
inductor, and the quality factor of the output tank is high enough to guarantee only the
fundamental harmonic to exist and the duty cycle is 50%.

When the transistor is ON, the voltage drop between the capacitor is 0 meaning that
there is no charging and discharging of the capacitor. Consequently, all the sinusoidal
current from the tank and the DC choke current flow through the switching transistor.
When the transistor turns OFF, all the current now flows through the capacitor. Given
the sinusoidal nature of the tank current, there will be some times when the capacitor is
charging and other times when the capacitor will be discharging. The criteria for how this
happens and at what time this happens is the definition of the turn-on condition. In other
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words, when the transistor turns ON we want the voltage drop on the capacitor to be 0
so that there is no current flowing through the transistor. Besides that the capacitor must
be fully discharged so that there are no charges going to the transistor channel, implying
power losses. This happens if the voltage derivative is 0. A more illustrative explanation
can be seen through the Fig.’s 2.9 and 2.10.

S° 20 |

15} |

1t |

0.5 |
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0 0.2 0.4 0.6 0.8 1

t x1079

Figure 2.9: Time evolution of the voltage drop through the shunt capacitor.

0 0.2 0.4 0.6 0.8 1

t x107°
(@) (b)

Figure 2.10: (a) Time evolution of the current through the switch ; (b) Time evolution of
the current through the capacitor

At the turn ON time, if one wants the voltage derivative to be 0, then there must be
a phase shift on the sinusoidal current of the tank. This entails an additional reactive
part. In other words, the tank must be designed for a frequency bigger or lower than the

working frequency. How to know which way to design it? Let’s assume that the tank
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current is given by the following.
i =1, -sin(wt + ¢) . (2.39)
Then the voltage drop at the output resistance comes naturally
v, = VR - sin(wt + @) . (2.40)
The voltage drop across the reactance is given as
v; = £Vim - cos(wt + @) . (2.41)

The sign will be positive if the reactance is an inductor and negative if it is a capacitor.
Looking at the resonant frequency formula one can conclude that if the additional reac-
tance represents an inductor then the resonance frequency of the tank is lower than the
working frequency. If the additional reactance represents a capacitor then the resonance
frequency of the tank is higher than the working frequency.

1
ft = — (2.42)
2-nVLC
Voo
tuned at f,
chhoke '——————E—“
I,® : LO CU : X
L I I
L I_ _N_Y_Y\___|_ _
I® I

I+

Figure 2.11: Class E schematic.
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POWER AMPLIFIER PERFORMANCE

ENHANCEMENT TECHNIQUES

3.1 Power amplifier linearity enhancement techniques

3.1.1 Introduction

As it was seen the transfer function of a power amplifier is not linear. As a result, if the
input signal power is closer to the compression point, there will be distortion. To fix this
problem the power amplifier is configured to work in back-off, decreasing substantially
the overall efficiency.

Linearization techniques allow to reduce the back-off needed hence increasing effi-
ciency. There are many techniques to increase the Power Amplifier (PA) linearity. Pre-
distortion, feed-forward, will be analyzed in the next section. Knowing a relatively
accurate model of the power amplifier allows to apply a concept called pre-distortion.
It is crucial to emphasize that this linearization technique improves linearity and as a
consequence can improve the efficiency. For example, consider the response of a Rapp
Model with a p parameters equal to 3 It is clear that the linear zone is only a small fraction
of the input spectrum. As a result, a varying envelope signal with a high Peak-To-Mean
Envelope Power Ratio (PMEPR) would surely be distorted. The problem could be fixed
if a good estimation was made on the PA response. Would there be any way to increase
efficiency with this method? Note that in saturation, no matter what the response of the

pre-distorter may be, the signal would always saturate.

3.1.2 Pre-distortion

Pre-distortion, in short, is a technique that applies the inverse of the power amplifier
transfer function. This block as it can be seen in the Fig.3.1 is right before the PA. Since
the RF amplifier presents gain and phase compression, the inverse of the PA transfer
function translates into a circuit that would exhibit a gain and phase expansion. The main
drawback of distortion is that the transfer function of a power amplifier is time-dependent.

This dependency arises from power supply variations, temperature variations, and the
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intrinsic behaviour of the transistor. To overcome this problem, a feedback loop may be
required to periodically adapt the pre-distortion transfer function. How to implement the
pre-distorter block? One way could be by using a power amplifier whose Direct Current
(DC) bias is relatively higher than the main power amplifier. That solution will degrade
the overall efficiency despite linearizing the overall circuit. Another solution is using linear
feedback. It can be shown that when an amplifier is configured in a negative feedback
configuration, the coefficient related to the second-order non-linearity is attenuated by the
gain product. One imminent problem with this approach is that the operational amplifier
does not have a microwave bandwidth and drive capability. With the advancement of
digital signal processing, the pre-distortion can be made digitally with look-up tables. For
more information on digital pre-distortion consult [12].

— Pre-distorter

Figure 3.1: Pre-distortion concept.

3.1.3 Feed-Forward

Rather than pre-distorting the signal, if somehow the non-linearity of the power amplifier
is measured, it could be subtracted to create an error-free technique. That is called feed-
forward linearization. This technique consists on the cancellation of the distortion signal.
The block diagram of a basic feed-forward linearization technique can be seen in Fig. 3.2.
The output voltage of a power amplifier can be expressed in two parts. A useful part is a

signal we want to transmit and an error voltage like it can be seen in equation (3.1)
Up =ApA *Oin + 04 . (3.1)

The block diagram of a basic feed-forward linearization technique can be seen in the figure
below. The output of the error amplifier is given as follows

U4

Veo = APA : (vin + -
Apa

—_ ’()in) = ’Z)d . (32)
The output can then be expressed using equation (3.3).
Oout = Up — Ueo = ApA  Vin + 04 — Vg = Apa - Uiy - (33)

Asitcan be seen in equation (3.3) the distortion signal is perfectly cancelled. This technique
also suppresses the noise added to the signal in the main power amplifier. The main
disadvantage of this technique is the gain mismatch and the phase delay mismatch in the
signal branches. If the error amplifier does not monitor the changes in A, then the error

voltage is not suppressed. The phase shifts can be compensated by the introduction of
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delay elements in both branches. The delay elements introduce loss if they are passive or
distortion if they are active. Also, the implementation of wide-band delay is a difficult

task.

1 4,

/4y,

Figure 3.2: Feed-forward concept
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3.2 Power amplifier efficiency enhancement techniques

3.2.1 Introduction

The linearization enhancement techniques can’t increase the efficiency beyond the maxi-
mum efficiency of the power amplifier. This means that the use of linearization techniques
represents some improvement but only to correct the non-linearity problem of the PA.
That’s where efficiency techniques come in. By putting the PA always operating in the
maximum efficiency point, the best efficiency possible can be obtained for each and any
signal input amplitude.

3.2.2 Envelope Tracking Technique

The main goal of envelope tracking is to adaptively change the bias level of the power
amplifier so that this can operate at the highest efficiency possible. As it was seen earlier, in
the linear class of amplifiers the max efficiency is relatively low. Adding to this, the input
signal presents a variable envelope. This leads to compression of the output signal or a
low long-term average efficiency. This technique tries to solve that problem by adaptively
changing the DC bias point of the amplifier. This way, in theory, the amplifier can operate
always at its maximum efficiency. As it was seen in the Class A section, the drain efficiency
is given by the following expression.

_Pos) _ 1 (M)Z
P Poc®) 2 \Vpe(®)

Observing expression (3.4), it becomes clear that if the bias voltage tracks the variation of

(3.4)

the input signal, the efficiency can be kept at its maximum. An example of an envelope-
tracking circuit can be seen in the figure below. It consists of two paths. One contains a
liner block and a delay block to compensate for the DC/DC converter delay. The other
contains an envelope detector and a DC/DC converter. The challenge in this technique is
to maximize the efficiency of the envelop detector and the DC/DC converter. The envelope
detector can detect the instantaneous variation of the envelope amplitude or its average
value. Depending on the choice, the bandwidth requirements of the DC/DC converter
vary and the overall performance follows suit [13].

Output DC Power
DC P,
;OWjV Power ower with ET
/ N\ A -

L(s)

Figure 3.3: Envelope tracking concept.
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3.2.3 Polar Modulation Technique

Polar modulation, also called envelope elimination and restoration, is an efficiency en-
hancement technique. It can be seen as an upgrade of envelope tracking as its maximum
efficiency is higher. The polar modulation system consists of two branches. The first
branch consists of an Radio Frequency (RF) limiter and an RF non-linear high-efficiency
switching mode power amplifier. The other path consists of an envelope detector and a
low-frequency power amplifier. The circuit associated with this technique can be observed
in Fig. 3.4

At the input of this system is applied an Amplitude Modulated (AM) and Phase
Modulated (PM) voltage.

Vin =V (t)-cos[w. -t + 6 (£)] . (3.5)

The RF limiter as the name suggests, limits the input voltage, causing the following
constant envelope, PM voltage.

vpym = Ve - cos[w, -t + 0O (t)] . (3.6)

The envelope detector is followed by a Low Frequency Power Amplifier (LF PA) which
amplifies the AM component of the input signal. If the main PA is a class E, then one can

express the output power in terms of the supply voltage in the following way
K
Pout = V2. (37)

For a fixed output impedance and for an optimum point, R,,: and K}, are fixed. The supply
voltage will depend on the output of the upper branch which is equal to v, (t) - As.

The output voltage of the polar modulation can be expressed by equation (3.8)
Vout = |V oyl cos[we -t + 0 (t)]  where |V, |=K,-V(t) (3.8

The downside of this technique is that there is a difference in the phase shift of the two
branches because of the AM/PM characteristic of the power amplifiers. Secondly, the RF
limiter introduces phase distortion corrupting the signal phase. Also implementing the
phase limiter in wide-band is challenging as obtaining an envelope amplifier with good
efficiency for a relatively big bandwidth.

3.2.4 Outphasing Technique

This system consists of a signal component separator and a phase modulator, two identical
nonlinear high-efficiency power amplifiers and RF power combiner. This technique is also
called Linear Amplification with non linear components (LINC). The signal at the input
of an outphasing power amplifier can be described by

0; =V (t)-cos (wet + ¢ (t)) = cos [wet + ¢ (t)] - cos([arcos V (1)]) . (3.9)
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LF PA
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ENVELOPE
DETECTOR
Vin
A
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N

LIMITER

Switching
RF PA

Figure 3.4: Polar Modulation circuit.

Using the trigonometric relationship

cos () cos (B) = % -cos(a+p)+ % -cos(a—p), (3.10)
the signal separator and PM block separate then the input signal in the two following
signals.

U1 = % - Cos [wct + ¢ (t) + arccos V (t)] , (3.11)
Uy = % - COs [wct + ¢ (t) —arccos V (t)] . (3.12)

Observing the output signals of the SP and PM block it is clear that the AM and PM
information of the input signal is included in the output signals phase. The output
signals have constant amplitude. This means that they can be amplified by non-linear
high-efficiency switching mode power amplifiers. At the output of this system, there will

be a sum of two sinusoidals. Using the trigonometric formula

cos(oz)+cos(ﬁ)=2-cos(a;ﬁ)-cos(a_ﬁ). (3.13)

The output signal of the system is given as follows.

vo=Ay - (V1 +12) =Ay { E - COos [wct + ¢ (t) + arccos V (t)]+
2 (3.14)

- Cos [wct + ¢ (t) —arccos V (t)] .

N| =

The analysis above is only valid when the two branches are well balanced in terms of
gain and phase. As there is always a mismatch between the two power amplifiers, at the
output there will be a phase and gain error. This phase error produces spectral regrowth.
Another problem with the outphasing is the combining stage. For instance, if the two
branches are summed using a transformer each output impedance seen by the PA depends
on the phase component resulting in a decrease in efficiency since the optimum point will
drift. Chireix noted this problem and suggested the introduction of reactances to null the
imaginary part [14]. Another issue is that there is needed outphasing for the quadrature
and the in-phase components, amounting to 4 switching amplifiers.
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Figure 3.5: Outphasing circuit schematic

3.2.5 Doherty Technique

The main purpose of this system is to keep the amplifier working at maximum efficiency
with the voltage input variation. A block diagram of this amplifier can be seen in Fig.
3.6 (a). The main power amplifier is called a carrier amplifier and the auxiliary power
amplifier is called a peak amplifier. The main power amplifier is usually configured as
AB or B class and the auxiliary amplifier is usually a class C amplifier. The main power
amplifier is on until it saturates at high input power. When the main amplifier saturates,
the auxiliary power amplifier is turned on and is responsible for the amplification of the
high input power levels. The system maintains good efficiency under power back-off
conditions [14].

For instance, the efficiency of power amplifiers whose conduction angle is lower than
180 degrees is given as follows.

I2,-R

L 3.15
Vbce - Ipc (3.15)

1
T?D=§'

In class B, C or AB there is a relation between the peak current value and the DC current
value and the output current amplitude.

9 _sin () - cos(¥
In=Ippn - 2 ) 9(2) (3.16)
- (1-cos (%))
. 0 [} 0
SIN|\5) — 5 * COS(5
Inc = Ipp - = (2) = 5 cos(3) (3.17)

n-(1-cos (%))

Replacing these two expression in the drain efficiency equation the following equation is
obtained

R
c—] -K, 3.18
Voo oMK (3.18)

N =

D =

(§-sin(§)cos ()"
(r-(1—cos (§))-(sin (§ )G -cos(§
the core understanding about the Doherty amplifier. The peak current value, Ipy is

where k = ).The drain efficiency written this way clearly exposes

directly related to the gate source voltage applied to the power amplifier. Hence to
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maximize the efficiency over a wide range of values of gate source voltage, the following
condition must hold true.

R-Ipm = Vpc . (3.19)

To keep the validity of equation (3.19), the supply voltage can change leading to the
envelope tracking solution. If it is the resistance that changes then the solution is called
Doherty. The resistance is modulated by changing two independent current sources.
This concept is illustrated in Fig. 3.6 (b). The current through the impedance R;, can be
expressed through Kirchhoft’s Current Law, like in equation (3.20)

IL = 11 + Iz . (3.20)

The load impedance seen at the output of the transmission line is given by

Vi Vi Vi
Il IL—IZ IL.(l_I_Z)

Il+12

I
Ry = =R.-(1+ 1—2) . (3.21)
1

The current I can be seen as the output current of the main power amplifier and current
I as the output current of the auxiliary power amplifier. With this idea in mind, when
the input gate source voltage is such that saturates the main PA, the auxiliary comes into
play. In other words, the current I; will be saturated and I, will increase. Considering this
behaviour, the reader can observe that the resistance seen by the main PA will increase
instead of the desired behaviour of decrease. Another way to see this is that at the highest
input voltage both currents are equal. This means that the main amplifier will see twice
the output resistance when the current is at its highest. This surely will put the main
amplifier working mainly in the triode region. To overcome this problem an impedance
inverter is needed between the load R; and the current source I;.

The input impedance of a quarter-wave transmission line is given as follows.

z: 72

g.o-_0__ "0 (3.22)
TR R -(14R)

) —q L .
[+
A /4 —> RLEJM
J da>1 ]
/Auxmary
PA
(a) Circuit schematic (b) Impedance modulation concept

Figure 3.6: Doherty Technique concepts
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3.2.6 Quantized Digital Amplifier (QDA)

A new technique is now proposed and will be analyzed in future sub-sections. The
Quantized Digital Amplifier (QDA) solution, in short, splits a high PMEPR signal into a
constant envelope signal. This enables the use of highly efficient power amplifiers (Class
E or D). The QDA consists of three main stages: the quantization stage, the amplification
stage and the combining stage.

One of the goals of this technique is thatitis fully-integrated into the existing technology.
As so, the Orthogonal Frequency Division Multiplexing (OFDM) signal is firstly mixed
with an intermediate frequency originating a band pass signal x () = x(t)-sin(27 f;t). After
that, the signal is sampled with a sampling frequency f;, originating the time domain
samples x, = x(nT;).

3.2.6.1 Quantization Stage

After being sampled the signal goes through a uniform quantizer with 2™, where M
represents the quantization bits. These bits will be used to generate the control bits
relative to the combining stage and to control the bank of M-1 digital-to-analog converters
that follow the quantizer and are responsible to generate the different binary phase shift
keying signals that will be amplified and combined.

Since the most significant bit is used to control the Binary Phase Shift Keying (BPSK)
signal phase, and the 0 is represented by all the bits at 0, there are M-1 levels for the
negative and positive signal parts. The clipping or saturation level of the quantizer was

chosen to minimize the overall quantization distortion.

