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ABSTRACT

The increasing market of Narrowband Internet of Things (NB-IoT) applications brings
new challenges and constrains in the design of fully integrated transmission architectures,
capable of delivering the desired output power with the highest efficiency and linearity,
ensuring the longest battery lifetime of the devices. This work is focused on the study
and implementation of the most power consuming block within the transmission chain:
the Power Amplifier (PA). In this regard, a Switched Capacitor Power Amplifier (SCPA)
is designed to operate at a frequency of 0.9 GHz and aiming the maximum output power
allowed by the standard of 23 dBm.

The final architecture includes a matching network that connects to eight unit PA
cells through an LC filter. Each unit PA cell is made of a cascoded class-D PA, two drivers,
a level shifter and two selection logic blocks. All the blocks were developed using RF
components from a UMC 130nm CMOS process with a 1.2V/2.4V supply voltage. The
results show that the architecture is able to produce a maximum output power of 15.61
dBm with a maximum Power Added Efficiency (PAE) of 26.52% and a Total Harmonic
Distortion (THD) of 0.68%. In the same conditions, the measured HD2 and HD3 are of
-70.23dBc and -43.41dBc, respectively.

Additionally, a modulation stage was implemented in VerilogA in order to evaluate
the impact of sending different symbols in the SCPA performance. The block, designed
for a 16 QAM modulation, is responsible for generating both the number of unit PA cells
to be selected and the phase of the clock connected to each PA cell, depending on the

amplitude and phase of the constellation points being transmitted.

Keywords: SCPA, Matching Network, Cascoded Class-D, PAE, THD, CMOS
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ReEsumMmo

O mercado crescente de aplicacoes IoT de largura de banda estreita coloca novos desafios
e restrigdes no desenvolvimento de arquiteturas de transmissao totalmente integradas,
capazes de produzir a poténcia desejada com o maximo de eficiéncia e linearidade possi-
veis, de forma a garantir o maior tempo de vida de bateria dos dispositivos. Este trabalho
foca-se no estudo e implementacao do bloco da cadeia de transmissao que mais consome:
o amplificador de poténcia. Neste sentido, um amplificador de poténcia de condensadores
comutados é desenhado para operar a frequéncia de 0.9GHz com o objetivo de produzir
a sua saida o valor de poténcia maxima permitida pelo standard de 23dBm.

A arquitetura inclui uma malha de adaptacao que liga a oito PAs unitarios através de
um filtro LC. Cada PA unitario consiste num amplificador de potencia class-D cascoded,
dois drivers, um level shifter e dois blocos de logica de selecao. Todos estes blocos foram
desenvolvidos usando componentes RF da tecnologia CMOS 130nm da UMC com uma
tensao de alimentacao de 1.2V/2.4V. Os resultados mostram que a arquitetura é capaz de
produzir uma poténcia a saida de 15.61dBm, com uma PAE de 26.52% e uma distorgao
harmonica total de 0.68%. Nas mesmas condicoes, os valores medidos da HD2 e HD3 sao
de -70.23dBc e -43.41dBc, respetivamente.

Adicionalmente, um andar de modulag¢ao foi implementado em VerilogA, de forma
a avaliar o impacto de enviar diferentes simbolos na performance do amplificador. Este
bloco, desenvolvido para uma modulacao 16QAM, é responsavel por gerar o nimero de
unidades de PA a serem selecionados e o relogio de fase que liga a cada PA unitario,

dependendo da amplitude e fase dos pontos da constelacao a serem transmitidos.

Palavras-chave: SCPA, Malha de adaptacao, Classe D Cascoded, PAE, THD, CMOS
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INTRODUCTION

The chapter herein aims to provide a context for the PA to be implemented in a 130nm
Complementary Metal-Oxide-Semiconductor (CMOS) technology with a 2.4V/1.2V sup-
ply voltage. It will be put forward what drives this project and what it intends to achieve.

1.1 Context and Motivation

The rise of connected devices represents the ever-increasing market share of Internet
of Things (IoT). NB-IoT, in particular, is a Low Power Wide-Area Network (LPWAN)
standard that aims to unleash a whole new set of IoT devices and services, such as smart
cities, smart homes and buildings, asset tracking, healthcare monitoring and environmen-
tal monitoring. Furthermore, these require small bandwidth and little need to transmit,
sending small amounts of data on an occasional basis. The services deploying this tech-
nology strive for plenty of coverage, little power consumption (the less, the better), great
efficiency and the ability to connect with many devices. Often, due to the nature of
NB-IoT applications, the designers look forward to endow their devices with a battery
lifetime large enough to withstand over a decade of use. From this perspective, since the
general efficiency of the radio system largely hinges on the efficiency of the PA, aiming
at the highest efficiency possible is paramount to achieve a longer battery lifetime and
decrease costs. Its development can be challenging because it needs to generate a high
output power with great efficiency and enough linearity.

Many of these radio systems have been implemented in CMOS technology, even
though integrating the PA in this kind of systems remains a burdensome task. The reason
for this has to do with the fact that the amplitude of the output power stems from the val-
ues of both voltage and current. Because the supply voltage is constant and low in value,
only the current can be tuned. In order to get a greater current, the transistor must be in-
creased in size, making the chip grow with it, hence hindering the goal of integrating one
inside the other. As a result, most of these radio systems are not fully integrated, having
their matching network (that will be further discussed in this document) implemented

off-chip. Besides, a larger PA entails that more power will get dissipated, thus decreasing
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efficiency. Such dissipated power, released in the form of heat, causes the temperature in
the chip to increase, also harming the PA’s performance.

Nevertheless, due to the low production cost and the possibility of integrating the
whole radio system in one chip - System-on-Chip (SoC) - it becomes compelling to inte-
grate these PAs in a single CMOS radio chip. For this to happen, it is essential to minimize
the power consumption of this block in the transmission chain, so as to obtain a SoC de-
sign with plenty of efficiency for little cost. The SCPA, theme of this thesis, seeks to take
advantage of the scaling of CMOS technology while maintaining sufficient linearity and

high efficiency.

1.1.1 NB-IoT Specifications and Project Goal

In order to implement the PA, it is important to first understand what are the specifi-
cations and frequency bands allowed for NB-IoT applications. Table 1.1 presents the
operation mode, bandwidth, modulation, access and maximum transmitted power re-
quirements, specified in 3GPP releases 13 and 14. Table 1.2 summarises the different

frequency bands allocated to NB-IoT in Europe.