The normalized clipping level is represented by sy;0, where 0 = ‘Y(t)z’ represents
the standard deviation of the OFDM signal x(t). Based on the choice of this quantity, the
signal-to-interference ratio can be minimized. In other terms, if a low clipping level is
chosen, then the quantization distortion will come from the quantizer saturation. If a high
clipping level is chosen, then the quantization distortion will come from the quantizer
levels error. There is then an optimum level for the clipping level. Using this optimum
level, the BER results in Fig. 3.7 can be obtained. This optimum normalized clipping level
will also be useful when the overall efficiency of the amplifying stage is calculated.

3.2.6.2 Amplification Stage

In the amplification stage, the input signal of each amplifier stage is a constant envelope
BPSK signal given by equation (3.23)

S (t) = A - sIn@rtfet + D) (3.23)

The most significant bit controls the phase of the BPSK signal. For positive values, ¢, is
equal to 0 degrees and for negative values, ¢, is equal to 180 degrees. After the BPSK
signal generation the signal enters the PA stage. Each amplifier has a different output
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Figure 3.7: Simulated BER performance of a nonlinear OFDM system with 16-QAM
modulation.[15]

power depending on the branch quantized level. For m = 4, an array of class-E PAs was
implemented using the Qorvo TGF2977 transistor. The optimization process began with
load-pull simulations at =880 MHz where the gate and drain voltages, and the input
power was swept to find the optimum input and output impedance points that maximize
the Power Added Efficiency (PAE) for the desired output power of each power level of
each amplifier. Table I shows the four PAs PAE and Vpp values at the desired output
power level, with Vg = —2.7V the weighted average PAE of the 4 PAs is approximately
66.9 %.

Table 3.1: PA array performance.

PA# | Vbp | Pin (dBm) | Pou: (dBm) | PAE (%)
1 [ 1229 103 25 69.7
2 | 826 9.1 22 66.4
3 | 564 8.6 19 64.4
4 | 321 6.2 16 634

3.2.6.3 Combining Stage

In the smart power combining stage, M-1 sections of the Wilkinson power combiner are
used in a ladder structure. This type of combiner can be observed in Fig. 3.8.

The Wilkinson power combiner is a combiner that guarantees impedance matching
at each port meaning isolation between ports. The disadvantage of this class of power
combiners is the potential input power loss. In other words, if the inputs have different
amplitudes or different phases, there will be losses through the isolation resistance. The
truth table of the smart combiner can be observed in Table 3.2. If there is no power at both

inputs the combiner is in an idle state. If there is at least power at one of the inputs, the
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input power is bypassed to avoid losses in R;so;. Last but not least, if there is power at

both inputs then the signals are combined.

Pin1 o— = 7,9, o
! g O— d; d;
- ? ¢
L
d; d ]
: 1,
PinZ o—t—e" Zlﬂl

Figure 3.8: Schematic of the digitally controlled Wilkinson power combiner. [15]

Table 3.2: Smart combiner control bits.

Combiner State | Piy1 (mW) | Pipo (mW) | dy | do | ds
Idle =0 =0 11110
Bypass Pin1 £0 =0 01110
Bypass Pin2 =0 #0 1]10]0
Combine #0 #0 1 (1|1

3.2.7 QDA comparison with existing solutions

To better understand the novelty of the QDA solution, Table 3.3 compares it with existing

solutions.
Table 3.3: QDA comparison with existing solutions.
Parameters [15] [16] [17] [18] [19] [20]
Frequency 880 MHz 24GHz | 24 GHz 1.95 GHz 1.9 GHz 32 GHz
Technology Discrete GaN - Sim. GaN/CMOS | 40 nm CMOS | 28 nm CMOS
Technique QDA PM PM Outphasing Doherty Doherty
Output Power 21.8 dBm 19 dBm | 10 dBm 42 dBm 23.4 dBm 19.6 dBm
Gain 14.35 dB 6.5 dB 16 dB 24 dB 21.3dB 18 dB
Max PAE 69.7% - - - - 32 %
Average PAE 31.3 % 28 % - - 23.3 22%
Drain efficiency - 36% 41.3% 42 % - 32 %

PM-Polar Modulation ; Sim.-Simulation
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CrAass E DESIGN METHODOLOGY

FOUNDATIONS

4.1 Introduction

In chapter 3, the fundamentals of class E were seen. In the explanation of this Power
Amplifier (PA) class, a choke inductor was considered. This might not be the optimal case
because usually, the higher the inductor value, the lower the quality factor is. To analyze
this circuit, two methods can be used, the harmonic balance or differential equations
that are defined based on Kirchhoff laws. The harmonic balance method considers the
circuit as being in a permanent regime. In the non-linear node (transistor drain node for
example), there can be defined a number of harmonics. From there, equations can be
defined and an iterative solution can be determined. For sake of being easier to understand
the intermediary steps and as a preference to obtain a compact design kit, the differential
equations were the way to go. A careful analysis of this topology allows to have a consistent

design and potentially saves time in optimization or avoids unnecessary iterations.

In [21], a Class E design kit, assuming a finite DC feed inductance, is presented, and
derived. Furthermore, a design example is given and complemented with a design kit
explanation. To follow up, in [22], a survey about this design kit is introduced and a
much more detailed explanation of the design kit is given, and design examples are
conferred. Relative to the design kit considering the transistor on-resistance there is not
much. Mustafa, in [23], derived the design kit considering the transistor on-resistance.
However, the design kit exposed in that article is incomplete, despite the analysis of the
latter being relevant and helpful. What's more, is that there is no article explaining the
symbiosis between the design kit and an actual design and careful analysis of the design
kit considering the transistor on-resistance. This indeed does not make much sense for
discrete transistors but for integrated transistors where the transistor width is a variable
this design kit might have a significant relevance. The goal of this design kit development
and the post design is to investigate what are the challenges of developing a mobile
handset PA. In addition to that, find if there is any advantage in using the design kit
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considering the transistor on-resistance since an optimization process is almost certain.

Once the design kit is derived, the goal now centres on designing 4 class E PAs for
different output powers. Before that, however, it is necessary to understand what are the
disadvantages and limitations of this topology. The main disadvantage of this topology,
the maximum drain voltage, will be explored. Then an attentive study on the impact of
the supply voltage on the circuit performance will be done in order to understand if there
is an advantageous relation between the output power and the supply voltage.

As it will be seen in the design kit derivation, one can only restrict the output power
or the resistance but not both at the same time. Since our design is specified in terms of
output power, the output resistance is a direct consequence of that. By reason of that,
impedance transformation mechanisms will have to be analyzed in order to boost or drop
the impedance for class E optimum conditions. Moreover, the design will have to account
for the parasite resistances of the components, especially the inductors. Because of that,
there is an optimum output resistance based on the characteristics of the components. The
developed design kit will have a dependency on the transistor on-resistance. However, it
does not express any relation between the transistor on-resistance and the transistor width.
For the technology used that relation will be expressed by parametrization methods.

Last but not least, the input of a power amplifier, for certain output powers, cannot
be directly connected to an Field Programmable Gate Array (FPGA). Power drivers are
then important pillars in connecting a very low power output source to a very power
hungry power amplifier input. By the end of this chapter, the reader should understand
the necessary the trade-offs and the intricacies needed to design a class E power amplifier
for any output power specification.

4.2 Analysis of the class E considering transistor on-resistance

In this analysis, the transistor on-resistance is considered. This opens doors to eventually
find a trade-off between the size of the transistor and the value of the input power,
for instance. In addition to that, once we have a power loss component, a theoretical
drain efficiency can be explored. This might give us some light on whether the choke
inductor assumption is good for situations where we can change the transistor width. The
following study considers a transistor on-resistance. Also, it considers a 50% duty cycle.
The schematic of the circuit can be observed in Fig. 4.1.

When the transistor is ON the current balance in the drain node of the transistor is

given as follows

1L+IR_IC_IS=0/ (4.1)

where the inductor current is given as

1 1
IL=7- I(VDD Ve, (t) dt = %t - ZJch(t) dt +1o , (4.2)
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where iy corresponds to the initial current of the inductor L. The current through the

capacitor is, opposite to the other analysis, not null and given by the following expression

dVe,, (t)

Ic=C It

(4.3)

The current through the transistor, assuming that it can be modelled as a on-resistance on

the deep triode region is given by equation (4.4)

_ Ve, )

rOTl

Ig (4.4)

Assuming a high enough tank quality factor, the current through the tank only contains a
harmonic. As so it can be expressed as follows

Ig = IR - sin(wt + 0) . (4.5)

Replacing (4.5), (4.4), (4.3) and (4.2) in (4.1) and deriving once, we obtain the following
differential equation
@V, () 1dVe, () 1 Vbp

I + T + ZVCon (t)y———— w-Ig-cos(wt+6)=0. (4.6)

c L

Similarly to the analysis ignoring the on-resistance, some variables are considered in order

to simplify the design. .
=— 4.7)
1 w-VL-C
w-L- IR
= 4.8
Vob (4.8)

Additionally, new variables are defined due to the introduction of the transistor on-
resistance.
m=w- 7ty C. (4.9)
-1++1-4-4g?% -m?

= . 4.1
a T (4.10)

—1—‘/1—4-q2-m2

2-m

b:

(4.11)

With this variables transformation, we arrive at a very (compact) description of the drain

voltage during the transistor ON time,

ot M -p-q% Vpp - [sin(6+w)+m-(—1+q2)-cos(6+w-t)]

Vdon t) = VDD+Cl-eu'w't+Cz-€ + 5
1+m?-(-1+4?)
(4.12)

To determine the constants c; and ¢y, the continuity of the voltage and current shall be
considered. The Zero Voltage Switching (ZVS) and Zero Derivative Voltage Switching
(ZDVS) conditions must be fulfilled. This can be expressed, mathematically, as

Ve (T)=0, (4.13)
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dv.
dt
The constants c1 and c¢; can be consulted in the appendix D. Since we derived the current

=0. (4.14)

equation, the initial inductor current disappears. However to keep the validity of the
current equation this initial current must be set. Admitting that the optimum conditions

at turn-on are satisfied, this initial inductor current can be given by equation (4.15).
ig = —1iy - sin(0) . (4.15)

When the transistor is OFF, assuming a relatively large off resistance, the current balance

in the drain transistor node is given as
It +Ig —Ic=0. (4.16)

The current on the inductor, resistor and capacitor is equivalent to when the transistor is
ON.For review, consult equations (4.2),(4.3) and (4.4). The second order equation, when
the transistor is OFF, can be given as

dPVe(t)
dt

Solving this differential equation and using the same variable transformation, (4.7) and

L-C

+Vc(t)-Vpp— L-w-Ig-cos(wt+0)=0. (4.17)

(4.8), we obtain the following equation

p-q% Vpp-cos(0+w-t)

e . (4.18)

Vdoff(t) =Vpp+cz-cos(g-w-t)+cy-sin(qg-w-t)—

Similarly, to find the constants c3 and cg4, the ZVS and ZDVS conditions are used. This are
translated by equations (4.13) and (4.14). The reader may wonder why using the same
conditions. Once the circuit reaches a permanent stage, the circuit dynamics become
periodic. As a result, the turn ON conditions must be met in the circuit description when
the transistor is on and also when it is off. The constants c3 and c4 are then given by the
equations (D.3).

What remains to do is to guarantee the continuity of voltage and current between the
on and off transition of the capacitor and inductor, respectively. These conditions can be
described by equations (4.19), (4.20).

VCDn(%) = Vcaff(%) . (4.19)

ILon(%) = ILaff(%) . (4.20)

With equations (4.19) and (4.20) the value of p and 0 can be described with a ¢ dependency.
To present p and 6 in a compact form, the following auxiliary variables (a1,b1,d1,a2,b2,¢3),

described in annex D. With these auxiliary variables, p and 0 can be defined in terms of g

VA2 (0 +b3) =201 2z - dy - dy + 032 = 2 by - by - dy - dy + 33
V(az - by — a1 - by)?

34

oo ) (4.21)
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(az - by —ay-by)(by - dr— by - dy)
V(o -by —a - bz)z\/a% (a% + b%) —2a1-ay-dy-do + a%d% —2by-by-dy-dy+ b%d%,
(a2 - by — a1 -bo)(az - di — a1 - dy) ).
V(az - by —ay - bz)z\/dg (a2 +b3) —2a1 - ay - dy - dp + a3d3 — 2by - by - dy - dy + b3d?
(4.22)

0 = tan™!(

With this solution, the derivation of the design kit is the final step. Similar to the
analysis ignoring the transistor on-resistance, the variables of the design will be the same.
What changes is the way of describing them. Starting with K, this variable can be derived
using the circuit power conservation. From all the energy supplied by the source, some is
dissipated in the transistor and some is delivered to the output resistance.

Ig*

7 ‘R + Pswitch = IO ' VDD . (423)

Where Ij represents the average supply current. To compute this quantity, note that when
the transistor is off, no DC current is generated since there is no linear term in the voltage
equation. Besides, when the transistor is on, all the DC current flows through the transistor
since there is no linear term in the voltage equation. This means that the average supply
current can be described by equation (4.24).

s

w w
Iy = Ve dt. 4.24
0= 3R .[o Con (4.24)

To calculate Pgyitcn, considering that the transistor only has a considerable resistance
during its on time, one can use the formula (4.25).

s

w w
Pswitch = 27‘(—R . J VCon(t)z dt . (425)
on 0

Replacing (4.24) and (4.25) in (4.23) we get

02 277 - R % &
R R Zon =I Ve, dt-Vop —J Ve, 2 dt . (4.26)
2 w 0

Using equation (4.8), we can replace I by the following

Ig = P YoD (4.27)

w - L

Applying (4.7) in (4.27) and squaring it, we get equation (4.28).

2. vVyn2.42.C
2=t T (4.28)

Replacing (4.28) in (4.26) we obtain

2. vVont-g2.C 271-R © w
Pob 0 > g 2 Bon Yy g v — |V 2dE. (429
2‘L w on 0 on
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Noting that m = w - R, - C, the equation (4.29) can be re-written as

2. Vrp2 - g2 277 - o7 @
P7oD 8 R 28 Ny @t Vpp — | Vb, 2dt (4.30)
2-L w? 0 0

Putting w - L and R in evidence, we have the following relation

. c-p2 Vi 2. .2
K =L m-mp'pb " (4.31)

w (IO% Vp,, dt - Vpp — \[O% VDM2 dt) .

Given the q definition, K¢ can be obtained from K; by simply doing

1

Kc = . 4.32
C=EK (4.32)
From the definition of K;, one can write equation (4.35).
Vbp - p
K = . 4.
L= R Ie (4.33)
Equation (4.27) can be re-written by
2-P
Ir = RO“* , (4.34)
Replacing (4.34) in (4.35), we reach at equation (4.35).
Vbp -p - VR
K; = DD—N ) (4.35)
R- V2 - P out
Picking equation (4.35) , squaring it and putting in evidence %, the definition of K,
becomes clear by equation (4.36).
p out * R p 2
Kp = = = 5 - (4.36)
Vbp 2-Kp

Relative to the Ky, it can be obtained by taking the real and imaginary Fourier coefficient of
the fundamental harmonic present at the drain voltage. The real and imaginary coefficients

represent the voltage drop of the output resistance and additional reactance X, respectively

n 21
vV (¢ W Vi (1)
VR:J d%()-sin(w-t+(p)dt+J L-sin(w-t+(p)dt, (4.37)
0 ©
T 271
5V, (t o Vi, (8)
VX:J —df;;()-cos(w'tHO)dt +J %wos(w'H(P)dt, (4.38)
0 %
Kx = Ve (4.39)
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tuned at f

Figure 4.1: Class E schematic.

The design kit is all defined. To see if there is any advantage in considering a non
choke inductor, a theoretical drain efficiency needs to be defined. Since there is now a
power loss component, the drain efficiency can be defined by equation (4.40).

_ VDD ' IO - Pswitch -1— Pswitch
Vop - Iy Vbp - Io

(4.40)

In Fig. 4.2 the reader can observe the drain efficiency variation with g and m. Assuming
that the optimal conditions are met, using a design with a Radio Frequency (RF) choke is
not clearly a good choice. The design kit can be seen in Fig. 4.3 for m = 0.02.

s—m=0.01
0.92
X
0.9

0.88 m=0.02

0.86

0.84

0.82 |

0 0.5 1 1.5 2 2.5

Figure 4.2: Drain efficiency for different values of m.
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Figure 4.3: Design kit for m = 0.02.
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4.3 Maximum drain voltage

One of the major problems of this topology is the maximum drain voltage. This maximum
is always reached at % of the period because if the transistor turns ON at zero voltage
and zero derivative voltage, all the energy supplied by the capacitor is given back. In
other words, when the transistor is OFF, the drain voltage is symmetric around % of the
period. The variation of the maximum voltage with q and m can be observed in Figure
4.4. Note that the maximum voltage does not change much with q but rather with m.
This suggests that the transistor on-resistance influences the maximum voltage the most.
Also, these results were obtained considering a supply voltage of 1.2 V. Naturally, the
maximum voltage depends on the supply voltage. The tendency of the maximum voltage
increase with the m increase is notorious. It is corroborated by the approximated curve

that corresponds to an analysis scenario where the transistor on-resistance was ignored.