Table 1.1: NB-IoT specifications [29].

CAT-NB1 CAT-NB2
3GPP Release Release 13 ‘ Release 14
Operation Mode FDD (Half Duplex)
Bandwidth 180 KHz
Modulation Uplink: BPSK / QPSK

Downlink: QPSK
Uplink: Single Tone (15KHz / 3.75KHz)

Access SC-FDMA (15KHz)
Downlink: OFDMA (15KHz)
Maximum Transmit Power 20 / 23 dBm ‘ 14/20/ 23 dBm

Table 1.2: NB-IoT frequency bands in Europe [29].

NB-IoT Band Uplink (MHz) Downlink (MHz) Bandwidth (MHz)

B3 1720-1785 1805 - 1880 75
B8 880 - 915 925 -960 25
B20 832 -862 791 - 821 30

Bearing in mind the above-mentioned NB-IoT requirements, the goal of this project is
to implement a PA able to produce a maximum ideal output power of 23dBm. Moreover,
the adopted carrier frequency will be 0.9GHz, which falls within the B8 frequency band
allocated for uplink.
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1.2 Main Contributions

A paper of the presented work title “Design of an RF-CMOS Switched Capacitor Power
Amplifier for NB-IoT RF Transceivers” has been submitted and accepted for the 7th edi-
tion of the International Young Engineers Forum on Electrical and Computer Engineering
- YEF-ECE 2023.

1.3 Thesis Outline

This document is organised into four chapters: Introduction, Literature Review, Design
and Implementation in CMOS technology and Conclusions and Future Work.

The first and current chapter contextualises the SCPA to be implemented and its neces-
sity. It briefly explains the specifications that need to be satisfied for NB-IoT applications
and the goal of the project.

The second chapter, Literature Review, presents the study of the different classes of
PAs and the major issues and limitations in their design. It also presents the different
metrics used to evaluate PAs performances, as well as some efficiency and linearization
enhancement techniques used to overcome PAs limitations. Various examples of imple-
mentations are provided and compared in this chapter. Moreover, the performance of
some state-of-the-art PAs is shown for different technologies.

The third chapter, Design and Implementation in CMOS technology, presents the
design and implementation of the SCPA. It is divided into nine sections. In the first
two sections, the ideal behaviour of the SCPA is analysed and the adopted architecture is
briefly explained. In the next six sections, a detailed analysis of each block that integrates
the SCPA (namely, the matching network, the cascoded class-D PA, the driver, the level
shifter and the selection logic) and the respective results are presented and discussed.
In particular, the impact of adding a new block in the architecture is carefully analysed.
In the eighth section, a final optimization is performed, where the different blocks are
reviewed and the system is simulated across different PVT corners and additional Monte
Carlo analyses are performed. Finally, in the ninth section, an additional modulation
stage is presented in order to analyse the PA’s behaviour when a sequence of symbols is
transmitted.

The last Chapter, Conclusions, summarises the most relevant results for the designed
architecture. It addresses the aspects that could be improved or done differently in the
project.

Lastly, the Appendix, includes the designed schematic of the SCPA, the verilogA code
implemented in the modulation stage and the final simulation of the whole system when

16 symbols are transmitted.
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LITERATURE REVIEW

2.1 Transmitter Architectures

Before diving into the study of the power amplifier, it is of paramount importance to have
an understanding of what types of transmission architectures exist, where the amplifier
fits within these architectures and what components are involved in the processing of the
signal to be transmitted.

Two main groups of transmitter architectures are to be considered: heterodyne trans-
mitters and direct upconversion transmitters. The key difference between these architec-
tures lies in the use of an Intermediate Frequency (IF) by the former before converting
the baseband signal to Radio Frequency (RF), whereas the latter converts the baseband
signal directly to RF. In both architectures, the transmitter is responsible for performing
modulation, upconversion and power amplification. Therefore, they incorporate a Digital
Signal Processor (DSP), Digital-to-Analog Converter (DAC), Mixers, Local Oscillator (LO)
and a PA.

The current section aims to briefly analyse the aforementioned groups of transmitter

architectures.

2.1.1 Heterodyne Transmitter

Currently, the heterodyne transmitter, whose architecture is depicted in Fig.2.1, is the
most popular transmitter architecture.

In this transmission scheme, the digital signal processor and the DAC blocks generate,
from the input bits stream, a baseband signal split into in-phase (I) and quadrature
(Q) components. These processed I and Q signals are modulated in quadrature to their
respective intermediate frequencies and are summed up to produce the IF modulated
signal. One should observe that it is easier to perform the quadrature modulation at
lower frequencies since the quadrature output matching is better than it is for higher
frequencies. In order to eliminate the IF harmonics and reduce the transmitted noise, the
signal is filtered through an IF band-pass filter. Then, the resulting IF modulated signal is
upconverted (to the carrier frequency), filtered through an RF band-pass filter to remove
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the unwanted mirrored sideband, sent to the power amplifier where it is amplified and

further transmitted by the antenna.

Nonetheless, the RF band-pass filter is particularly hard to implement since it has to
reject the sideband by a large factor (typically 50 to 60 dB). This filter is usually passive
and built with expensive off-chip components. Due to the off-chip passive components in
both RF and IF filters, this architecture does not allow full integration [9, 36].

—>| DAC
© \/
RF BPF
DSP X ==

Up-converter

—>» DAC

Quadrature Modulator

Figure 2.1: Block diagram of the heterodyne transmitter.

2.1.2 Direct Upconversion Transmitter

In the direct upconversion transmitter, whose basic block diagram is illustrated in Fig2.2,
the quadrature modulator converts the baseband signal directly to RF, hence the name.
In this architecture, the RF carrier frequency is given by the LO frequency at the mixer
input.

Because this architecture does not require an intermediate frequency, no filter needs
to be implemented to eliminate the mirror sideband that would have resulted from the
IF upconversion. For this reason, and unlike the previously mentioned transmission

architecture, the direct upconversion architecture can be integrated effortlessly.

Nevertheless, this transmitter architecture is not flawless: the “injection pulling” or
“injection locking” of the LO by the PA’s output signal is a major issue. Triggered by the
fact that the spectrum of the PA’s output signal is centered in the same frequency as the
signal the LO generates, this phenomenon can be defined as the shift of the frequency
of the LO’s signal towards the frequency of the noise being undesirably injected by the
PA. As a result, any existing leakage from the PA may corrupt the spectrum of the LO’s
output signal. In order to avoid “injection pulling”, it is necessary to guarantee a reverse
isolation higher than 60 dB [32].
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DAC

Y

DSP

» DAC

Quadrature Modulator

Figure 2.2: Block diagram of the direct upconversion transmitter.

2.2 Power Amplifier

So as to implement a PA, it is worth getting a grasp over the performance parameters
associated with PAs and getting to know the main PA class types. Because the goal of a PA
is to amplify an input signal in a way that it can be transmitted via antenna, linearity arises
as a factor to be taken into account to ensure that the output signal is an exact amplified
replica of the input signal, without distortions of any kind. Likewise, since the PA is the
most power-consuming block in the transmission architecture, maximizing its efficiency
is a matter of the utmost importance. Bearing this in mind, in the present section, both
of these parameters will be subject to further analysis. In addition to this, some metrics
widely used to measure the non-linearities of the PA, which are typically reflected in
terms of spectral regrowth and AM-AM/AM-PM distortions, will be addressed.

PAs can be implemented according to different topologies and configurations, so they
are split into classes (usually organised in two groups: linear mode and switch mode),
where different PA classes present different trade-offs between linearity and efficiency.

These classes will be studied in detail.

Broadly speaking, deploying just one amplifier is not sufficient to obtain the set-out
linearity and efficiency. For this reason, different linearity and efficiency improvement
techniques are generally implemented so as to ensure the best performance of the PA and
the transmission system as a whole. In like manner, these techniques will be addressed
thoroughly. Within these techniques, the RF-based-DAC will be analysed in more detail.
These amplifiers are typically made up of smaller unit PA cells, connected in parallel. A
digital codeword that is built according to the envelope of the input signal is then used to
individually activate these amplifiers in order to produce the output signal. In reality, the
PA that the current work aims to further develop falls within the category of Digital Power
Amplifier (DPA)s, making them the project’s primary focus. Finally, the last section of
this chapter presents a comparison of the state-of-the-art PAs for different technologies.
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2.2.1 Linearity

Power amplifier linearity is of major concern as it guarantees that the amplified output
signal holds the information carried by the input signal unspoiled. Its study becomes
more important as the amplifier operates with larger input signals, causing nonlinear
effects to appear. These nonlinear effects lead to the amplitude distortion of the output
signal, which is reflected in two ways: the compression effect, when a sinusoidal signal
is applied at the input (single-tone test), or the intermodulation (IM) products, when
two sinusoidal signals close in frequency are applied at the input (two-tone test). In this
section, both these effects are studied.

The 1dB compression point is an important parameter to analyse the compression
effect and can be described as the theoretical point at which the real output power de-
creases 1dB from the ideal output power. From this point on, the real output power no
longer increases linearly with the input power and rapidly reaches its maximum value
(Psat), leading to power gain compression. This behaviour is illustrated in Fig.2.3. For this
reason, the 1dB compression point defines the limit between the linear and the nonlinear
operation regions of a RF PA. It is desirable to operate near the 1dB compression point,

where the RF PA reaches its maximum efficiency with acceptable linearity.

A
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o
9: | Third order intercept
é | point (IP5) ,
S \ / . Saturation
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OP‘]dB e * ........ ' :';',;J‘:' 7
" Fundamental 4
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Figure 2.3: 1dB compression point and third-order intercept point. Adapted from [39],
Chapter 2.

The above-mentioned intermodulation products are odd order mixed products of the
two input frequencies. These products are depicted in Fig.2.4, where w; and w, corre-
spond to the input signals’ frequencies, 2w, — w; and 2w, — w, correspond to third-order
intermodulation products and 3w; — 2w, and 3w; — 2w, correspond to fifth order inter-
modulation products. Due to their proximity with the main frequencies, the third-order
IM products cannot be filtered out so they will interfere with the desired signals. In order

to analyse their impact, the third-order intercept point is used. This point, illustrated in

8
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Fig.2.3, is obtained when the extrapolated curve of the third-order IM products intercepts
the extrapolated curve of the fundamental carrier and indicates how large the PA input
signals can be before IM products appear. Typically, its output power value, OIP;, is
10 dB higher than the 1dB compression point output power of the fundamental carrier,
OP, ;5. Notwithstanding, this approach is not practical, as this point is placed in the

nonlinear PA operation region.

A Fundamental tones
Wy W 3 order IM products
(o] (o]

5 order IM products

2(.01 - Wo 2(.02 - W4 /

3(.01 - 2(1)2 30.)2 - 2(.01

Output Power

Af o= Af < Af ol Af = Af

\ 4

Frequency

Figure 2.4: Spectrum of two-tone IM products. Adapted from [39], Chapter 2.

2.2.2 Error Vector Magnitude

The non-linearities of the PAs are often characterized using AM-AM and AM-PM dis-
tortions. The AM-AM distortion describes the effect of the compression or saturation of
the output power with the increase of the input power, analysed in the previous section.
The AM-PM distortion, in its turn, describes the phase difference between the input and
output signals, which is a consequence of the nonlinear capacitors within the PA.

Typically, when the PA operates with non-constant envelope signals, such as quadra-
ture amplitude modulation (QAM) signals, these non-linearities can strongly impact the
constellation of the transmitted signals. In fact, the AM-AM and AM-PM distortions
will cause the constellation points to deviate from the ideal constellation points in both
amplitude and phase. As a result, the constellation points are more dispersed and rotated
when compared to the constellation points of the input signal. An example of this effect
is depicted in Fig.2.5 for a 16-QAM signal.

The Error Vector Magnitude (EVM) arises as a metric to evaluate the accuracy of the
modulated transmitted signal, by measuring the difference between the ideal constella-
tion point and the transmitted one (the bigger the distance between these two points, the
worse the EVM will be). Likewise, the higher the AM-AM and AM-PM distortions are,
the worse the EVM will be.
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Figure 2.5: Effect of the AM-AM and AM-PM distortions in a 16 QAM constellation.

Another interesting phenomenon that might appear in PAs is the memory effect, in
which previous symbols affect the current transmitted symbols. It usually occurs due to
the biasing networks and the non-idealities of the devices [50], Chapters 1, 2 and 3. If
the output node is not properly discharged at the moment the second symbol is being
transmitted, the previous symbol might impact the current transmission. Although in
this work the constellation of the transmitted symbols is not going to be analysed, a

sequence of different symbols will be transmitted in order to evaluate this impact.