4.5 T T T T T

e

PN Ignoring on-resistance (m=0)

Figure 4.4: Variation of the maximum voltage with q and m.

The immediate solution could be to use a very high m. That unfortunately brings the
inherent disadvantage of a substantial low Power Added Efficiency (PAE). This solution
will be better analyzed in the design section. Another solution could be to try a completely
different topology like the class DE [24]. The solution explored in this thesis is the cascode
solution. In small signals, the cascode solution brings the advantage of increasing the
output impedance consequently increasing the gain. Also, it provides good isolation
between the output and input.

In a large signal approach, the cascode solution is quite handy to reduce the drain-
source voltage stress. To maintain the optimum conditions the resistance value has to be
divided between the two transistors. For example, let’s say the optimum resistance is R,

meaning that each transistor can have, for instance, % The transistor on-resistance on
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each transistor dropped while the transistor width practically doubled. This is the price
to pay for dropping the maximum voltage on each transistor. Relative to the transistor’s
regions, when the common source transistor is on, both transistors operate in the triode
region. When the common source transistor is off, the common gate transistor is saturated.
What will be the source voltage of the common gate transistor? The short answer is that
it will be enough so that the gate source voltage is above the threshold voltage. As so,
the selection of the gate voltage of the common gate transistor is crucial for two main
reasons. The first reason is transistor on-resistance. The second is that since the common

gate transistor needs to be on, the following relation can be deduced

Via ~ Vo = Vi . (4.41)

Figure 4.5: Cascode schematic.

4.4 Effect of Vpp on PAE

As it was seen in the derivation of the design kit, the parameters only depend on q and
m. This means that the drain efficiency, for instance, does not change with the variation
of the supply voltage as it can be seen in Fig. 4.6 (a). Nevertheless, the on-resistance
decreases. This makes sense because the drain efficiency does not change with the supply
voltage, which is the same as saying that for a given q and m the power loss is the same.
So, to counter the decrease of the supply voltage, the on-resistance has to decrease. This
behaviour is depicted in Fig. 4.6 (b).

The effect of Vpp can be seen from another perspective. As it can be seen in Fig. 4.7
the maximum voltage drops as the supply voltage drops. Because of this reduction, the
first harmonic of the drain voltage will be lower. Assuming that the output power is the
same, the output resistance has to be lower and the output current has to be larger. If the
output current is larger it is reasonable to assume that the capacitor current increases. The
same goes for the inductor by the Kirchhoff laws. By the continuity principle, the current
will also be larger when the transistor is on. If this happens, the supply power remains

the same because the inductor current increases in the same proportion that the supply
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0.98

> Vdd=0.3 . ——Vdd=0.3
A —A—Vdd=0.5
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0.9+

0.88 -

(a) Drain Efficiency. (b) On Resistance.

Figure 4.6: Variation of Vpp for m=0.02 .

voltage dropped. If this is true, then the power loss in the transistor has to be kept the
same. For this to happen, since the current increases the on-resistance has to decrease.
This rationale is supported by the design kit. Let’s consider a design coordinate of (q,m)
equal to (2,0.02). The relevant obtained simulated values are illustrated in Table 4.1.

14

t
Figure 4.7: Class E voltage variation with time for different Vpp values.

Table 4.1: Class E performance for different Vpp values.

Parameters Vpp=0.5| Vpp=1.2
Output Power (mW) 40.23 39.96
Input power (mW) 3.076 0.699
Supply Power (mW) 45.31 45.87
PAE (%) 82.0 85.6
On-resistance () 0.089 0.504
Output Resistance () 0.302 1.742

So far, there seems to be no need to adjust the supply voltage to the required output
power. This is because the supply current changes in conformity with the required output
resistance. To understand if there is a consequence relation between the output power

and supply voltage, the transistor on-resistance needs to be fixed. Keeping the transistor
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on-resistance constant, means that equation (4.42) must be satisfied.

& _ Rout
mo Ton

(4.42)

From equation (4.42), the design variables q and m are defined. From there the design
function K, has a fixed value. Besides that, the output resistance value is defined, which

means that the following equation holds true

Poyt _ KP

= —— =const . 4.43
VDD2 Rout ( )

As a proof of concept, let’s assume an output resistance of 23 () and a transistor on-
resistance of 0.5. Computing the ratio %, the design variables g and m can be found, as it
can be seen in Fig. 4.8 (a). The desired point crosses two points of the curve. The highest
q value was chosen to guarantee an inductor as the additional tank reactance. Then with
those two design variables the value of the variable function K, can be found, as it can be
seen in Fig. 4.8 (b). The optimum K, has a value equal to 0.9087. Knowing the output
resistance, the relation between the output power and the squared supply voltage can be
evaluated. This relation is expressed in equation (4.44). This relation can be observed
graphically for different output power values in Fig. 4.9

100 -

K /m

50 +

0

(a) Condition of K over m. (b) Design function Kp.

Figure 4.8: Impact of constant on-resistance.

PO—”tz =0.0399 . (4.44)

Vbp
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Figure 4.9: Supply voltage variation with output power.

4.5 Impedance matching

4.5.1 Introduction

Impedance matching is a cornerstone in RF design. This term is present in almost every
RF circuit. The most basic case is optimal power transfer. In power amplifiers, particularly,
this technique has almost a certain use. For example, in class A topology, to generate the
maximum output voltage swing, the output resistor must be carefully chosen. In some
cases, it might coincide with the characteristic impedance of 50 (2. But it is not always
the case. In this chapter let’s consider impedance matching to a single tone. This is the
desired case in most situations. Specifically, the wave present at the input of the antenna
is usually a sinusoidal carrier wave with a narrow-band envelope. This implies a resonant
tank at the output of the power amplifier. In the simplest case, the optimum resistor is 50
() and the tank has the following format. There can be two types of tank configurations.
A tank in series or in parallel. The choice depends on the application. Assume that the
following analysis considers a series tank. In order to design a tank, two questions must
be answered. What is the resonant frequency of the tank? And what is the quality factor
of the tank? The first is of a short answer and can be resolved with equation (4.45).

fo— 1 (4.45)

2-m-VLC
The second question has more to it than meets the eye. In physical terms, the quality factor
Q tells us how much of all the energy supplied to a reactive component ( for example ) is
lost. Meaning that the reactive component will store some of this available energy and
the remaining energy will be lost. Equating this ratio, we get the traditional definition of

a quality factor given by equation (4.46).

Maximum instantaneous energy stored at f,
Total energy lost per cycle at f,

Qr=2m- (4.46)

43



CHAPTER 4. CLASS E DESIGN METHODOLOGY FOUNDATIONS

If one develops (4.46) by assuming a sinusoidal permanent regime, it arrives at the

alternative definition of quality factor expressed by equation (4.47).

Xr

QL:R_T’

(4.47)

where Rt represent the series resistor and Xt the reactance which can be from a capacitor
or inductor. The equation (4.47) can have many interpretations. One of them is assessing
the quality of a real component. For example, in inductors the higher the quality factor
the lower the parasitic resistance becomes. This will have some relevance in the section
of the L network. The other interpretation is defining the quality factor of the tank itself.
Expanding equation (4.47) we get the following equation

_27’C~fC-LT

Qr Ry , (4.48)

where Lt represents the series inductor. Differently, using equation (4.45) and replacing
in (4.48) we get
1

QL= -
g RT-ZTC-fCZ-CT

(4.49)

The good characterization of the tank quality factor allows one to know the bandwidth of
the tank. In other words, the range of frequencies around the working frequency where
the tank behaviour is assumed to be "constant". More rigorously, the bandwidth is defined
as the frequencies where the gain of the tank drops -3 dB. The bandwidth can be defined
by means of equation (4.50).

fe
BW = —. 4.50
o (4.50)
The higher the tank quality factor, the less bandwidth the tank has, meaning more
harmonic selectivity.

As a proof of concept, assume a working frequency of 1 GHz and a desired quality factor

20 © \ \ \
0.6 0.8 1 1.2 1.4

w x10?

Figure 4.10: Tank impedance evolution with the frequency.
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of 10. With this, the value of Lt and Cr can be found. Considering the output resistance

equal to 50 ohm the inductor value can be found using equation (4.48)

Lr— Qu-Rr _10-50

2n-fe 2m-1-10°

Now using equation (4.45) the value of the series capacitor can be calculated.

3 1 3 1
@-m-f)* Lt @-m-1-10°°-79.57 107

With a basic understanding of the quality factor, apprehending the concept of impedance

=79.57 nH . (4.51)

Cr =0.318 pF . (4.52)

transformation is easier. In the next section, impedance transformation will be explored

and with that understood, specific cases such as the L network can be studied.

4.5.2 Impedance Transformation

In the previous subsection 4.5.1, the foundations of the resonant tank and quality factor
were given. A tool to analyze and transform a series tank to a parallel tank will be
examined. This subsection was inspired by the book [25]. Suppose the following series
tank is depicted in Fig. 4.11. The complex impedance can be given as

Zin=T+]-X. (4.53)
Now, consider a parallel tank. Its complex impedance is given by equation (4.54)
1
Zin=1T"7". (4.54)
RTx

How can we then transform a series tank into a parallel tank? Well, we equate both
impedances as equal and see what is the relation between the real parts and imaginary

parts. By doing this we arrive at the following relations

R? + X?

R=r- ;2 , (4.55)
R2+ X2

X=x- 1:2 : (4.56)

Note that this transformation is narrowband. In other words, in the DC regime whereas in
the series tank there will be no current since the capacitor is open-circuited, in the parallel
tank there will be current through the inductor. Besides that, it is assumed that the reactive
components have a single value. This works fine for a narrowband approximation.

This transformation implies that the series quality factor is equal to the parallel quality
factor. Intuitively, a small series resistor means that all the energy is stored by the reactive
components. This is equivalent to saying that we have a big parallel resistor.

x R
Qi=Qp=—=+" (4.57)
Given the quality factor equivalence, equations (4.55) and (4.56) can be re-written as
R=r- (Q2 + 1) , (4.58)
X=x-1+Q7?). (4.59)
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J_‘
— RZ X
"J

Figure 4.11: Impedance Transformation.

4.5.3 L network

Now that a tool to analyze impedance transformation circuits was presented, a specific case
can be studied. The L network, named due to its format, it’s an impedance transformation
network whose aim is to increase or decrease the impedance seen at the input. The two
main networks are depicted in Fig. 4.12. The rationale behind this network is trying to

discriminate the resonant tank and see what is the real part of that transformation.

L
I Zi v
Zi > IYW\ i — n[v Y\
:: Cs r Cp — Rp
(a) Impedance Boost. (b) Impedance Drop.

Figure 4.12: L networks.

4.5.4 Impedance Boosting
4.5.4.1 Ideal Scenario

In light of what was explained in subsection 4.5.2, it is quite straightforward to transform
the series inductor and resistor to a parallel one. The parallel inductor and resistor value

can be given at the expense of the series component value by equations (4.60) and (4.61).
Ry =1, - (Q2 + 1) . (4.60)

Li=1-(1+Q7%). (4.61)
Where the quality factor can be given by equation (4.62)

T's

The resulting circuit can be observed in Fig. 4.13. This is basically a parallel tank. The
transformed shunt inductor will resonate with the shunt capacitor. This means that the
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shunt capacitor value must comply with the following equation

Comt (4.63)

@n- fo)* - Ly

The shunt capacitor will be resonant with the equivalent shunt inductor. This means that
at the resonant frequency the imaginary part is 0. Consequently, the impedance seen from
the input represents the transformed resistor.

Tin =75 - (Q2 + 1) . (4.64)

To consolidate these concepts let’s solve an example. Consider an output resistance
of 50 () and a desired input resistance of 100 (). Using equation (4.64) it is easy to obtain
the quality factor of the tank since we know the output resistance and relevant input

resistance. The quality factor is then given by the following

Q= \/——1— @—1—1 (4.65)

With this value, since the series quality factor is equal to the parallel quality factor the

inductor value can be found by using the definition of quality factor.

R
Ly=—F——=1591nH. 4.
SO0 591n (4.66)
All that is left to do is to calculate the value of the shunt capacitor. This can be done by
resorting to the definition of the resonant frequency.

Cs = 1 501 pF . (4.67)
(2 T(C)s

Note that Ls does not represent the physical inductor but the parallel equivalent. To find
l;, one can use the equation (4.61)

~— =7.95nH . (4.68)

Figure 4.13: Impedance Boost.
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4.5.4.2 Real Scenario

The analysis above considered that the only power loss would come from the output
resistance. This starts to fail when real components are used. The matter becomes worse
when integrated components, with low Q values, are used. To measure the quality of the
real scenario impedance transformation a metric called insertion loss will be used. It can

be expressed in the following way

Poyt
IL = .
Piy
In the following analysis, only the parasite resistance of the inductor will be considered

(4.69)

because the quality factor of integrated capacitors is far bigger than integrated inductors.
Note that, in this network, the parasite is in series with the output resistance. In resonance,
the capacitor and equivalent inductor form an open circuit leaving only the series com-
bination of the output resistance and parasite resistor. The current is common on both

components meaning that the insertion loss comes down to the following

Rout

Vout * il Raut+Rlass ) ‘/in ROllt
IL = — = = . 4.70
Vin - 11 Vin Rout + Rioss ( )
Putting R, in evidence one can obtain the following expression
1
IL = —x 4.71)
The Rj,ss and R,,+ were obtained from the tank quality factor
Rout = TYout * (1 + QTZ) ’ (472)
Rioss = Tloss (1 + QTZ) . (4.73)
Replacing (4.72) and (4.73) in (4.71), one obtains equations (4.74)
1
IL = T T 4.74)

Tout

2n-L-f

Tout

Assuming that r,,; > 71,5, the tank quality factor approximates to

. Using (4.74)
and dividing both resistances by 27 - L - f, we arrive at the following expression

IL = ! -1 (4.75)

1
Tloss 50 [.F =1L
14 omiy 1+3

1
Tout* 77

Equation (4.75), expresses a very interesting result. Assuming that the intrinsic inductor
quality factor, Qr,, does not change considerably then if we want a bigger input resistance
the insertion loss is greater. This is one way of analysing the expression. The other is that
if the matching ratio does not need to be big, more lossy components can be used saving
some bucks.
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4.5.5 Impedance Decrease
4.5.5.1 Ideal Scenario

Consider the circuit in Fig. 4.14. The process is similar to the impedance boosting case.
This time, the opposite transformation will be used. The shunt capacitor and resistor will

be transformed into a series circuit. The series capacitor and resistor can be given

RP
rp = m , (4.76)
¢y =Cp-(1+Q7?%), (4.77)
The quality factor can be given by the following expression
Q=Rp-2m-f.-Cp. (4.78)
L, L,

o — R, == ,

Figure 4.14: Impedance Drop.

4.5.5.2 Real Scenario

Despite the transformation being opposite to the impedance boost case, the parasite
resistance and the output resistance are in series. This means that the insertion loss,
assuming that r,,; > 71,55, will have the same value

1

(4.79)

4.6 Optimum output resistance

4.6.1 Introduction

If the real components were ideal, this subsection would not be needed. Unfortunately,
the real components have parasitic reactance and resistance. To aggravate the situation
even more, in integrated circuits due to the nature of silicon and geometry, there are great
losses, especially in inductors. The real capacitors also have losses, but when compared to
the inductor losses, it is a needle in the haystack. The study of the inductor’s losses is the
primary subject of this section. A brief overview of all kinds of inductors will be given.
Understanding the resistive losses in the inductor quantitatively allows two main goals:
Know exactly the quality factor needed to transform a resistance and know exactly the
optimum resistance that maximizes the tank efficiency. These two goals will guide the
section workflow.
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Lm”k Ctank
YN |

Clrans == 50 Q

Figure 4.15: Tank output schematic.