2.2.3 Spectral Regrowth

As discussed in section 2.2.1, unwanted intermodulation products may appear in the
output spectrum of the PA when two input signals are applied. These harmonics may
lead to what is known as spectral regrowth of the transmitted signal. Spectral regrowth is
described as the extension of the band of the output signal, that can go up to three times
the original band, in the case of the third-order IM products, or five times the original
band, in the case of the fifth-order IM products [39]. When it happens, the spectrum
of the adjacent channels might be compromised. Two metrics commonly used to limit
the spectral regrowth are the Adjacent Channel Leakage Ratio (ACLR) and the Spectrum

Emission Mask.

2.2.3.1 Adjacent Channel Leakage Ratio

In order to limit the amount of power that leaks into the adjacent channels and pollute
their spectrum, the ACLR standard metric has to be satisfied. ACLR is defined as the ratio
of the integrated power in the adjacent channel over the integrated power in the band, as
shown in reference [50], Chapter 7. Fig. 2.6 presents an example of the ACLR.
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Figure 2.6: Example of Adjacent Channel Leakage Ratio (left) and Spectrum Emission
Mask of a 20 MHz channel for 3GPP LTE Standard (right). Adapted from [39].

2.2.3.2 Spectrum Emission Mask

Additionally to ACLR, the Spectrum Emission Mask requirement has to be taken into
consideration. The idea behind it is to define different masks of power levels that cannot
be surpassed. These maximum power levels are set comparatively to the power in the
centre of the channel and will vary according to the standard used [39]. Fig. 2.6 presents

an example of the Spectrum Emission Mask.

2.2.4 Efficiency Metrics

Efficiency is one of the most important performance parameters in RF power amplifiers, as
they are often the dominant energy dissipators in a transceiver. It quantifies the amount
of consumed Direct Current (DC) power that is converted into useful RF power. Due to
the PA high power consumption, high efficiency is crucial to improve the battery lifetime
of NB-IoT applications. Two traditional metrics commonly used for evaluating efficiency
are presented below. In this work, the PAE is used as a metric to evaluate the efficiency.

2.2.4.1 Drain Efficiency

The drain efficiency gives the ratio of the RF output power to the input DC power required
to bias the amplifier:

Pout
Ppc

ﬂd(o/o) =100x (2.1)

Although this metric is good for evaluating the impact the load network and the
biasing may have, it is limited since it does not measure the effects of the input side of
the PA in terms of efficiency.

2.2.4.2 Power-Added Efficiency

The PAE is similar to the drain efficiency, except the RF input power is taken into account.
In literature, different approaches are considered while defining the PAE, as the RF input

11
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power can be removed from the RF output power or be added to the DC power supply.

Nevertheless, the former is the most common and is given by:

P,.,—-P 1
PAE(%):lOOx%:WP— = ) (2.2)
DC ain

Note that the PAE can also be rearranged in terms of drain efficiency and RF power
gain G, (P,,;/P;,). This metric makes it possible to analyse what is happening at the
input side and thus estimate more accurately the energy consumed by the PA.

However, it is important to clarify that for some projects, namely this one, it is not
possible to consider the impact of the input power, since the amplifier itself generates the
output voltage. In this circumstance, both the PAE and the drain efficiency will measure

the same.

2.2.5 Classes of Power Amplifiers

Power amplifiers are traditionally arranged in different classes according to the circuit’s
configuration and the conduction angle. The classes of PAs can be lumped into two main
groups: Linear Mode and Switch Mode PAs. In the linear mode group (classes A, AB, B
and C), the PA uses a transistor as a voltage-controlled current source, whereas in the
switch mode group (classes D, E, F, etc), the PA uses a transistor as a switch. In the

following sections, these two groups will be described and compared in some detail.

2.2.5.1 Linear Mode Power Amplifiers

Linear mode power amplifiers are endowed with high linearity, despite presenting a
reduced efficiency (always lower than 100% even in the ideal case) when compared to
switch mode power amplifiers. Thereby, this group aims to amplify non-constant enve-
lope signals such as amplitude-modulated signals. Every linear mode power amplifier
class follows the topology depicted in Fig.2.7, where the Cg; ok refrains the DC current
from passing through to the load and the parallel L,C, forms a filter tuned to the funda-
mental frequency. The different classes are distinguished by the conduction angle, which
is chosen according to the bias voltage. This conduction angle can vary between 0 and
360° (or 27r) and defines the duration for which the transistor is conducting (the current
is flowing through the load).

As demonstrated in [39], Chapter 3, the maximum drain efficiency of any linear mode
PA can be calculated by applying the following expression:

a —sin(a)

4(sin(%)—%cos(%))’

qd(max)(o/o) =100x (2.3)

where a corresponds to the conduction angle of the PA. From the equation, one can
easily see that decreasing the conduction angle allows us to achieve higher efficiency.
Bearing this in mind, let us now discuss in more detail the classes in this group.

12
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Figure 2.7: Scheme of linear mode power amplifiers.

i. Class-A Power Amplifier

In a class-A power amplifier, the transistor is biased so the quiescent bias current! is
half the maximum drain current, allowing the device to remain in the saturation region
for an entire cycle of the input signal. As a consequence, the device conducts current along
its 360° (or 27) conduction angle, producing a waveform similar to the input waveform.
Class-A’s biasing point, ideal drain current and drain-to-source voltage waveforms are
presented in Fig. 2.8, where theoretical Vpg(ay) is given by 2Vpp and Ip(ax) corresponds
to 2Vpp/R;.

Ipg ‘
Ips(max) Output signal

---- Voltage
o VDS(max) —— Drain current

IDS(max)

Vps

A
\

Input signal Angular time [rad]

Figure 2.8: Class-A’s biasing and ideal drain voltage and current waveforms.