4.6.2 Inductors Flavours

Monolithic on-chip inductors or also called planar spiral inductors are formed with metal
layers on top of a substrate which is usually silicon. The metal layers can be implemented
on one layer or to increase the inductance or the metal layers can be piled up in a spiral
geometry. The geometry of the metal layers can change, resulting in different inductor
geometries such as square, octagonal or circular. The difference between these geometries
will be discussed further. The big disadvantage of on-chip inductors is definitely the low-
quality factor which results in severe resistive losses. On the other hand, being integrated

means that a monolithic chip can be built, making the mass production process cheaper.

There are three important metrics to bear in mind when characterizing an integrated
inductor. The first is the maximum inductance value achievable for a given frequency.
The second is the Self Ressonant Frequency (SRF) which, in short, is the frequency that
separates the inductor from having an inductance or capacitive behaviour. Keeping this
value far from the working frequency is a plus because the inductor is less sensitive to
variations and the behaviour is quasi-static. Last but not least, the quality factor. This
metric quantifies the amount of energy loss per cycle to resistive sources. In integrated
inductors, the maximum quality factor is around 12 which is quite low when compared
to discrete solutions which can achieve a quality factor of 100. The resistive losses come
from the metal layer resistance, the skin effect that happens at higher frequencies where
the electrons tend to flow only in the outer part of the metal layer increasing the resistance.
Also since there are alternating currents in the metal layers there are ever-changing
magnetic fields which induce currents in the adjacent turns and in the substrate. It is
important to mention the quality factors mentioned throughout this section and the next.
When one talks about the quality factor it can refer to the intrinsic quality factor of the
component or to the quality factor of the band-pass filter. As it was mentioned there are
different inductors geometries, square, octagonal, or circular. Each of these geometries
has its cons and pros which are mainly involved with the metrics already discussed. Table
4.2 resumes the properties of each geometry

50



4.6. OPTIMUM OUTPUT RESISTANCE

Table 4.2: Different inductors geometries.

Inductors Geometries | Quality Factor | Maximum L | SRF
Square Inductor Bad Very Good | Good
Octagonal Inductor Good Good Good
Circular Inductor Good Good Good

4.6.3 How to choose the right tank quality factor

Reminding the reader that the ultimate goal is to have the biggest bandwidth possible and
the biggest tank efficiency what value should the quality factor take, the lowest possible,
the highest possible or a middle term? This is indeed a very pertinent question. Relative
to the bandwidth, the (-3 dB) bandwidth of the tank can be given by equation (4.80).

pw=L (4.80)

Q

where f is the central frequency and Q is the quality factor. If the highest bandwidth is
desired, surely the lowest quality factor should be considered. Furthermore, the tank

optimum resistance is given as follows

B 27 - f . Ltank - Rparasite . Q

Rout = Q (4-81)
Also, the tank efficiency is naturally given by the following equation
R
Prank = 5——atb (4.82)

Rout + Rparasite

Clearly, it can be seen that the lower the quality factor becomes, the better because the
output resistance becomes very large and becomes relatively bigger than the inductor
parasite resistance, Ryarasite- Not everything is flowers and roses. In the analysis of the
class E, it was assumed a single harmonic sinusoid at the output. This clearly becomes
unfeasible if the quality factor is too low. This as it was stated, changes the conditions
considered in the analysis but it also disrupts the harmonic purity at the output. As more
and more harmonics appear at the output resistance the waveform gets further away from
a sinusoid which is not definitely desirable. For this reasons, the initial chosen quality
factor value was 4

4.6.4 Inductor characteristics extraction

With the quality factor question settled, it is time to explain how the inductor characteristics
were extracted. The software used was Cadence virtuoso and the inductor model was
provided from United Microelectronics Corporation (UMC). Unfortunately, the inductor
value cannot be swept directly as a manual optimization button must be pressed for the

inductor value to change. This being said, to change the inductor value the parameters
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that characterize the inductor must be swept. Namely, the outer diameter, the metal width,
and the number of turns. After the sweep, there are a lot of points and a mess because a lot
of inductance values are repeated in the process, or the quality factor changed dramatically
from one point to another. To illustrate this mess of points, Fig 4.16 is a good aid.

Llank

Figure 4.16: Quality factor variation with tank inductor in bulk.

This result is not workable, and no effective conclusions can be taken. To filter the data,
the inductor value was rounded. What to do with all the inductor value redundancy? The
criteria was to choose the best quality factor amongst the repeated inductor values. After
this step, the relation between the quality factor and inductor values looks far cleaner as
can be observed in Fig. 4.17. The curve fit was obtained in Matlab by using the function

"fit", producing the relation between the quality factor and the inductor value expressed
in equation 4.83.

Qcuroe it =3.22-10" - L? — 3.64-10° - L + 13.04. (4.83)
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(a) Quality factor variation with inductor value. (b) Relative error of parametrization.

Figure 4.17: Quality factor variation with tank inductor.

52



4.6. OPTIMUM OUTPUT RESISTANCE

With this powerful curve description in hand, it is now possible to calculate the tank
efficiency. Using the equation 4.81, and assuming a quality factor of 4 the necessary output
resistance can be observed in Fig 4.18. Starting with the output resistance, it presents a
quadratic behaviour which is corroborated by the curve fit of the quality factor relation
with the inductor value. The reader may ask why there is no data from a certain tank
inductor point. It could be that the inductor used does not achieve such inductance values.
The explanation lies in the fact that at these points the tank inductor parasite resistance
is so big that it complies with the quality factor alone. Adding an output resistance at
these points would decrease the quality factor. In Fig. 4.19 a), the reader can see the
parasite resistance dependency on the tank inductor. The theoretical and simulation curve
is practically aligned except for a range of inductor values. This effect reflects on the tank
efficiency as it can be stated in Fig. 4.19 b)

35

—*—Theory
—o&— Simulation

0 I I I
0 1 2 3 4

x10~8

I'tank
Figure 4.18: Transformation Resistance variation with the tank inductor.

One thing that cannot go unmentioned is the discrepancy between the theory and
simulation data in Fig. 4.18. This transformation resistance is affected by the impedance
transformation part of the tank. The explanation for the disparity can be found in Fig. 4.20.
Note that for some transformation quality factor, the simulation transformation resistance
is lower. The reason for this is unknown but nevertheless, it does not matter because these
points do not correspond to optimum points. This behaviour is not supported by Fig. 4.21
(a) where a much more reasonable and logical behaviour takes place. The discrepancy can
be explained by the parametrization where the parabolic behaviour was assumed linear
(Fig. 4.17 (a) ). This difference between simulation and theoretical results justifies the
difference in impedance transformation efficiency as it is depicted in Fig. 4.21 (b). Note
that in Fig. 4.20, the theoretical resistance ignoring the parasite resistance is pretty close
to the theoretical one. This indicates that the parasite resistance is relatively small. This
can be corroborated by looking once again at Fig. 4.21 (b) where the approximation curve
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Figure 4.19: Tank performance theoretical and simulation comparison.

using equation 4.79 is fairly close to the theoretical curve. This makes sense because the

parasite resistance is considerably smaller than 50 ()
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Figure 4.20: Transformation Resistance variation with impedance transformation quality
factor.

The total efficiency is illustrated in Fig. 4.22. The simulation curve is below the
theoretical one because the inductor tank parasite resistance is slightly higher as it can
observed in Fig. 4.19 (a). The optimum resistance occurs for a total resistance of 22.74

with an efficiency of around 52 %.
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Figure 4.21: Impedance Transformation performance theoretical and simulation compari-
son.
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Figure 4.22: Total efficiency variation with theoretical total resistance.

4.7 Transistor on-resistance parametrization

The transistor for Vd,; larger than 0, can have three relatively distinguishable regions.
The saturation region, where the drain source voltage surpasses Vds,;. In this region,
the transistor can be approximated to a current source and a large parallel resistance.
Then there is a triode region where the transistor is equivalent to a current source and a
parallel resistance whose value will depend on the nominal drain source voltage. More
interestingly to switching operations, there is the deep triode region. In this region, the
transistor can be seen as a resistance. As so, the transistor on-resistance term, strictly

speaking, is only valid when the values of the drain source voltage are substantially low.
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From mathematical terms, the drain source current, in the triode region, is given by

W Vps?
Ip = T Ky - [(Ves = VrH) - Vps — % . (4.84)

It is quite intuitive that for low values of Vps, the expression turns into equation (4.85).

W
Ip = . Ky - (Vgs — Vrh) - Vps . (4.85)

For a fixed value of Vs, the relation in (8.47) assumes a linear behaviour and a resistance

can be interpreted
L

Yon = .
" Ku W (Vs — Vrn)
The details of the simulation steps can be found in the appendix B. In Fig. 4.23, the

(4.86)

theoretical and simulated curve of the on-resistance can be observed for four different
frequencies. The first observation is that the simulated curves don’t differ much with the
variation of the frequency which makes sense because the channel conditions don’t change
much as long as the operating frequency is far from the transition frequency. For low
width values which is the same of saying for high resistance values, the simulated curves
and theoretical curves are quite far apart. This happens because as the on-resistance
increases, the drain voltage increases making the deep triode approximation less accurate.
This won’t pose an issue because, as it will be seen in the following chapters, the optimum
point of PAE is obtained when the r,, falls in relatively small values. With this idea in
mind, for on-resistance values lower than 6 (), the theoretical formula presents a relative
error lower than 10 %, if a correction factor of 2.12 is applied. The relative error with this
correction factor is depicted in Fig. 4.24 (b). This error would ideally be 0 but it is okay
because as it will be seen in the design section, a small variation of transistor width is done
to make sure the circuit is working at its optimum point. This analysis already helps a lot

because there is a simple expression that relates the transistor width with its on-resistance

200 ¢

—6—Theory

—2&—f=1 GHz
—v—f=2.5 GHz
150 - —b—f=5 GHz

—<—f=10 GHz

3 4
x107*

Figure 4.23: r,,, variation with transistor width for different frequency values.
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Figure 4.24: r,,, optimum parametrization

4.8 Class D power driver

The class D schematic can be seen in Fig. 4.25. Itis formed by a PMOS and NMOS transistor.
This class can be used as a Power Amplifying stage or a Driver stage. As a driver stage, it is
a simple and effective choice as it is quite easy to scale the driver based on the maximum
output power of the FPGA. Besides that, its design is quite easy to understand. When
this class is used as a driver, it works as an inverter. In other words, when a voltage
equal to Vpp is present at the input and assuming that the output capacitor is charged,
the NMOS transistor will discharge the output capacitor and lower the output voltage to
0. Similarly, when a voltage equal to 0 is present at the input, the PMOS transistor will
charge the output capacitance increasing the output voltage to Vpp. It is important to
mention that this is a very ideal working case. In practice, there might be a common mode
as there can’t be in nature an infinitely rapid jump from 0 to Vpp. Both transistors, take
the NMOS for instance, will be initially in saturation and once the output voltage becomes
sensibly Vpp — Vry, the transistor starts to enter in the triode region. The analysis can
become quickly cumbersome when including both regions. Instead, let’s assume that
the saturation approximation is good until the output voltage reaches half of the supply
voltage. Let’s call this time, the rise time. The time the transistor takes to reach the supply
voltage is practically two times the rise time. Assuming that the transistor is in saturation

until half of the supply voltage value, the rise time can be defined as

Vop-C-L
W - Ky - (Ves = Vi)

rise = (4.87)
where C is the output capacitance, L is the transistor channel length and W is the transistor
width. The goal of a driver design is to know the transistor width that produces a deter-
mined input power. This can be achieved indirectly using equation 4.87. By decreasing the
rise time, which is the same as saying that the transistor width will be swept, one can see
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the behaviour of the input power. This resumes the methodology used in designing a class
D driver. The design starts by putting an inverter and sweeping the NMOS and PMOS
transistor width. By looking at the relations between K;, and K, the PMOS transistor
width can be defined from the NMOS transistor width. The sweeping will reveal mainly
two regions. The first region where the driver input power is lower than the driver output
power. The second region is the complete opposite. The first region is preferable since
a gain bigger than 1 is a must since the goal of the driver is to breakdown the exigent
PA input power to a more accessible input power that can be directly connected to a
micro-controller for instance. Then inside the first region, the criteria to choose a final
width is the PA output power maximization. After a width is chosen for the first inverter,
the input power is evaluated. Is it small enough? If not, another inverter is added, and this
process is repeated all over again until the driver input power is small enough. During
this process, the PA output power drops which may require an additional design iteration
on the PA.

VDD

)

-

Figure 4.25: Inverter schematic.
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5

POWER AMPLIFICATION STAGE DESIGN FOR A

QDA WITH FOUR BRANCHES

5.1 Introduction

With the optimum resistance known, the design kit can be put to use to design 4 branches
for a mobile version of the Quantized Digital Amplifier (QDA). In the next section, the
actual design and optimization will be explained. Starting from a maximum output
power restriction the output power of each branch will be derived. Then the design and
optimization workflow which is common for all the branches will be explored. Once
all the branches are optimized to the fullest, assuming the envelope distribution seen
in chapter 2.1.4, the overall drain efficiency and Power Added Efficiency (PAE) will be
derived. After that, as a proof of concept, two drivers will be designed for the last branch.
Finally, some further optimizations will be applied to the last branch like using a 3.3V
transistor to alleviate the drain source stress of the common gate transistor. This could be
applied to all the branches but that would be applying the same concept already seen 4

times.

5.2 Four branches design and optimization

5.2.1 Introduction

If the reader reached here without skipping the QDA section, then it understands that
the QDA amplifying stage is made up of several parallel power amplifiers. To know the
output power of each power amplifier, one needs to know what is the maximum power
of the amplifying stage. By consulting [26], the maximum output power considered was

180 mW. For a 4-branch amplifying stage, the minimum output power can be found as

follows
Pout+2'Pout+4'Pout+8'Pout=O.180mw (5.1)
0.180
=——" = 2
Pout 1+2+4+8 12mW (5-2)

59



CHAPTER 5. POWER AMPLIFICATION STAGE DESIGN FOR A QDA WITH
FOUR BRANCHES

The output power of the other branches follows suit. The output power of each power
branch is summarized in Table 5.1.In this calculation, it is assumed that the power losses
in the combiner are 0 so the power seen in the table corresponds to the actual output
power of each branch. The goal is to naturally obtain the desired output power for each

Table 5.1: Branch’s Output Power.

Branch 1 | 12 mW
Branch 2 | 24 mW
Branch 3 | 48 mW
Branch 4 | 96 mW

branch with the highest efficiency possible. Besides that, to properly judge if the analysis
of the class E is worth it, this latter will be compared with an analysis where the transistor
on-resistance is 0. It is interesting to see if there is convergence as the output power
increase in both designs. If not investigate the reason why. Moving on to the design part,
the core question is what values to choose for q and m. Note that the output power on
each design is fixed. This means that the output resistance is a consequence of q and m.
The design strategy can be better understood by analysing Fig 5.1.

For high values of m, the transistor on-resistance is high which results in low input
power. However, the power losses in the on-resistance are higher resulting in a low drain
efficiency. For low values of m, the drain efficiency is high but the input power increase
can result in undesirable PAE values. Relative to the q variable, for low values of q the
additional reactance component is an inductor which is not good news for the overall
efficiency. As the q increases the additional reactive component becomes a capacitor and
the output resistance gets close to the desired value already seen in the previous chapter.
The optimum q and m point lies somewhere in the middle.

This rather not precise decision especially on the value of m comes from the fact that
the parametrization of the input power with the transistor width is something not that easy.
The input power is not a linear matter because it does not only depend on the transistor
parasitic capacitance’s. In normal conditions, the turn ON voltage would be 0. This
means the drain is already at 0 volt and the gate drain capacitance will be charged right
away. When the drain-voltage is not 0, the transistor will have to discharge the parasitic
capacitance, namely the drain-gate capacitance and then charge it afterwards. This means
that the input power is not only a matter of the value of the parasitic capacitances but also
on what are the conditions when the transistor turns on. This justifies the difficult task it
is to have a clear relationship between the width of the transistor and input power.

Instead of trying to find a relation between those two entities a simpler strategy will
be used. Since a careful study on the optimum output resistance was done, that variable

is known prior to the design. This means that the only unknown variables are q and m.

60



5.2. FOUR BRANCHES DESIGN AND OPTIMIZATION

The m was varied on a range of values and as consequence, the value of q can be found.
In the simulation for each value of m, the performance is measured and conclusion are

taken based on what is the m that maximizes the PAE for the desired output power.
m »

® LowDE

|
|
® LowPAE :
|

@ High DE
@ Low PAE

Reactive component @y Desired output

N

is a inductor resistance

Huge Chokeless o Reactive component

Inductor is a capacitor
Small Chokeless
Inductor

Figure 5.1: Design strategy for class E circuit.

Once the value of q is set and the range of values of m to test is decided, what is the
next step? Obviously, the parameters of the circuit for each value of m will be introduced
in the simulator. By doing only this, the reader can note that the output power will not
coincide with the desired and the PAE will be quite far from what can be considered good.
There are two reasons for this. The first is that the transistor on-resistance has some error
associated and as so, the width of the transistor must be corrected.

With the r,, fixed, there is another problem which is the transistor parasitic capaci-
tances. To account for the existence of parasitic capacitances the shunt capacitor value must
be reduced until the desired output power is achieved. This refinement can be observed
graphically in Fig. 5.2. Relative to the design considering the transistor on-resistance as
ideal, the only step in the simulator was to find the best transistor width that maximized
the PAE.

After the best q and m point is known, the tank efficiency will be studied in order to
reinforce the idea that the chosen output resistance is indeed the best one possible for
the desired quality factor. Another reason to study the tank efficiency again is that in the
previous chapter, the tank was studied with a single harmonic at the input. It was not in
the conditions the tank will be in class E case. This study despite having been applied to
all the branches only will be discussed in the first branch section.

Due to the maximum voltage, a cascode solution is opted. Analysing this cascode
solution from a theoretical standpoint can be future work, but in the meantime, global
optimization is used. When the cascode solution is implemented, the PAE drops quite
considerably due to the parasitic capacitances of an additional transistor. Besides that, the
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common gate transistor switching between the triode region and saturation increases the
power losses. The optimizer is Cadence’s propriety so no further details are not available.
The design steps are almost complete. The last step is to see the variation of output power
and PAE when the input power changes. Using the ideal driver may not be the best option
and a trade-off can be achieved where the drain efficiency does not change much to an

input power change.

Insert design point
in simulator

DECREASE W

Is simulated ron
below the theoretical ? YES

NO

INCREASE W

Is simulated ron
above the theoretical ?

YES
NO DECREASE
SHUNT CAPACITANCE
Is output power
close to required ?
4 NO

YES

Optimization
complete

Figure 5.2: First iteration strategy.

5.2.2 First Branch
5.2.2.1 Design

For the first branch, we need 12 mW so, in light of the conclusions regarding the optimum
resistance, the designed output power should be sensibly 23.1 mW. The design space can
be seen in Fig. 5.3. Relative to the output resistance, the dotted line represents a resistance
value of 22.74 () which corresponds to the optimum output resistance. For a q too low as
it was mentioned in the introduction, the reactive component is positive which represents
an inductor reactance, the chokeless inductor is prohibitively big. With all this in mind,
the m was swept. The g value, for each m value, was adjusted to guarantee the optimum
output resistance. The coordinates of (g,m) chosen can be seen in Table 5.2. For each of the
q values, the circuit was also designed to admit the transistor on-resistance as being ideal.
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Figure 5.3: First Branch Design Space.

Table 5.2: Design variables coordinates (q,m) for the first branch.

q | 1.6968 | 1.714 | 1.7324 | 1.7515 | 1.7637 | 1.768
m 0.1 0.075 | 0.05 0.025 0.01 | 0.005

5.2.2.2 Simulation

In Fig. 5.4 (a), the output power for different values of m can be observed. Note that the
output power of the design considering a non-ideal transistor and ignoring the transistor
on-resistance is independent of the design value, m. This occurs because the value of
q between the design points is practically constant. Secondly, it is clear that the output
power of that design is far from the goal. One could argue that the design kit ignoring the
transistor on-resistance is faulty. This would be a plausible thought but, note the output
power of that design with an ideal transistor. It is right on the desired output power. Even
when the on-transistor resistance decreases the output power of that design with a real
transistor shows no signs of convergence. This alone justifies a more careful analysis to
see where the designs meet. This topic will be explored in section 5.6.

The output power of the design considering the on-resistance and assuming a real
transistor follows relatively well the desired output power until a certain value of m. After
that, it starts failing short. This happens because as the value of m decreases, the transistor
width gets larger, increasing the parasitic capacitances. There will be a point than where

the parasitic capacitances surpass or are equal to the necessary shunt capacitance.One
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curious phenomenon is the fact that the output power in the design considering the
on-resistance with the ideal transistor is relatively far from the goal. After all, being ideal
should be as close as possible. A possible explanation can be given based on Fig. 5.4 (b)
where the transistor power loss is depicted for the design considering the on-resistance.
An immediate observation is that the optimization works because the transistor power loss
in the case of the real transistor is relatively close to the theoretical loss. Except for smaller
values of m but this can be justified by the parasitic capacitances that become dominant.
Relative to the ideal transistor case, the power losses are far greater. This might indicate
that a slight refinement needs to be done even in the ideal case. This idea is reinforced by
looking at Fig. 5.5 where the drain voltage variation with time can be observed. Note that
in the ideal case, in both designs, the turn ON condition is not met. This phenomenon
is representative that maybe the current flowing in the switch might not be equal to the
desired, making all the remaining currents follow suit. The reader could now ask why the
design considering the on-resistance ideal follows so well the desired output power. The
explanation lies in the fact that there is no path for losses. Due to this, in Fig. 5.6 (a), the
DE of the design considering the transistor on-resistance with ideal transistor falls short
and it is even below the PAE with the real transistor. This is naturally due to the power
losses being lower in the latter but also the input power compared with the output power
is substantially lower.

In Fig. 5.6 (b) one can see the PAE of the design ignoring the transistor on-resistance
with an ideal / not-ideal transistor. It is here mainly to state that there is potential in these
designs since their PAE are high. However, if the output power is not obtained in design
considering a real transistor, additional work will have to be spent on optimizers.

Last but not least, in Fig. 5.7 the expected behaviour between input power and
conduction resistance is remarked. As it was prospected in the design stage, there is a
clear trade-off between the transistor on-resistance and the input power. The transistor
on-resistance is inversely proportional to the transistor width and the input power is
proportional to the transistor width. One thing to bear in mind is that the parasite
capacitances does not tell the whole story. Just note for m=0.075 where the input power is
lower where it, according to transistor width only, should be higher. This happens because
of the turn ON conditions.

To conclude, the best point in terms of m is 0.025. The optimum components for this

m value and after the optimization are resumed in Table 5.3
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Figure 5.5: Time evolution of the drain voltage in the first branch for m=0.025.
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Table 5.3: Components value before and after the first iteration.

Parameters Before first iteration | After first iteration
Transistor Width 300 ym 280 um
Shunt Capacitor 0.880 pF 0.760 pF
Choke Inductor 1.5018 nH 1.5018 nH

Tank Inductor 5.7647 nH 5.7647 nH
Tank Capacitor 0.703 pF 0.703 pF
Tank Additional Reactance 1.821 pF 1.821 pF
Output Resistance 22.76 Q) 22.76 Q)
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Figure 5.6: PAE comparison on the first branch between the two design kits.
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branch

5.2.2.3 Tank Analysis

Now that a better idea between the different design’s performance and the best design
point in terms of PAE is known, a tank analysis will be performed to see if the efficiencies
check right. When putting the real inductor, the imaginary part did not correspond to the
original design, resulting in less input power at the tank input. To correct this, the value
of the additional reactance was increased. The results obtained are shown in Table 5.4.
Note that the theoretical results and the results from the AC have already been discussed
in the previous chapter.

The Periodic Steady State analysis (PSS) simulation results are interesting enough.
These results were obtained with the tank connected to the rest of the class E circuit, unlike
the AC analysis. Possibly because of that, the results are slightly different. For instance,
the tank inductor parasite resistance is lower, contributing to a higher tank efficiency. Note
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that calculating the tank efficiency with the parasite resistance and the transformation
resistance is going to give a slightly lower result. This might be because of the PSS analysis
uncertainty. Nevertheless, the total efficiency result from the PSS analysis will be taken

into account in the optimization stage in the output power restriction.

Table 5.4: First branch tank performance for different analysis

Parameters Theory | AC Simulation | PSS Simulation
Inductor Tank Ry4site (()) 8.118 8.960 7.692
Transformation Tank Rysr4sit () | 1.744 1.892 1.893
Transformation Resistance ((2) 14.62 14.18 14.18
Total Resistance ((2) 22.74 23.14 22.53
Tank Efficiency (%) 64.14 61.29 69.06
Transformation Efficiency (%) 88.07 86.66 86.87
Total Efficiency (%) 56.49 53.11 60.00

5.2.2.4 Optimization

Due to the prohibitive maximum voltage of the class E topology, the cascade solution must
be employed. The cascade solution brings inherent problems. The first is that additional
capacitances are introduced in a circuit which can disrupt the class E optimum conditions.
Besides that, there is another gate consuming power. The solution, right off the bat, could
be to duplicate the transistor width of the initial transistor and distribute it equally now in
the common source and common gate transistor. That did not prove to be the best solution
as the output power obtained was below the desired and the PAE dropped substantially.
Because of that, a global optimizer will be used to search for the best solution possible.
The constraints can be consulted in Table 5.5. Starting with the PAE, the value choice was
based on the initial solution described above. The latter gave a PAE of 73 %. So, in order
to push the optimizer, the PAE has a goal of maximization with a reference of 79 %. It is
assumed that the maximum drain source voltage stress of the transistor is around twice
the nominal voltage (1.2 V) [27]. For that reason, the common gate drain source voltage
was restricted to 2.6 V. The reader will understand better the decision for this value at the
end of this subsection. To finish the constraints, the desired output power is left. Based
on the tank analysis subsection, the tank’s total efficiency is around 60% resulting in a
necessary tank input power of 20 mW. Because of the uncertainty of the PSS analysis, a
2 mW additional power was given to that value. This accounts for the tank losses in the
inductor, but it does not account for the losses in the choke inductor parasitic resistance.
As an approximation let’s consider the current through the choke inductor in the first
design. Using that approximated current and the approximated parasitic resistance value
we get to a power loss of around 1.83 mW. Note that the higher the output power, the
higher the current in the inductor hence more output losses. Let’s add then a 2 mW
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margin to that value. Summing everything up, the estimated necessary output power is
around 24 mW. Using this value, a range of desired output power was defined and can
be observed in Table 5.5.

Table 5.5: First branch optimizer Restrictions.

Parameters Specification
Output Power 26 mW < ... > 23 mW
Maximum Voltage <26V
Power Added Efficiency max 79%

The output of the optimizer revealed some good design points candidates. The
maximum PAE achieved was 78.7 % and the corresponding design parameters can be
observed in Table 5.6. What makes a good design point candidate is that the PAE
is maximized while keeping the maximum drain source voltage of the common gate
transistor below twice the nominal voltage. Note that in the optimizer definition, this
voltage was defined to be below 2.6. This can be justified by the fact that the choke
inductor has a series parasitic resistance. This creates an additional voltage drop allowing
the designer to be tolerant in the definition of this parameter. The output power should
be such that in the final design minor changes are done to the circuit, preserving the
good PAE achieved. With this idea in mind, the chosen candidate was number 3, for
two reasons. The first reason is that between candidate points 2 and 3 the PAE does not
differ much, and the maximum voltage is relatively lower in candidate 3, which is good
to increase the longevity of the transistors. Candidate point 1 was discarded to detriment
of the third because of the maximum voltage and also because of the output resistance
which is further from the optimum resistance. The chosen design point has the values of
the components described in Table 5.7

Table 5.6: First branch optimizer Best Results.

Design Points PAE(%) | Max. Voltage (V) | Output Power(mW) | Total Resistance(())

Best PAE point 78.7 2.763 28.66 21
Candidate Point2 | 77.48 2.622 27.20 24
Candidate Point 3 77.31 2.505 26.28 23

The next step is to add the tank with the impedance transformation already and replace
all ideal inductors with real ones. After this step, the obtained output power was 11.8 mW.
This value was increased by increasing the additional tank reactance to 2.5 pF. The last step
remaining is to replace the ideal capacitors with real ones. The final circuit specifications
can be consulted in Table 5.8.

68



5.2. FOUR BRANCHES DESIGN AND OPTIMIZATION

Table 5.7: First branch chose design point components description.

Component Value
Common Source Transistor Width (um) | 390
Common Gate Transistor Width (um) 270
Shunt Capacitor (pF) 1
Choke Inductor (nH) 1.2
Tank Capacitor (pF) 0.703
Tank Inductor (nH) 5.765
Additional Tank Reactance (pF) 2.3
Transformation Inductor (nH) 1.39
Transformation Capacitor (pF) 2.16
Output Resistance ((2) 50

Table 5.8: Fist Branch final design parameters

Parameters Values
Output power (mW) 12.08
Supply power (mW) 40.57
Bandwidth (MHz) 400
Total tank efficiency (%) 52.35
PAE (%) 28.50
Common source input power (W) 522.5
Common gate input power (uW) 0.903
Total Resistance ((2) 22.26
Maximum Drain Source voltage of CG | 1.953
Maximum Drain Source voltage of CS | 1.474

5.2.3 Fourth Branch
5.2.3.1 Design

In this branch, the selection of the optimum total tank resistance became more challenging.
As a first approach, the resistance chosen was 7.5 (). For this resistance, the tank’s total
efficiency is, theoretically, around 50 %. Since the desired output power is 96 mW, the
output power designed was 192 mW. The design space can be observed in Table 5.8. The
design coordinates (q,m) can be consulted in Table 5.9

Table 5.9: Design variables coordinates (q,m) of the fourth branch.

q | 1.552 | 1.577 | 1.585
m | 0.025 | 0.01 | 0.005
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Figure 5.8: Fourth Branch Design Space.
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Figure 5.9: Output power and power losses in the fourth branch design.
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Figure 5.11: PAE comparison on the fourth branch between the two design kits.

Table 5.10: Fourth branch components value before and after the first optimization.

Parameters Before first iteration | After first iteration

Transistor Width 4530 pu 4100 pu
Shunt Capacitor 5.37 pF 2.18 pF

Choke Inductor 0.303 nH 0.303 nH

Tank Inductor 1.915nH 1915 nH

Tank Capacitor 2.116 pF 2.116 pF

Tank Additional Reactance 15.79 pF 15.79 pF

Output Resistance 750 750
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5.2.3.3 Tank Analysis

For higher output powers, the total tank resistance is lower. Based on the results from
chapter 5, the overall tank efficiency will be lower. This can be corroborated once again by
Table 5.11. Note that despite the discrepancies between the AC and PSS simulation, the
tendency is correct.

Table 5.11: Fourth branch comparison between tank performance for different analysis.

Parameters Theory | AC Simulation | PSS Simulation
Inductor Tank Ryarasite ) 2.4739 2.687 2.647
Transformation Tank Rparasite (Q)) | 1.0656 1.265 1.265
Transformation Resistance (()) 5.0632 5.193 5.191
Total Resistance (()) 7.537 7.88 7.846
Tank Efficiency (%) 67.10 65.99 67.82
Transformation Efficiency (%) 78.95 75.65 75.68
Total Efficiency (%) 52.98 49.85 51.33

5.2.3.4 Optimization

In the first approach, the strategy used to account for the overall tank efficiency and the
approximated loss in the choke inductor was considered. By the overall tank efficiency a
minimum output power of 188 mW. The approximated loss in the choke inductor is 46.52
mW. This amounts to a total approximated power of 234.52 mW. This quantity did not
produce the desired optimization results in the sense that the output power is far from the
expected. After three iterations, the optimizer restrictions can be observed in Table 5.12
Looking at the three best candidates in Table 5.13, it becomes clear why so many
iterations were necessary. First, note the difference between the initial designed output
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Table 5.12: Fourth branch optimizer restrictions.

Parameters Specification
Output Power 310 mW < ... > 370 mW
Maximum Voltage < 2.6V
Power Added Efficiency max 78%

power and the current output power. Adding to that, the output resistance is remarkably
lower. The best PAE point was discarded because of the output power which, unfortunately,
is not high enough. Between candidate points, two and three the decision leaned more
toward the second candidate because of the maximum voltage restriction. The chosen
design point component’s value can be consulted in Table 5.14

Table 5.13: Fourth branch optimizer best results.

Design Points PAE(%) | Max Voltage(V) | Output Power(mW) | Total Resistance(())

Best PAE point 79.51 3.00 264 55
Candidate Point2 | 77.32 2.64 324 3.5
Candidate Point3 | 77.95 2.88 325 3.5

Table 5.14: Fourth branch chose design point components description.