I The quiescent bias current corresponds to the amount of current consumed by the circuit when no input
drive is applied.
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Due to its wide conduction angle, this class presents the best linearity among all
classes. However, higher linearity comes at the expense of lower efficiency, as the transis-
tor is conducting at all times. Recalling the drain efficiency expression 2.1, one can see

that the maximum efficiency for this class is given by:

(2.4)

2

Vout(max) )2
Vop |’

1
Ud(max)(o/o) =100 x —(

where the maximum absolute value of the output signal V() is Vpp, leading to a
theoretical maximum drain efficiency of 50%. The same result can be obtained by using
the generic expression of the efficiency for linear mode power amplifiers presented in
Eq.2.3 when the conduction angle is 360°. Nevertheless, because the transistor requires a
certain voltage in order to enter the saturation region, the output voltage can never reach
Vpp. The same applies to drain current and source-to-drain voltage, as they cannot go

up to their theoretical maximum values either.

ii. Class-B Power Amplifier

In a class-B power amplifier, the transistor is biased at the threshold voltage, where
there is no quiescent bias current, allowing the device to easily change its operation
between the saturation and cut-off regions. In this case, the transistor remains in the
saturation region for just half the input signal, meaning the device conducts current for
a conduction angle of just 180° (or 1), thus producing a sinusoidal waveform in the first
half of the period and a zero signal in the second half. Class-B’s biasing point, ideal drain
current and drain-to-source waveforms are illustrated in Fig.2.9, where Vpgax) and

Ip(max) are the same as for class-A amplifiers.

A

Ips

Imax -+

---- Voltage

Output signal
P & VDS(max) —— Drain current

IQ IpS(max)
VDS

Input signal

Angular time [rad]

Figure 2.9: Class-B’s biasing and ideal drain voltage and current waveforms.
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Moreover, having a shorter conduction angle than its class-A counterpart, class-B
power amplifiers make it possible to achieve a higher drain efficiency. One can obtain the
maximum drain efficiency using the expression 2.3, when the conduction angle, «, is 180°.
This results in a theoretical maximum efficiency of 78.5% (once more, this value cannot
be reached since the output voltage is always lower than Vpp). Although the reduction
of the conduction angle implies an increase in the maximum drain efficiency, having the
transistor be shut off creates undesired distortion products that affect its linearity, which

is already lower than that of class-A.

iii. Class-AB Power Amplifier

Class-AB power amplifiers are placed between class-A and class-B operation modes,
so their conduction angle varies between 180° (or 7t) and 360° (or 27). Consequently,
as the conduction angle increases, the time the transistor is driving increases, causing
the maximum drain efficiency to decrease from 78.5% to 50%. Despite this, there is an
increase in linearity, suggesting a trade-off between linearity and efficiency should be
considered. In fact, by varying the biasing point, it is possible to choose the conduction
angle that best suits the circuit’s requirements. Class-AB’s biasing point, ideal drain

current and drain-to-source voltage waveforms are represented in Fig. 2.10.

Ips

Ips(max)|

Output signal

---- Voltage
VDS(maxlk —— Drain current

IpS(max)

Io

< . Input signal

Figure 2.10: Class-AB’s ideal drain current and voltage waveforms.

Angular time [rad]

iv. Class-C Power Amplifier

In a class-C power amplifier, the transistor is biased below the threshold voltage.
Thereby, the transistor remains in the saturation region for less than half a cycle of the
input signal, meaning its conduction angle is below 180° (or pi). Class-C’s biasing point,
ideal drain current and drain-to-source voltage waveforms are represented in Fig.2.11.

The maximum drain efficiency of a class-C PA can be calculated using expression 3.35, by
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varying the conduction angle, a, from 0° up to 180°. By reducing the conduction angle
towards zero, the theoretical maximum drain efficiency increases from 78.5% to 100%.
However, its linearity plummets as well as its maximum output power. Due to their poor

linearity, class-C power amplifiers are best suited to amplify constant envelope signals.

Ips

Ips(max) |

---- Voltage
Output signal VDS(maXlk —— Drain current

A Ips(max)

f Input signal

Angular time [rad]

Figure 2.11: Class-C’s ideal drain current and voltage waveforms.

2.2.5.2 Switch Mode Power Amplifiers

Unlike linear mode power amplifiers, switch mode power amplifiers are characterized by
their high efficiency but poor linearity. The reason behind this is that the transistors are
operated as switches, instead of controlled current sources. Posited that the transistors
act as ideal switches, no power losses occur and the maximum theoretical drain efficiency
is 100%. On that account, switch mode PAs are commonly used to amplify constant

envelope signals.

i. Class-D Power Amplifier

A class-D power amplifier uses two transistors in a push-pull configuration and can
be either implemented in voltage, Class-D Voltage-Mode (CDVM), or current, Class-D
Current-Mode (CDCM). Voltage-mode PAs are often called class-D PAs, whereas current-
mode PAs are known as inverse class-D PAs. Fig. 2.12 presents the class-D power ampli-
fier topologies for each of these operation modes. Both these architectures share a similar
behaviour with the CMOS inverter, in which each transistor is driven with opposite square
waves to ensure that only one is selected at a time.

By analysing the drain voltage and the drain currents of the transistors marked in
the CDVM topology, one can obtain the waveforms depicted in the first column of Fig.
2.13. Looking into the figure, it is possible to see that when the input voltage is low and
the PMOS is selected, the V assumes a high value close to Vpp. At the same time, the
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Figure 2.12: Voltage mode Class-D PA and Current mode Class-D PA architectures, re-
spectively

current Ip, will flow from the PMOS through the load. Because the NMOS is at high
impedance, no current will flow through its branch. The same reasoning can be applied
when the input voltage is high and NMOS is selected. In this way, a square waveform is
generated at the node V. The LyC filter, tuned to the carrier frequency, removes the

harmonics of the square wave, producing a sinusoidal signal.

This conventional class-D PA presents some issues, especially when it comes to op-
erating at higher frequencies. In the first place, the capacitances of the transistors that
are charged and discharged during the switch cycle lead to inevitable losses. These losses
tend to increase as the frequency goes up. Secondly, since this architecture uses both
NMOS and PMOS transistors, it is necessary to design the PMOS larger in size than the
NMOS, so the on-resistance in the former equals the on-resistance in the latter. How-
ever, increasing the area of the transistor leads to the increase of the input capacitance
and, ultimately, the switching time [39, 52]. These topics will be further analysed in this

document.

In turn, by analysing the drain voltages and currents marked in the CDCM topology,
one can obtain the waveforms presented in the second column of Fig.2.13. In this config-
uration, depending on the applied input voltage, either M1 or M2 transistors are selected
and the DC current is switched between one branch and the other. At the same time, the
drain voltage of the selected NMOS is connected to ground, while the drain node of the
other NMOS will start charging, hence the transitory state. Taking into account that both
transistors are connected to ground, during the switch time there is no voltage across
them (and consequently insignificant discharge losses). This phenomenon is known as
Zero Voltage Switching (ZVS) and allows the CDCM to achieve higher efficiencies than
the CDVM.