Component Value
Common Source Transistor Width (um) | 4580
Common Gate Transistor Width (um) 4820
Shunt Capacitor (pF) 2.5
Choke Inductor (nH) 0.2
Tank Capacitor (pF) 4.1092
Tank Inductor (nH) 0.986
Additional Tank Reactance (pF) 30
Transformation Inductor (nH) 0.617
Transformation Capacitor (pF) 6.308
Output Resistance () 50

After replacing the ideal components with their real parts, the output power was fairly
close to the desired output power. Because of that, there was no need to further iterations
or minor corrections. The final design parameters can be observed in Table 5.15.
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Table 5.15: Final design parameters.

Parameters Values

Output power (mW) 96.25

Supply Power (mW) 408.2

Bandwidth (MHz) 455

Total Tank Efficiency (%) 40.6 %
PAE (%) 22.29

Common source input power (mW) 5.252
Common gate input power (uW) 6.207
Total Resistance ((2) 4782
Maximum Drain Source voltage of CG | 2.372
Maximum Drain Source voltage of CS | 1.502
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5.3 Overall efficiency calculation

A summary of the 4 branches’ characteristics can be observed in Fig. 5.13. From chapter
2.1.4, it is known that the Orthogonal Frequency Division Multiplexing (OFDM) envelope
amplitude follows a Rayleigh distribution. Besides that, in the QDA section (3.2.6.1) it was
concluded that the best quantized normalized clipping level for 5 quantized bits is around
3.6. To calculate the overall efficiency all that is left to decide is the average power of the
OFDM signal. A value can be assigned directly such as the average of the branch’s output
power or the maximum clipping level can be defined. The latter was defined based on the
maximum output power which is 180 mW. This power has a normalized voltage value of

4.24 V. Using equation (5.3), the standard deviation can be calculated.

424
=2t 1178, 53
“% 35 (5.3)

The Rayleigh distribution can now be defined and can be observed in Fig. 5.14. Since
the most significant bit is for defining the polarity, in reality, to calculate the probability
using the Rayleigh distribution only 4 bits are relevant. With a maximum clipping voltage
equal to 4.24 V and given the quantization levels (16), the step size of the quantizer is
0.283 V. Using this quantizer step, the probability for each of the quantizer levels can be
defined. Mathematically, the probability of a quantization level is given by equation (5.4)

k+2

Sz R Rr2
Py =

- e 202 ’ (54)
bes O

where k represents the quantized level and s, the quantizer step size. For each of the
quantizer levels, one, two or all of the PA’s can be working. Considering the digital word
by = [axs ax2 ax1 axo] which is associated with each of the quantizers levels, the following

overall parameters can be defined

Poutk = akS'Pout4th Branch"‘akZ'Pout?)rd Branch tak1 'Pouthd anch+akO'P0utlst Branch + (55)

Pink =4ak3 Pin4th Branch T k2 * Pin3rd Branch T k1 - Pinan Branch T k0 * Pinlst Branch s (56)

PDCk = ak3'PDC4th Branch+ak2'PDC3rd Branch Tak1 'PDC2nd Branch +ak0'PDClst Branch - (57)

With these parameters, the PAE associated to each digital word is given by equation
(5.8)

PAE; = Poutk — Pink ) (5.8)
Ppci
The overall efficiency can be obtained using equation (5.4) and equation (5.8)
15
PAE gveranl = Z PAEy-Pyr =29.28% . (5.9)

k=0

The overall PAE value makes sense since the probability of the 4th branch being active is
much lower than the probability of the 2nd Branch working, for instance.
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5.4 Power driver on the fourth branch

As proof of concept, a class D inverter will be designed on the fourth branch. It is important
to remind the reader that the input power of the fourth branch is not that high and could
be easily controlled by a microcontroller. Nevertheless, understanding the design process
has added value. The design will not be input power restricted but instead let’s design
a 3-inverter class D driver. After putting the first inverter, the transistor’s widths were
swept and the best point resulted in the characteristic described in Table 5.16. Note that,
the driver input power might be counter-intuitive to what was said in chapter 5. This

indicates that maybe one driver might not do the job. After putting the second inverter,

Table 5.16: Driver first inverter.

Component Value
NMOS transistor width (um) | 192
PMOS transistor width (um) | 692
Driver input power (mW) 1.238
Driver output power (mW) | 0.624
PA output power (mW) 91.58

the characteristics are much more favourable as it can be observed in Table 5.17

Table 5.17: Driver second inverter.

Component Value
NMOS transistor width (um) | 88
PMOS transistor width (um) | 317
Driver input power (mW) 0.585
Driver output power (mW) | 0.959
PA output power (mW) 95.23

Finally, after the third inverter insertion, there was a drop in the PA output power at
which can be observed in Table 5.18. As a trade for that, the driver input power dropped.
To correct the PA output power a new design iteration was done. The driver’s overall

efficiency was 47%
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Table 5.18: Driver third inverter.

Component Value
NMOS transistor width (um) | 16
PMOS transistor width (um) 58
Driver input power (mW) 0.101
Driver output power (mW) | 1.084
PA output power (mW) 96.03

5.5 Further optimization

The goal of this section has three main goals. One of the goals is to find ways to improve
the PAE. The reader caught a glimpse of how to improve the PAE in the design section.
It is directly related to the quality factor. The quality factor chosen was 4 based on the
waveform deformation with ideal components. With real components, it was observed
that the waveform improved its sinusoidal shape. Another goal is to try to alleviate the
voltage stress on the transistors. Since no reliability simulation was applied, there is no
accurate way to know if the choice of the maximum voltage stress reduces substantially
the transistor lifespan. In order to avoid reliability estimations, the transistors will be
replaced by their 3.3V versions. The disadvantage of the latter transistors is that the
channel length cannot be lower than 360 nm. This might be a problem since that for the
same on-resistance, the transistor width has to be quite higher. Last but not least, to solidly
assert the superiority of the developed design kit, the optimizer results and amount of
points needed will be compared using the first optimization designs from each design kit

as an optimizer starting point.

5.5.1 3.3V Transistor

In the design process, it was assumed that the maximum drain-source voltage would be
twice the nominal voltage. With no reliability analysis, it is not certain how much of the
transistor life span is being reduced. If the transistors could be replaced by transistors
that operate at a higher nominal voltage the problem would be solved. In that sense, the
transistors were replaced by their 3.3V version. A first design considered the output power
of the 4th branch with a design variable coordinates (q,m) equal to (1.552,0.025). The first
problem of this transistor version is that the transistor length is limited to three times the
channel length of the original transistor. This has repercussions in the width needed to
achieve the same on-resistance as the reader can observe in Table 5.19. With the same
design goals, the 3.3 V transistor version fails to achieve the desired output power. The
reason is that the parasitic capacitances are far bigger than the required shunt capacitance.
This effect can also be seen by comparing the two transistors input powers. For this reason,
this type of transistor is not reliable. Even if one used the optimizer and the desired output
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power value was achieved, the PAE would be lower which is not a desirable scenario.

Table 5.19: Comparison between 1.2 V and 3.3 V transistor.

Type of Transistor | Output Power (mW) | Input Power | DC Power (mW) | PAE(%)

1.2V Transistor 192.2 491.9 uW 216.5 88.54

3.3V Transistor 176.7 27.14 mW 198.9 75.23

5.5.2 Optimizer Comparison

The optimizer results will be compared when using two different starting points: One is
the first optimization design point from the developed design kit and the other is the first
optimization point from the design kit considering an ideal on-resistance. The goal is to
see if there is any advantage of the developed design kit since an optimization process
is always inherent. As a first approach, the design variables interval was set the same
for both design kits. The number of points evaluated in both situations was practically
the same. What is important to compare, is the results that can be observed in Table
5.20. These results were picked based on the output power used for achieving the desired
output power with a real component. Despite a slightly better efficiency in the developed

design kit, no conclusions can be taken.

Table 5.20: First optimization approach comparison.

Starting Points Output Power (mW) | Maximum Voltage (V) | PAE(%)
Design kit considering on-resistance 26.92 2.70 77.10
Design kit ideal on-resistance 26.85 2.63 76.50

The problem of this first approach is that the design variables interval was defined
so that both starting points could be inside. This can prove an unrealistic situation, or it
could mean that, for the design kit with ideal on-resistance to achieve the same results
as the developed design kit many iterations are needed. To prove this last point, for each
design kit the design variables have the same interval except for the output resistance
which will be defined differently depending on the design kit. The results of this approach
can be consulted in Table 5.21. The advantage of the developed design kit is now clearer.
Combining these results with the results from the first approach, the natural conclusion is
that if one uses a design kit considering the on-resistance ideal then more iterations will
be needed. The attentive reader can argue that the first approach PAE from the design
kit considering the on-resistance ideal is quite close to the second approach PAE from the
developed design kit. That is indeed a good question, but I remind the reader that in the
first approach the output resistance is much larger than in the second. In other words, the
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tirst approach took around 6 hours with 2554 points evaluated while the second approach
took 5 hours with 1972 points evaluated.

Table 5.21: Second optimization approach comparison.

Starting Points Output Power (mW) | Maximum Voltage (V) | PAE(%)
Design kit considering on-resistance 26.72 2.64 77.45
Design kit ideal on-resistance 26.25 2.60 75.00

The last question is whether the starting point has some relevant impact or it’s just the
design variables interval. This problem was investigated using only the developed design
kit. In Table 5.22 that question can be demystified and the conclusion is that the starting

point has little or no relevance.

Table 5.22: Study of the starting point impact.

Starting Points Output Power (mW) | Maximum Voltage (V) | PAE(%)
Design kit considering on-resistance 26.72 2.64 77.45
Design kit ideal on-resistance 26.71 2.48 77.21

5.5.3 Quality factor reduction

In the design stage, the bandwidth of the fourth branch was slightly better. This happened
because the tank quality factor was reduced. Despite this change, the output waveform
still resembled a sinusoid. This might indicate that the selection of the quality factor was
rather conservative. The choice of the quality factor was based on comparing the output
waveform in the design containing ideal components. The real components are frequency
independent. This means that the reactance and quality factor change with the frequency.
This is beneficial because, for example, as the frequency increases the inductor quality
factor increases as well. As a consequence, the impedance for those frequencies increases,
leading ever more to the fundamental harmonic isolation. Reducing the quality factor
brings the advantage of a higher tank overall efficiency and higher bandwidth. The main
goal of this section is to understand how far the quality factor can be reduced and with
that improve the PAE. In order to achieve that, the first branch will be used. In the same
way, the second branch could be used. The third branch and fourth branch demand a
lower output resistance hence a lower tank efficiency.

The tank quality factor chosen was 2. The maximum overall tank efficiency has a value
equal to 79.19 % for a total resistance of around 55 (). Despite there being no simulation
data of the tank efficiency, based on the previous design, the best point is around the
maximum tank efficiency. With the overall resistance value known, the next step is to

choose the design coordinates (q,m) which based on previous designs knowledge was
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chosen to be (1.692,0.01). The selected design point component’s values can be observed
in Table 5.23.

Table 5.23: Design point component’s value of circuit with a quality factor equal to two.

Components Value
Shunt capacitance (pF) | 0.487
Choke inductor (nH) | 2.907
Transistor width (um) | 410.0
Tank inductor (nH) 7.072
Tank capacitor (pF) 0.573
Transf. inductor (nH) | 1.029
Transf. capacitor (pF) | 0.467
Output resistance ((2) 50

The simulation results, after using the already known optimization methodology,
are according to the theoretical values. At this point, it is relevant to compare the tank
frequency response and the output waveform between the tank with real and ideal
components. In Fig. 5.15 (a), the output wave-forms of a real and ideal tank can be
observed. Note that in the ideal case the waveform is slightly worse looking. The reason
for that can be found in Fig. 5.15 (b). Note that for the same quality factor, the tank with
real components presents a higher impedance value at the next harmonic. This happens
because the inductors are frequency dependent. For lower frequencies than the working
frequency, the reactance and consequently the quality factor remains practically unaltered.
For higher frequencies close to the inductor’s self-resonant frequency, the quality factor is

much larger.
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Figure 5.15: Comparison between real components tank and ideal components tank

The next step is to use the optimizer just like in the design stage of the power amplifiers
section. The only change is that the quality factor is going to be increased. This can help
the optimizer to achieve the best PAE possible without accounting for the losses due to
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harmonic content at the output of the circuit. With the optimization completed, there
were many possibilities as design point to implement with real components. It was chosen
by some candidates and tested in a circuit where the only real component was the choke
inductor. The simulation parameters with the best point is shown in Table 5.24. Note that
the simulation PAE is different from the optimizer result. The reason lies in the fact that

besides the real choke inductor the quality factor used in the optimizer was higher.

Table 5.24: Comparison between all ideal circuit and circuit with real choke inductor.

Parameters Optimizer Result | Simulation with real choke ind.
Output power (mW) 17.24 15.06
DC Power (mW) 21.73 24.62
CS input power (uW) 297.6 319.0
CG input power (uW) 0.715 0.051
PAE (%) 77.96 59.88

The natural step now is to replace the tank with real components. The simulation
parameters of the final circuit and the comparison with the design considering the quality

factor equal to 4 can be observed in Table 5.25.

Table 5.25: Comparison between circuits with different quality factors.

Parameters Quality factor =2 | Quality factor =4

Output power (mW) 12.04 12.08
DC Power (mW) 15.93 40.57

CS input power (uW) 291.2 522.6
CG input power (uW) 0.403 0.847
Total tank efficiency (%) 75.55 52.35

Bandwidth (MHz) 1148 400

PAE (%) 46.15 28.5

It is interesting to compare the output waveform between all these designs. In Fig.
5.16 the output waveform of the circuit with the optimization point only considering the
choke inductor with real components and the final circuit with all the real components
for a quality factor of 2 is depicted. This result makes sense and supports the explanation
given at the beginning of this sub section. In Fig. 5.17 (a) the output waveform of the
final circuit with a quality factor of 4 and the output waveform of the final circuit with a
quality factor of 2 can be observed. It is noticeable some waveform degradation. To better
understand this degradation, the Fig. 5.17 (b) shows the harmonic content of both output

voltages
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5.6 Discussion of the branches design and results

Starting from the beginning, the transistor on-resistance parametrization was a good step
to bridge the design kit and the simulation since the former does not have an explicit
relation between the on-resistance and the transistor width. The reader may be thinking if
this step was really necessary since the width could be just varied until the transistor on-
resistance was desired. By doing the on-resistance parametrization not only the formulas
are corroborated but most importantly a first width estimate is obtained meaning that the
number of changes in the simulation relative to the transistor width is minimal. Note that,
for a lower output on-resistance the number of changes needed was greater due to the
asymptotic relation between the transistor width and on-resistance.

The inductor study allowed us to explore the different kinds of integrated inductors
and their advantages and disadvantages. In the integrated world, especially the losses
in the inductors, nothing should be taken for granted. The inductor parametrizations
empower the designer to choose the best tank output resistance. It is funny enough that
the best output resistance for the selected quality factor it’s approximately a middle term
between the best resistance for the impedance transformation which is 50 () and the best
resistance for the tank which is the lowest possible (ideally 0).

The decision in the design stage boiled down to the selection of a design coordinate
(g,m) where the optimal resistance was possible, the additional reactance was a capacitor
and the choke inductor was as lowest as possible. The design strategy of choosing a set
of m values allowed to know what is the value of m that translates into a higher PAE
and allowed, in the optimization process, to compare with the design kit considering the
transistor on-resistance 0.

The results speak for themselves as there is a clear advantage of the developed design
kit not much because the PAE is far superior but because the output power, after the first
optimization, is exactly the desired. The first optimization proved to be effective and
confirmed the prediction that the transistor parasite capacitance affects the class E optimal
conditions. Furthermore, the error of the transistor on-resistance was clearly visible in
this process and because of that easily fixable. One thing common to all the branches, in
this first optimization stage, is that for the lowest value of m used the output power fell
short. The reason for this is that the transistor parasitic capacitances were bigger than the
required shunt capacitance.

After this stage, a cascode solution was implemented to alleviate the voltage stress
on the common source transistor. The optimization went as expected and the results
manifested the inherent trade-off between the transistor widths and the ohmic losses.
Throughout this process, the most difficult task was to correctly define the output power
boundaries because of the losses in the choke inductor parasitic resistance. This was

definitely worse in the last two branches where more than one iteration was needed.
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5.7 Comparison with class E existing solutions

In general, the circuits of the state of art followed the same topology. The exception was
in [28] where one transistor was implemented in the class E circuit. This means that the
voltage stress, with a supply voltage of 2 V, reached around 5.5 V. This alone represents
an advantage to the developed design since there are no power losses due to the common
gate transistor. In terms of real components, the quality factor of the inductor based on
the short information given seems to be similar. Another reason for the high PAE is the
fact that the output resistance is implemented outside the chip.

Relative to the designs that used the same topology as the developed, in [29] the
topology is the same as the developed design but an additional optimization iteration
is performed to reduce the charging and discharging requirements of the common gate
transistor. In [30], the main factor that contributed to a high PAE was the use of bond
wires which stated a quality factor of around 35.

Based on Table 5.26 the developed circuit is inside the class E design state of the art.
In the section where the quality factor reduction was investigated, with the best optimizer
design point and adding the choke inductor, the PAE fell down from 78 to 60 %. This
clearly indicates that the real components used have a worst performance than some
designs present in the state of the art. To corroborate this idea, note that the output power
of the developed class E is substantially lower (10 times).

It is not known for sure if the components used in the other designs have a better
quality factor. On one hand, from the supply voltage, this could indicate that for a higher
power the optimum resistance is achievable. On the other hand, it is known that the higher
the output power, the lower the output resistance is, decreasing the overall tank efficiency.
This means that for a lower output resistance, the circuit designed in [31] achieved roughly
the same tank efficiency, meaning that the components used in the developed design are
worse in terms of quality factor. The reader may be wondering if the PAE obtained is valid
since no driver was built alongside it. Based on the driver developed in section 5.4, the
PAE might drop 1%. Note that for lower technology nodes, the output power decreased
due to the maximum current constraints that come with the transistor length reduction.
More interestingly, as the transistor length gets smaller, to achieve the same transistor
on-resistance less transistor width is needed. This results in smaller parasitic capacitances
potentially reducing the input power. However, note that the PAE for smaller technology
nodes dropped.
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Table 5.26: Class E state of the art.

Ref.’s Freq | Tech. | Foundry | Topology | Supply Voltage | Power | PAE
(GHz) | (nm) (V) (dBm) | (%)
This work 2.5 130 UMC Cascode 1.2 10.79 | 46.1
[28] 1.9 180 | NovaTek | C.Source 2 16.30 70
[29] 1.7 130 STM Cascode 2.5 23.00 | 67.0
[30] 2.4 180 TSMC Cascode 3.3 23.00 | 44.5
[31] 24 180 - Cascode 3.3 21.30 | 40.0
[32] 2.4 180 UMC Cascode 3.3 17.72 | 51.9
[33] 1.8 65 TSMC | Cascode 1.2 14.12 | 38.4
[34] 2.4 20 - Cascode 1.2 9.00 30
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6

CONCLUSION AND FUTURE WORK

Based on the power-hungry mobile systems, finding ways to efficiently use the energy
is a must. In initial mobile systems such as 2G and so on, the envelope fluctuation was
not critical, allowing the use of linear amplifiers. The linear amplifiers were explored,
and the advantages and disadvantages of each topology were exposed. As a proof of
concept, a class A Power Amplifier (PA) was developed. With the increase of the envelope
fluctuation due to OFDM implementation, the use of linear amplifiers becomes obsolete
because the efficiencies are low due to the required power back-off to not distort the
signal. To overcome this problem, non-linear PAs are investigated, namely the class
E. This topology of PAs can theoretically reach 100%. However, since our signal has
a non-constant envelope, efficiency enhancement techniques such as polar modulation
or outphasing need to be employed. A new efficiency enhancement technique called
Quantized Digital Amplifier (QDA) was exposed. A brief explanation of each block that
constitutes this solution was given. The reader after comparing this new technique with
existing solutions can clearly see the enormous potential in setting a new Power Added
Efficiency (PAE). With a basic understanding of the QDA the reader can understand that to
achieve the highest efficiency, it boils down to get a power combiner as lossless as possible
and a very efficient power amplifying stage. The aim of this thesis was then to investigate

what are the steps necessary to design a class E PA circuit as efficient as possible.

The first step started with the development of a design kit considering the switch-
ing transistor on-resistance. The developed design kit can prove best useful when the
used transistor can withstand around 4 times the nominal voltage. In this scenario, no
optimization may be required if the methodology of adjusting the on-resistance and the
shunt capacitor is used. If the transistor used does not present such characteristics, the
optimizer might be almost certain. In this case, using the simplest design kit has the
same effect as the developed design kit for relatively high frequencies. Nonetheless, the
development of the design kit allowed us to better understand the class E functioning
and also helped to understand the effect of the supply voltage. In a nutshell, the class E
circuit can be divided into two parts: The output tank and the non-linear part composed

of the switching transistor, shunt capacitor, and choke inductor. The developed design
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kit gives the designer the optimum non-linear behaviour and the consequential optimum
tank impedance. With the addition of real components, the great concern is the inductor.
Relative to the non-linear part of the circuit, no optimization was done. The desired output
power would simply increase to cover the losses in the choke inductor. With regard to the
output tank, a careful analysis was done and it was proven based on the characteristic of
the used inductor the maximum tank efficiency was achievable.

The design of 4 power amplifiers had also the purpose to see if there was any conver-
gence between the two design kits. In fact, the output resistance converged and so did
the additional tank reactance. This makes sense because of the decrease of the transistor
on-resistance. Nevertheless, the shunt capacitor and the choke inductor showed no signs
of convergence. This may happen because in the definition of both design kits the variable
q was defined and replaced this component values in the equations. The reader may
ask if the convergence can be achieved if higher output powers PAs are used (smaller
on-resistance). In that sense, simulations using higher output powers were done and the
conclusion was the same. The fact that the output resistance converges as the output
power increases come in handy to explain where the developed design kit is most useful.
In the optimization comparison between both design kits, it was shown that the choice of
the output resistance interval is important because it saves iteration time. The developed
design kits showed gains in that sense because the output resistance from the initial design
was closer to the optimum resistance. This gain fades as both output resistances converge
meaning that the developed design kit has only an advantage towards the other design kit
when the output power is relatively low. The use of the Rayleigh distribution was useful
to bridge the PA design and the type of signal that precedes the amplifying stage block. It
can be concluded that the most important branches to define the average PAE were the first
two. This is advantageous because as the output power increases, the output resistance
is such that the tank efficiency decreases. Besides the higher output power branches not
being as relevant, to achieve the same PAE as the first and the second a higher Vpp would
need to be applied.

A future idea is to use the developed design kit and develop the QDA branches in
Gallium Nitride (GaN) technology. This technology compared with Complementary
metal-oxide-semiconductor (CMOS) has a much lower on-resistance for the same transis-
tor size. Besides, the breakdown voltage is higher which allows for a higher drain-source

voltage maximum [35].
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A

Crass A DesicN EXAMPLE

In subsection 2.4.1, the theory behind linear power amplifiers was examined. In order to
put some of that theory into practice, a class A linear amplifier will be developed. The
design consists of obtaining the desired output power for a given frequency, 1 GHz. Having
obtained a good design point the load pull-concept will be explored and conclusions will
be taken

A.0.1 Design

The goal of the design is to obtain an output power equal to 10 mW with the highest
efficiency possible. The output power of the class A can be given by the following

expression

1 .
Pout=§'1D'VD- (Al)

To guarantee that the transistor is always operating in saturation, the drain voltage can

never go below the maximum gate voltage minus the threshold voltage. This results in a

minimum drain voltage of 2 - (Vs — Vrh). As a consequence, the drain efficiency can be

given by

2-(Ves — V)
Vbp

The technology node used will be 130 nm CMOS. The quadratic model will be used as a

nzé.(l_ ). (A2)

first approach. The equation (A.1) can then be re-written as

1 W
Pout = 5 - (Ky, - T (Ves = Vru) -vgs) - (Vbp =2+ (Vgs — Vrh)) - (A.3)
To maximize the efficiency, it was seen that the current must have the maximum excursion
possible. This is equivalent to saying that the sinusoid amplitude must have the same
amplitude as the DC current. This means that vgs = Vs — Vry. Re-writing the output

power expression once again

1 144
Poutzi'(Kn'f'

The trade-off between efficiency and area is clear. If one wants the best efficiency, the

(Vs — Vru)®) - (Vop — 2+ (Vas — Vrn)) - (A4)

quantity Vgs — Vrr should be as low as possible. Subsequently, to obtain the same output
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Figure A.1: Class A design strategy.

power, the transistor width has to increase to compensate for that decrease. In Fig. A.1 (a)
and Fig. A.1 (b), that trade-off is expressed. The design decision was more on obtaining a
good efficiency value. So, the chosen gate DC voltage is 0.4. The transistor channel length
was chosen to be three times the minimum length to avoid channel modulation. Relative
to the channel width, to obtain the desired output power, this quantity should be 1175
um. The ac output current is around 17.17 mW. Using this value and the output power
quantity, the optimal output resistance is around 68 (). Relative to the tank, the quality
factor is not relevant because there are no concerns regarding a specific bandwidth value.
The tank capacitor was assumed to be 1 pF and the working frequency is 1 GHz.

A.0.2 Simulation

The simulation results can be observed in Table A.2. There is a difference in the output
power because the ac current is below the expected. To improve these results and obtain
the desired output power the transistor width was increased to 1652 um and the output
resistance was dropped to 60 (). Are these the best results possible in terms of PAE and
output power? Is there any advantage in changing the output impedance? These two
questions will be analyzed in the next subsection, load-pull simulations.

Table A.1: Class A results.

Parameters Theory | Simulation | Simulation (Optimized)
Output power (mW) 10 7.25 10.14
AC current (mA) 17.17 15.43 19.15
Minimum drain voltage (V) 0.2 0.2 0.140
Drain Efficiency (%) 41 39.08 40.6
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A.0.3 Load-Pull Simulations

This technique, in short, consists in varying the output impedance in order to improve or
obtain the desired output power / PAE. The load-pull simulations are quite useful when
the transistor model available is not accurate or just complicated to use. Only the output
impedance will be swept meaning that the voltage at the gate of the transistor is the same.
The design point obtained in the simulation will be used as a reference. It corresponds
to a reflection coefficient of 0.0909 + 0 - j. In Fig. A.2 the PAE smith chart contours can be
observed. The marked point corresponds to an output impedance of 65.08+47.30- j, where
the maximum PAE has a value of 45.21 %. This set of contours is not enough because the
output power information is not apparent. The output contours can be observed in Fig.
A.3. The first interesting observation is that the best PAE point does not correspond to
the best output power point. This might be because the PAE design point creates a better
ratio between the DC power and the first harmonic by putting the transistor, part of the
time, in the triode region. The maximum output power has a value of 10.65 mW and
occurs for an output impedance of 48.62 + 30.96 - j. At this point, the PAE has a value of
around 42%. To better see the trade-off between these two quantities, let’s overlap the two
contours, like in Fig. A.4, and decide the best design point. The selected design point has
an impedance equal to 72.53 + 12.10 - j. What there is left to do is to compare this design
point with the original design point whose impedance is equal to 60. This comparison can
be consulted in Table A.2. The load-pull point has a better drain efficiency value that the
initial point. This justifies the load-pull method and its inherent advantage in accounting
for the transistor parasite capacitances. However, note that the minimum drain voltage
in the load-pull point is lower which indicates a degradation in the output current and

voltage waveforms.

Table A.2: Comparison between load-pull point and design point.

Parameters Simulation (Initial Point) | Simulation (Load Pull)
Output power (mW) 10.14 10.13
AC current (mA) 19.15 16.71
Minimum drain voltage (V) 0.140 0.106
Drain Efficiency (%) 40.6 43.18
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M2: 257.1m + j306.4mohr

Figure A.2: Load-Pull contours of PAE.
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BEST OUTPUT
POWER POINT
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Figure A.3: Load-Pull contours of output power.
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Figure A.4: Tradeoff between the PAE and the Output power.
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B

TUTORIAL ON HOW TO CORROBORATE

TRANSISTOR ON-RESISTANCE

This tutorial has the main goal of guiding the reader on how to obtain the graphics of
the transistor on-resistance. The used technology parameters are known, namely, the
oxide capacitance per unit area and the mobility constant of the holes and electrons is
known. However, it is a good practice to corroborate the parameters. In a nutshell, for
each frequency, there will be a design point which contains the value of each component
present in the schematic. For every design, the transistor width will be swept. That allows
seeing the variation of the transistor on-resistance. The software used are Matlab (Python
works as well) and Cadence Virtuoso

MATLAB

Pick q and m

1

Generate
Corners File

T
|
v

CADENCE
Import
Corners File

1

Add
-Expressions
-Analysis

Run the Sim
Export
Results

MATLAB 2

Curve fit
Results

Plot
Results

Figure B.1: Flowchart of the tutorial.
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ON-RESISTANCE

B.1 First Step

The first step is for each frequency to choose a design point. This makes sure that for
each frequency, despite sweeping the transistor width, we have a condition close to the
ideal. The criteria for choosing the design points are totally arbitrary. For each frequency,
pick a q and m. For sake of simplicity, the q and m are the same independently of the
frequency. With this said the value of q and m are 1.7 and 0.02, respectively. Also, the
output resistance was always set to 50 (). In Fig. B.2, the schematic of the class E used,

with the respective component values for each frequency, can be observed

VDD
6.73nH, f=1.0 GHz 79.58 nH , f=1.0 GHz 2.72 pF, f=1.0 GHz
2.69nH, f=2.5 GHz 31.83 nH, f=2.5 GHz 109 pF . £=2.5 GH=
Lchoke { 1.35nH, f=5.0 GHz Ltank { 15.91 nH, f=5.0 GHz CX 5_44ZF"/I:=5'0 GHz
0.67 nH , f=10.0 GHz 7.96 nH , f=10 GHz 272 pF . =10 GHz
31831 fF, f=1.0 GHz
C 127.32F, [=2.5 GHz
tank N 63.660F, f=5.0 GHz
31.83F, =10 GHz
| /4 1.300 pF , f=1.0 GHz § R=50 Q
T C 0.521 pF, f=2.5 GHz
. 0.260 pF , f=5.0 GHz
0.130 pF , /=10 GHz

) =+

Figure B.2: Class E schematic used in the tutorial.

B.2 Second Step

With the design values, we can move on to the simulator. The simulator used is called
Cadence Virtuoso. Inside Virtuoso, the tool used was ADE Explorer. To test the different
design points, the functionality corners were used. This is usually used when one wants
to change the default fabric transistor parameters such as temperature, and threshold
voltage. We can import the design points as corners as long as we put them in the correct
format such as a matrix. An example of a valid matrix can be observed in Fig. B.3.
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1 2 3 4 5
1 o l (] a3
2 Enable t t t t
3 Temperature 27 27 27 27
4 numb 1 1 1 1
5 t_tran 5e-08 5e-08 5e-08 5e-08
6 frequ 1000000000 2500000000 5000000000 10000000000
7 period 1e-09 4e-10 2e-10 1e-10
8 c_shunt 1.3014e-12 5.2055e-13 2.6028e-13 1.3014e-13
9 |_choke 6.735e-09 2.694e-09 1.347e-09 6.735e-10
10 |_tank 7.9577e-08 3.1831e-08 1.5915e-08 7.9577e-09
11 c_tank 3.1831e-13 1.2732e-13 6.3662¢-14 3.1831e-14
12 x_tank 2.7196e-12 1.0879%-12 5.4393e-13 2.7196e-13
13 Rout 50 50 50 50
14 t Test:Power_Amplifi... t t t t

Figure B.3: Corners Matrix Format.

B.3 Third Step

To add the matrix, go to the ADE Explorer main panel and right-click on the corners tab.
Then left-click on the Open Corners Setup. This step can be observed in Fig. B.4.

Setup (7] 51X

Name nI Value J

4{» Power_Amplifiers_Thesis_pin_ron_1
%; Simulator spectre

% Analyses

[+ & Design Variabl

_& Paramete Select All

' Corners Deselect All

DLWILEL  Open Corners Setup...p.

__ Reliability Analyses
_ @ Monte Carlo Sampling
__ Checks/Asserts

Figure B.4: Third Step - First window.

The previous step will open a new window just like in Fig. B.5. From there, click on the
first down arrow counting from the left and click-right on import corners from Comma
Separated Values (CSV) file. That will open a window where the reader will choose the

CSV file containing the different design points. After the matrix import, the corners setup
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should look something like in Fig. B.6.