Nonetheless, this type of amplifier shows poor linearity and, despite the theoretical
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Figure 2.13: Ideal voltage and current waveforms for a voltage-mode class-D and a
current-mode class-D, respectively.

drain efficiency being 100%, in reality this value is way lower. For this reason, class-D PAs
are usually implemented along with linearization and efficiency enhancement techniques.
Besides allowing to achieve better efficiency and linearity, some of these techniques (such
as Polar and Outphasing) also allow the operation of class-D PAs at higher frequencies.
References [6, 12] are examples of a class-D PA implemented with Polar and Outphasing

techniques at GHz frequencies. These techniques will be discussed in the next section.
ii. Class-E Power Amplifier

In the class-E switched power amplifier, the switch operation is performed using a
single transistor. Two types of class-E PAs are to be considered: zero-voltage switching
(ZVS) and zero-current switching (ZCS). Let us focus on the more basic topology, class E
ZVS, depicted in Fig. 2.14.

To understand the principle of the class-E PA, let us observe Fig. 2.14. One can see
that when the switch is turned on and the current flows through the drain branch, the L,
inductor is charged. By the time the switch is turned off, all this current flows through
the C; capacitor and the voltage at the V node increases. The L(C filter forces this
voltage to return to zero at the time the switch is turned on again. As a result, unlike
class-D, class-E PAs allow for a less sudden decrease of voltage due to the C; capacitor
(that includes the inherent parasitic capacitance of the transistor). Besides, in view of the
fact that the voltage is zero when the switch is off, there are no switching losses [39]. This

effect, also studied in the previous section, is the ZVS.
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Figure 2.14: Class-E PA.

The class-E PA can also be designed to operate as Zero Current Switching (ZCS), where
the switch is turned off at zero current. In such case, its topology does not include the
C; capacitor. As a result, when the switch is selected, there are losses due to the output
parasitic capacitance. For this reason, class-E ZCS show less efficiency than class-E ZVS
when operating at higher frequencies. [27]

Similarly to other switch modes PAs, the theoretical efficiency of the class-E PA is
100%. However, any stress of the device provoked by a large peak of drain voltage leads
the efficiency to decrease. Besides, it is necessary to ensure that the switch operation is
fast enough so that the requirements imposed by the drain current are accomplished [39].
Since the transistor capacitance is absorbed by the matching network, losses no longer
occur due to the switching operation. As a consequence, the class-E PA is widely used in
high-frequency applications.

Different implementations can be found in the literature. Reference [16] shows a
differential class-E PA implemented in 0.18um CMOS technology for a 2.4GHz frequency.
They were able to obtain an output power of 28.5dBm with a drain efficiency of 45%.
References [1, 2] are also examples of cascode and differential implementations of this

amplifier.

ii. Class-F Power Amplifier

The class-F power amplifier takes advantage of the load network to resonate both the
fundamental frequency and its harmonics. The idea behind this technique is to eliminate
the undesired harmonics of the signal by controlling the way they are terminated. Fig.
2.15 shows the generic circuit of a class F PA. Here, the switching operation is done by
using a single transistor and an adjustable load network is designed to tune the harmonics
of the input signal at the fundamental frequency.

Looking into the picture, it is possible to see that if a very high impedance is provided
to the odd harmonics (which results in an open circuit) and a very low impedance is

provided to the even harmonics (which results in a short circuit), a square wave voltage
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is obtained at the output of the resonator blocks. Note that for this to happen, the PA
needs to be biased at the threshold voltage, similar to the class B PA, so the current is a
half-rectified sine wave. Naturally, the higher the number of resonators, the better the
filtering of the harmonics and the closer the output power is to a perfect square wave.
Notwithstanding, the limited quality factor of the reactive components typically limits
the maximum efficiency of the PA and, consequently, the number of resonator blocks
used. Since a higher number of resonator blocks imply a higher number of inductors,

the number of blocks is usually limited to an optimum value that allows achieving high

efficiency.
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Figure 2.15: Class-F PA.

These type of PAs can also be designed to provide an open circuit to the even harmon-
ics and a short circuit to the odd harmonics. In this case, the PA is biased like in a class-A
and square wave current is obtained at the output. This configuration is named inverse
class E. In this ideal configuration, where the load network uses ideal components and
the intrinsic parasitics of the transistor are not considered, no power dissipation occurs,
leading to a maximum theoretical efficiency of 100%. However, in a real implementation,
this theoretical value is never achieved.

Reference [17] presents an implementation of a CMOS class-F PA designed to operate
at 2.4GHz. In this implementation, the load network was designed to filter up to the
third harmonic. They were able to obtain a maximum output power of 19.2dBm with a
maximum PAE of 26%. Reference [11] presents an implementation in Gallium Nitride
(GaN) of a class-F and inverse class-F dual bands PA, to operate at 1.4GHz and 2.1GHz.
The results show the PA achieves a drain efficiency higher than 72% and 69% in the two

operation bands.

2.2.5.3 Comparison between Power Amplifier Classes

This section aims to summarize the performance parameters of the different PA classes
studied in this section. Table 2.1 presents the trade-off between linearity and efficiency

among all class modes.
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Table 2.1: Theoretical drain efficiency and linearity in RF PA classes.

Class Mode Conduction angle [%] Max. drain efficiency [%] Linearity

A Linear 100 50 Good
AB Linear 50-100 50-78.5 Good
B Linear 50 78.5 Moderate
C Linear <50 78.5-100 Poor
D Switch 50 100 Poor
E Switch 50 100 Poor
F Switch 50 100 Poor

2.2.6 Efficiency and Linearization Enhancement Techniques

As mentioned before, in order to surpass the degradation in efficiency at the output
power back-off 2 and boost the linear performance of a single PA, different efficiency
enhancement and linearization techniques have been proposed. In the section herein,
those techniques and architectures will be examined, along with their advantages and
drawbacks. Note: Some of these techniques already integrate the transmitter architecture

analysed in chapter 2.1.

2.2.6.1 Doherty Technique

One way to enhance the efficiency of a linear power amplifier is to use the Doherty
technique. Its traditional architecture, illustrated in Fig.2.16, combines two linear power
amplifiers in parallel: the main or carrier power amplifier and the auxiliary or peaking
power amplifier. The main PA, usually biased in class A, B or AB, operates over the whole
power range, while the auxiliary PA, biased in class C, only operates when a higher output
power level, usually 6dB below saturation power, is required and the main PA begins to
saturate [41, 39].