[ Virtuoso® ADE Explorer Editing: Power_Amplifiers_Thesis pin_ron maestro - 0 x
Launch Session Setup Analyses Variables Outputs Simulation Results Tools EAD Parasitics/LDE Window Help cadence
oo v : _ G
\HE @ = NSl ‘@J }5 ok ﬂ A“‘Q.h‘\ﬁeplace .K(None) '% ©“
| setup 28 X[~ Name Type. Details Plot | Save Spec §.f:
Name | Value | = Corners Setup x |§"
[ C e -
. 4 Power_Amplifiers_Thesis_pin_ron_1 = l@ - ' | [& @yl YL ' %42~ 2o~
@ simulator spectre || [
% Analyses [&] 'mport corners from CSV file x
81 Design Variables 2% Import corners from SDB file >
__ & Parameters -
§ ot cornerstamecr e | -
cormers rroTrTT |
Nominal =
b
Temperature

___ Reliability Analyses
_® Monte Carlo Sampling
_ Checks/Asserts

Design Variables

Parameters

Model Files

Model Group(s)

...mber of Corners 1

@I concel _apply _Help

M: R: |

mouse L:
‘ ‘ Power_Amplifiers_Thesis pin_ron schematic | Simulator: spectre aps Djl

38(135) | Simulator

Figure B.5: Third Step - Second window.

B.4 Fourth Step

Once the corners are imported, the definition of the transistor on-resistance must be
defined. For that, click on the pen, with the green sum icon which will create a blank
expression. This step is illustrated in Fig. B.7. The transistor on-resistance definition might
seem complicated but essentially, we are averaging the ratio between the drain voltage
and drain current during half of the period when the transistor is ON.

ton = average[ clipX((vtime('tran ”[vd1”) [ itime('tran ”/M1/D"))
(5¢ —08 — (0.75 - VAR("period”))), (5¢ — 08 — (0.5 - VAR("period”)))) |

B.5 Fifth Step

Once the expressions are good to go, what there is left to do is to define the simulation.
All that is necessary is a transient analysis. To define such analysis, double-click on the
analysis tab that is located on the left. A new window will pop up. Define the transient

analysis like in Fig. B.8.
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B.5. FIFTH STEP

€ Virtuoso® ADE Explorer Editing: Power_Amplifiers_Thesis pin_ron maestro -0 x

Launch Session Setup Analyses Variables Outputs Simulation Results Tools EAD Parasitics/LDE Window Help cadence

Corners Setup

b2
s
[ B . &
% Simulator spectre Co - " '
Resource Corner|Nominal
5@y Analyses \Besourcs Corger) x
& Design Variables
_ & Parameters >
| Nominal Corners —  Nominal ~ @ ~ a ~ Q ~ a L}
tod
Temperature 27 27 27 27 E
L Reliability Analyses D“I'n'vm:m.
f "
_® Monte Carlo Sampling — ; ] ; ;
| Checks/Asserts
t_tran Se-08 Se-08 Se-08 Se-08
frequ
period 1e-09 4e-10 2e-10 1e-10
c_shunt 13014e-12 52055e-13 2.6028e-13 13014e-13
I_choke 6.735e-09 2.694e-09 1.347e-09 6.735e-10
I_tank 7.9577e-08 3.1831e-08 1.5915e-08 7.9577e-09
c_tank 3.1831e-13 12732e-13 6.3662e-14 3.1831e-14
x_tank 2.7196e-12 1.0879e-12 5.4393e-13 2.7196e-13
Rout 50 50 50 50
Click to add
Parameters
Click to add
Model Files
o
W ence mpy  bep
Jimouse L: M:
38(135) | Add Outputs | I Power_Amplifiers_Thesis pin_ron schematic | Simulator: spectre aps

Figure B.6: Third Step - Third window.

expr average(clipX((vtime(tran "vd...

signal d U |+
signal (I)  /M1/D (T
signal (1) NO/PLUS | v
expr v

Figure B.7: Fourth Step.
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-

4]

Virtuoso

5

ADE Explorer Editing: Power_Amplifiers_Thesis pin_ron maestro - 0 X
Launch Session Setup Analyses Variables Outputs Simulation Results Tools EAD Parasitics/LDE Window Help cadence
P i a8 I UGB repece  Bnone  BF @
|_setup 28 X[ jame Type Details Plot | Save Spec ~
Name Value [ ] Choosing Analyses -- ADE Explorer x
2 = Analysis ® tran o dc o~ ac _ noise ;
Power_Amplifiers_Thesis_pin_ron_1 P
- - - oF _ sens _ dcmatch o acmatch 3
@; simulator spectre
2@y Analyses i stoa 2 wir ~ sp X
¥ tran 0 50n conservative _ envlp o pss _ pac _ pstb >
Click to add analysis — pnoise _ pxf ~ Psp ~ qpss
% @& Design Variables ~ e TR A e ~ ™1
& _ & Parameters
5 ¥ 5} Corners ~ hb  hbac _ hbstb _ hbnoise |i"_
 § Nominal _ hbsp  _ hbxf
Y v @
B d Transient Analysis
M a
i el Stop Time 50n|
Hv gy G
Accuracy Defaults (errpreset)
3 _ Reliability Analyses
§ i— ¥ conservative __ moderate __ liberal
% _ @ Monte Carlo Sampling
3 _ Checks/Asserts
_ Transient Noise
Dynamic Parameter
Enabled o Options.
[ ox JEeNI Defaults | _Apply . Help
mouse L M R
38(135) | Choose Design | | Power_Amplifiers_Thesis pin_ron schematic

Figure B.8: Fifth Step.

B.6 Sixth Step

Everything is set! Now for each corner (CO, C1, C2, C3) vary the transistor width. Then

run the simulation and extract the defined expression.

Sat Sep 17

180.0

160.0

100.0
80.0

60.0

Figure B.9: Sixth Step.
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C

SEcoOND AND THIRD BRANCH DESIGN

C.0.1 Second Branch
C.0.1.1 Design

For the second branch, we need 24 mW so the designed output power must be around 46
mW. The design workflow follows the same guidelines as the first branch including the
desired total resistance. The design space can be observed in Fig. C.1. The coordinates of

(g,m) chosen can be seen in Table C.1

40F

—+—m=0.1
—*—m=0.075
J—*—m=0.05
o° 207 —*—m=0.025| |
——m=0.01
—v—m=0.005

Reactive Component

RERGARARER S o S

1.5 T T T T

O St =

x
X -20- —%—m=0.025
—e—m=0.01 |
—v—m=0.005
-0k ‘ ‘ ‘ A e S S
0 0.5 1 1.5 1.5 2 2.5
q q
1 : ! ! —— g g —g+—8 8§
——m=0.1 [T
——m=0.075~
081 —+—m=0.05 [
® ——m=0.025
0.6L —6—m=0.01 ||
: —v—m=0.005
0.4 ‘ ‘
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2
q

Figure C.1: Second Branch Design Space
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0.045

o 0.04
o

0.035

(a) Poyt variation with m design variable

Table C.1: Design variables coordinates (q,m) for the second branch.

1.5493
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m
(b) Transistor power loss variation with m design
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Figure C.2: Output power and power losses in the second branch design.
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Figure C.3: Time evolution of the drain voltage in the second branch for m=0.01
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Figure C.4: PAE comparison on the second branch between the two design kits.
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Figure C.5: Input power and on-resistance variation with m design variable in the second
branch design.

Table C.2: Components value before and after the first optimization for the second branch.

Parameters Before first iteration | After first iteration
Transistor Width 1180 um 1080 um
Shunt Capacitor 1.401 pF 0.600 pF
Choke Inductor 1.061 nH 1.061 nH
Tank Inductor 5.7647 nH 5.7647 nH
Tank Capacitor 0.703 pF 0.703 pF
Tank Additional Reactance 3.154 pF 3.154 pF
Output Resistance 22.76 Q) 22.76 Q)
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C.0.1.2 Simulation
C.0.1.3 Optimization

The tank efficiency was omitted because the results are the same as the first branch.
Admitting a 60 % tank efficiency, the output power should be higher than 40 mW. The
approximated choke inductor power losses are around 12 mW. With this in mind, a range
of desired output power was defined. The restrictions regarding the maximum PAE and
the maximum drain source voltage of the common gate transistor were kept the same.

The optimizer restrictions can be observed in Table C.3

Table C.3: Second branch optimizer Restrictions.

Parameters Specification
Output Power 46 mW < ... > 56 mW
Maximum Voltage <26
Power Added Efficiency max 79%

In the second branch, the candidate’s selection is a much easier task. The best PAE
point is discarded because of the maximum voltage. Relative to the other candidates, both
present alluring maximum voltage and total resistance characteristics. The tiebreaker was
the output power that it’s slightly higher in candidate number 3, despite number 2 having
bits more of PAE. The chosen design point has the values of the components described in
Table C.5

Table C.4: Optimizer best results for second branch.

Design Points PAE(%) | Maximum Voltage(V) | Output Power(mW) | Total Resistance(()

Best PAE point 78.6 2.702 49.32 23
Candidate Point2 | 77.74 2.469 53.19 23
Candidate Point 3 77.7 2.495 53.29 23

After replacing the ideal inductors with real ones, the output power was around 24.37
mW. Replacing the remaining components with real ones, the output power dropped to
22.74 mW. One of the reasons was that the total resistance was higher than necessary. To
correct this, the value of the inductor was reduced, reducing its parasite resistance. As a
consequence, the quality factor dropped slightly. Then the additional tank reactance was
increased to 7.2 pF. The final design parameters are depicted in Table C.6
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Table C.5: Second branch chose design point components description.

Component Value
Common Source Transistor Width (um) | 810
Common Gate Transistor Width (um) 570
Shunt Capacitor (pF) 1.6
Choke Inductor (nH) 0.8
Tank Capacitor (pF) 0.703
Tank Inductor (nH) 5.765
Additional Tank Reactance (pF) 6
Transformation Inductor (nH) 1.39
Transformation Capacitor (pF) 2.16
Output Resistance ((2) 50

Table C.6: Second branch final design parameters.

Parameters Values
Output power (mW) 24.03
Supply Power (mW) 77.18
Bandwidth (MHz) 526
Total Tank Efficiency (%) 52.38
PAE (%) 30
Common source input power (uW) 874.7
Common gate input power (uW) 4.134
Total Resistance ((2) 23.32
Maximum Drain Source voltage of CG | 2.09
Maximum Drain Source voltage of CS | 1.481

C.0.2 Third Branch

C.0.2.1 Design

For the third branch, the optimum total tank resistance could be the same used in the
tirst and second branch. The reason lies that as the output power increases, to keep the
optimum class E conditions, the output resistance has to decrease. This leaves the designer
with a new choice to make. The total optimum resistance chosen was around 19 () in
view of the fact that the tank efficiency does not decrease much from 22.74 Q) to 19 Q.
The designed output power was 92.3 mW. This output resistance decrease can be well

observed in Fig C.6. The coordinates of (q,m) chosen can be seen in Table C.7
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Figure C.6: Third Branch Design Space.

Table C.7: Design variables coordinates (q,m) for the third branch.
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Figure C.7: Output power and power losses in the third branch design.
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Figure C.8: Time evolution of the drain voltage in the third branch for m=0.01
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Figure C.9: PAE comparison on the third branch between the two design kits.

Table C.8: Third branch components value before and after the first optimization.

Parameters Before first iteration | After first iteration

Transistor Width 2010 um 1850 um
Shunt Capacitor 2.38 pF 0.92 pF

Choke Inductor 0.765 nH 0.765 nH
Tank Inductor 4.96 nH 4.96 nH

Tank Capacitor 0.816 pF 0.816 pF

Tank Additional Reactance 14.97 pF 14.97 pF

Output Resistance 19 Q) 19 O
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Figure C.10: Input power and on-resistance variation with m design variable in the third
branch.

C.0.2.2 Simulation
C.0.2.3 Tank Analysis

Since the optimum tank total resistance changed, it is convenient to study the tank. The
methodology used here was the same as the first branch. The results obtained are shown
in Table C.9

Table C.9: Comparison between tank performance for different analyses in the third
branch.

Parameters Theory | AC Simulation | PSS Simulation
Inductor Tank Ryparasite 6.823 7.584 7.47
Transformation Tank Rysrasite | 1.649 1.796 1.796
Transformation Resistance 12.669 12.37 12.36
Total Resistance 19.49 19.95 20.18
Tank Efficiency 65.01 61.99 66.6
Transformation Efficiency 86.97 85.48 85.67
Total Efficiency 56.55 52.98 57.06

C.0.24 Optimization

With the total efficiency value obtained in the PSS analysis, the desired output power
should be higher than 84 mW. Adding up the approximated losses in the choke inductor,
the total output power rises to 104 mW. In the first optimization iteration, the maximum
output power was set to 110 mW. This proved to be not enough because the power losses
were in the choke inductor were higher than the approximation. The maximum output
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power in the second iteration was set to 125 mW. The rest of the optimization restrictions
can be consulted in Table C.10

Table C.10: Optimizer restrictions in the third branch.

Parameters Specification
Output Power 98 mW < ... > 125 mW
Maximum Voltage <26V
Power Added Efficiency max 81%

The three best candidates can be observed in Table C.11. The best PAE point is an
appealing choice but the output power is slightly more than necessary. Because of that and
the difference between PAE is not that big, the optimization point chosen was candidate
point 2. The third candidate point was discarded because of the maximum voltage.

Table C.11: Optimizer Best Results in the third branch.

Design Points PAE(%) | Maximum Voltage(V) | Output Power(mW) | Total Resistance((})

Best PAE point 76.07 2.514 122.7 12
Candidate Point 2 75.82 2.487 120.4 12
Candidate Point 3 75.82 2.764 120.7 13

Table C.12: Third branch chose design point components description.

Component Value
Common Source Transistor Width (um) | 1280
Common Gate Transistor Width (um) 2400
Shunt Capacitor (pF) 0.9
Choke Inductor (nH) 0.6
Tank Capacitor (pF) 1.306
Tank Inductor (nH) 3.104
Additional Tank Reactance (pF) 45
Transformation Inductor (nH) 1.09
Transformation Capacitor (pF) 3.23
Output Resistance ((2) 50

After replacing the ideal components with real ones, the output power was around
45.74 mW. To improve this value, the first step is to replace the tank capacitor and the
additional capacitance with its series equivalent. This added about one milliwatt to the
output power. The last step to obtain the desired output power was to lower the quality
factor by decreasing the tank inductor value. The final design parameters can be observed
in Table C.13.
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Table C.13: Third Branch final design parameters.

Parameters Values
Output power (mW) 48.09
Supply Power (mW) 150.2
Bandwidth (MHz) 488.5
Total Tank Efficiency (%) 52.74
PAE (%) 30.98
Common source input power (mW) 1.55
Common gate input power (uW) 2.046
Total Resistance ((2) 13.43
Maximum Drain Source voltage of CG | 2.132
Maximum Drain Source voltage of CS | 1.505
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Voo (_m~p-q2[sin(@)-(a+m~(q2—1))+cos(6)~(a-m‘(qz—l)—l)] B a)
mz-(q2—1)2+1

oo Bl , (D.1)
o m2- (q2 1) +1 (D.2)
2 a-b>b .
. _VDD (COS(2 ST q) (p . p] COS(Q) + E] - 1) +p-q- sm(@) sm(2 T q)) (DS)
g —
. g -si . . . — . . .g2. 2_
o Voo (p - g -sin(0) - cos(2 - 1 - q) qZSI_n(lz m-q) (p-q°-cos(0) + 4% - 1)) . (D4)
2 2
a1 =q*-Vpp (—ae”bm2 (q2 — 1) +b (emmz (172 - 1) - 1) +
(D.5)

+(a - b) (m2 (qz - 1)2 + 1) cos(mtg) —m (q2 - 1) (e”” - e”b) +a,

bi=q-Vpp ((ﬂ -b) (mz (qz - 1)2 + 1) sin(mtq) +mq (qz - 1) (m (q2 - 1) (e”“ - e”b) +

€™ +1)b-a (e"b +1) ,
(D.6)

dy=Vpp - ((q2 - 1) (m2 (q2 - 1)2 + 1) ((a —b)cos(ng) +a (—e”b) + e””b)) , (D7)

a2 = 9% Vpp (mq(qz—l) (az(( 1) m (g2 1)—2b)+a(2b2—e”b+1)—

— (€™ -1)b (bm (q2 - 1) 1) +ab(a - b) |m ( (qz - 1)2 + 1) sin(nq) , oo
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b = Vpp - (q (ﬂz (b (mz (6/2 - 1)2 -2¢% + 1) + (e”b - 1) m (q2 - 1) qz) — ab? (m2 (q2 - 1)2 —2¢% + 1) +
( b 1) (q3 q)2 —ab(a - b) (mz (q2 - 1)2 + 1) cos(mg)—
— (™ ~1)bmg? (qz 1) (b+m(q2—1)) ,

(D.9)

dr = VDD-((qZ - 1) (m2 (qZ - 1)2 + 1) (112 (e”b - 1) g —(e™ —1)b*q +ab(a - b)sin(nq))) .
(D.10)
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