The idea behind this technique is to have only the main PA operating in linear mode
at the maximum efficiency for low-input drives. When the input drive increases and
the output power level saturates to a point where the voltage gain starts to decrease, the
auxiliary PA begins to supply current to the load, increasing the output power level and
the impedance seen at the output node. By using a quarter-wavelength transmission line
(impedance inverter), it is ensured that the main PA output impedance decreases up to
2R;. To do so, another quarter-wavelength transmission line is necessary at the input
of the Auxiliary PA to compensate for the 90° phase shift introduced by the latter [39].
Therefore, by adjusting the amount of auxiliary PA output current, it is possible to guar-
antee that the output power level is such that the efficiency of the main PA is maximum

for the whole input power range. However, quarter-wavelength transmission lines are not

2 As power amplifiers operate near the nonlinear region to maximize their efficiency, every slight increase
in power leads to output power saturation. The power backoff corresponds to the amount of power that has
to be subtracted to avoid this effect.
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practical when it comes to the use of RF signals, since they occupy a very large area. As
a result, many implementations have been replacing the transmission lines with lumped

elements or SCT transformers [39].

N4 @ wg

Main PA

Transmission line

RFin, —e ¢
RL
Transmission line

Aux PA

N4 @ w

Figure 2.16: Doherty PA architecture. Adapted from [39], Chapter 5.

Reference [28] presents an example of a conventional Doherty PA implemented in
0.18um CMOS technology. References [26, 3] are examples of transformer-based Doherty
PAs. Reference [56] shows a “cascode-cascade” Doherty PA implemented with lumped

elements (LC 7 networks).

2.2.6.2 Outphasing

Outphasing, also known as linear amplification with nonlinear components (LINC), is
a technique where the varying envelope input signal is decomposed through a signal
component separator into two signals with different phases and constant envelopes. Each
of these signals is amplified and then recombined together at the output (with a passive

power combiner) to reconstruct the desired signal. This procedure is depicted in Fig.2.17.

i Signal
x(t) o—> Component
Separator

Figure 2.17: Outphasing/LINC PA architecture.

Observing Fig.2.17, one can see that when signals s;(t) and s,(t) are in phase, the

resulting signal has a larger envelope, whereas when the signals are in antiphase, the
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amplitude of the combined signals is cancelled out, producing a low envelope output
signal. Note that for this technique to work properly, a delay matching between the two

paths is required.

Since PAs amplify constant envelope signals, switching PAs can be used. This allows
for very high efficiency without spoiling linearity. Notwithstanding, the power combiner

used to obtain the modulated output signal is highly consuming, leading to power waste.

References [4, 20, 18, 15] are examples of PAs implemented with outphasing tech-

niques.

2.2.6.3 Predistorted PAs

A commonly used technique to improve the linearity of the PA is the Predistortion. In
such technique, instead of applying the input signal directly in the PA, the signal is first
predistorted. By doing this, the non-idealities of the distorted signal are cancelled out

during the amplification process.

The predistortion can be either analogue or digital. Typically, in an analogue imple-
mentation, a circuit is connected in parallel to the transistor bias. This circuit is used to
cancel out the distortions caused by the nonidealities of the amplifier (in particular, the
intrinsic parasitic capacitances). However, this kind of predistortion usually offers small
improvements and it is not sensitive to any variations of the conditions at which the PA
operates [39].

On the other hand, in a digital implementation, the input signal is typically used by
a Lookup table (LUT) that controls the predistortion circuit. Usually, this solution offers
better results when compared to the analog counterpart, although it is also not able to
adapt to the variations in the PA conditions. In order to surpass this issue, closed-loop
solutions can be implemented, where the lookup table receives an attenuated version of
the output signal in baseband. In this way, the predistortion circuit is also controlled
by the output signal of the PA. However, this solution increases the complexity of the

architecture which is translated into higher costs [39].

In some works, the combination of the analogue and digital predistortions can also
be found. In reference [8], two digital signals are predistorted digitally and modulated
using different carriers. The two signals are applied to an analogue predistorter and
a single RF signal is sent to the PA. The results show an improvement in the output
spectrum, where the intermodulation products are clearly attenuated. In this solution,
the lookup table concept is not employed. Reference [37], on the other hand, implements
a narrowband dithering technique in feedback channel quantization to improve the effect
of a closed-loop digital predistorter. Here, the idea is to inject a dithering signal before the
quantization to reduce the non-linear effects and be filtered by the narrow-band digital
filter. This combined solution allowed to improve the performance of the overall system

by more than 4dBm.
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2.2.6.4 Polar or Envelope Elimination and Restoration Technique

In the Envelope Elimination and Restoration (EER) technique, whose architecture is
presented in Fig.2.18, the RF input signal is processed along two different paths. In
the first path, the signal is passed through a limiter, where its envelope is eliminated,
resulting in a constant phase-modulated signal that is used to drive the input of the PA.
The phase-modulated signal can then be amplified. In the meanwhile, in the second path,
the signal goes through an envelope detector where its envelope is obtained and further
sent to the PA supply modulator (Low Frequency Amplifier). Depending on the envelope
information, the modulator varies the supply voltage going to the RF PA, so the input
envelope is restored. Hence, the PA combines the phase information received at the input
with the envelope information, to restore the signal at the output.

Figure 2.18: EER PA architecture. Adapted from [39], Chapter 5.

A similar approach can be made where the separation of the input signal into phase
and amplitude components is made in baseband instead of RF. Thereby, a DSP is
used to separate the baseband signal into both components. Hence, the constant phase-
modulated signal is upconverted to the carrier frequency provided by the LO and sent
to the PA. For this reason, the limiter and the envelope detector are dismissed from this
architecture. This technique is also known as Polar technique and its block diagram is
illustrated in Fig. 2.19.

Since the PA’s input signal has a constant envelope, switch-type PAs are the most
used in these techniques. For this reason, EER and Polar architectures can achieve high
efficiency and provide good linearity.

Regardless of its favourable characteristics, this architecture poses some challenges.
Firstly, in order to efficiently restore the input signal, it is necessary to guarantee that the
envelope and the RF paths are time aligned. Secondly, bearing in mind that the overall
efficiency depends on both the supply modulator and the PA, a high-efficiency modulator
is needed. Nevertheless, the efficiency of this kind of modulator is affected when the
input signal bandwidth increases. Lastly, considering that the phase-modulated signal
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entails a higher bandwidth than the original input signal, this technique is confined to

narrowband applications. [39]

DSP

Figure 2.19: Polar/EER PA architecture. Adapted from [39], Chapter 5.

Reference [45] presents an EER architecture that uses a class-E PA and a class G
supply modulator in 130nm CMOS. The class G linear supply modulator operates with
two power supply voltages. The first power supply voltage is used for as long as the input
signal amplitude is smaller than a certain threshold. Above this point, the second power
supply voltage is used instead. The dynamic nature of the supply modulator allows to
achieve higher efficiency. References [30, 38] show PAs that use EER and EER/Polar

techniques.

2.2.6.5 Envelope Tracking Technique

The Envelope Tracking (ET) emerges as an alternative technique to EER, where the limiter

is removed from the architecture, as shown in Fig. 2.20.

Envelope Developer

e —

i

Figure 2.20: ET architecture. Adapted from [39], Chapter 5.

Observing Fig. 2.20, one can see that, by removing the limiter, the PA’s input signal
includes both phase and amplitude information, while with the EER technique, the PA’s
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input signal contains phase information only. As a consequence, the envelope signal that
goes through the supply modulator is now only used to provide the required voltage to
the PA. The modulator supplies the PA with just enough voltage (that varies according to
the envelope of the modulated input signal) so that the input signal can be amplified.

In view of the fact that both the amplitude and phase information are provided at the
input of the PA, the requirements of phase matching between the RF and the envelope
paths are softened. Moreover, because the PA’s input signal and the baseband signal
bandwidths are the same, this architecture makes it possible to work with signals with
larger bandwidth than EER architectures. However, unlike EER, the PA’s input signal has
a varying envelope, so this technique aims to enhance the efficiency of linear PAs.

Reference [48] presents an ET PA implemented in 0.18um siGe BiCMOS technology.
In references [24] and [22] ET PAs are implemented in 0.18ym CMOS technology. The
ET PA architecture may also be combined with other above-mentioned techniques. Ref-
erences [49, 23] are examples of an ET PA technique combined with EER and Doherty

techniques, respectively.

2.2.6.6 RF-DAC based PA

Every digital-based power amplifier architecture springs from the EER architecture, stud-
ied in the previous section. Here, the PA and the supply modulator are replaced by a
power RF DAC composed of several units of PA cells. For this reason, DPAs are also
known as RF-Power-DAC:s. In this architecture, the unit PA cells are connected in parallel
and selected according to a digital code word that depends on the envelope of the input
signal. Thus, by selecting the unit PA cells to be summed at the output, it is possible to
modulate the output signal [50, 47, 25]. Fig.2.21 illustrates this procedure for a polar

configuration.

A

Decoder

o L;lk
DSP M RF oyt
Ay >

SR

Figure 2.21: Block diagram of the DPA composed of unit PA cells and a decoder. Adapted
from [50], Chapter 8.

Broadly speaking, DPAs can be sorted into current mode and voltage mode. When

operating in current mode, unit current cells are switched at the carrier frequency. Each
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current cell is made of a transistor operating as a current source and the output current
is obtained by enabling or disabling these current cells [50, 45]. Fig. 2.22(b) illustrates
this current switching structure. DPAs of this kind are inherently nonlinear due to the
finite output impedance of the transistor when it operates as a current source. As a
result, it can be very difficult to obtain a high output power and guarantee both high
efficiency and linearity at the same time. For this reason, it is of major concern to design
each current cell with high-output impedance to boost linearity. Typically, most of these
conventional DPAs are implemented with additional bits of resolution (more unit PA
cells) along with linearization techniques (such as digital predistortion) to enhance the
overall linearity [50, 45]. References [46, 13, 43] show examples of current-mode DPAs
implemented in polar configuration. The last two are specifically designed for NB-IoT
applications. Reference [10] presents a quadrature dual-band transmitter with a current-
mode DPA.

VppVGoND VDDVGND VDDVGND  VDDVYGND

(a) Voltage Mode digital based PA (b) Current Mode digital based PA

Figure 2.22: DPA technique: (a) based on switch capacitors (b) based on switch current
sources. Adapted from [50], Chapter 8.

In turn, in voltage mode DPAs (also named SCPAs), the transistor of each PA cell
acts as a switch and controls the amount of charge that is distributed to an array of
capacitors [50]. As shown in Fig 2.22(a), depending on the envelope of the input signal,
the bottom plates of the capacitors are either switched, at the carrier frequency, between
ground or the supply voltage or held at the ground. Unlike current mode DPAs, SCPAs
do not suffer from the abovementioned nonlinearities. However, due to the device’s
capacitances and the nonlinear behaviour of the Metal-Oxide-Semiconductor Field-Effect
Transistor (MOSFET) switches, the linearity is slightly affected. Additionally, this kind
of digital amplifier poses a limitation: the maximum power output signal is restricted
to the supply voltage. Despite this, SCPAs can easily yield a high output power with
high efficiency and good linearity. Furthermore, this technique has the advantage of
scaling very easily with CMOS technology with weakened parasitics: firstly, because it
uses capacitors that are area efficient and, secondly, because it uses fast CMOS switches.
All things considered, voltage-mode DPAs and, in particular, SCPAs, are usually the
preferred choice within digital PAs.
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Reference [47] presents a fully integrated SCPA for polar transmitters. The circuit
was implemented in a 0.90ym CMOS process and achieves peak P,,; and PAE values
of 25.2dBm and 45% respectively. Other voltage-mode DPA configurations have also
been implemented: references [55, 21] present a SCPA in quadrature configuration and
reference [5] in multiphase configuration. References [53, 44] are examples of Class-G
SCPA implementations that achieve high power efficiency at the output power backoff
by using two power supply voltages (and thus having the supply voltage greater than
Vpp)- This allows to work around the problem that typical SCPA implementations face
of having their output voltage limited by the supply voltage.

2.2.6.7 Comparison of Techniques

Table 2.2 presents a brief overview of the major advantages and drawbacks related to
each efficiency and linearization technique studied in the previous section.

Table 2.2: Comparison of efficiency and linearization techniques.

Technique Advantages Drawbacks
Possible use of lumped elements Large overall area;
or SCT transformers; Less efficient (Linear PAs);
Doherty Easy implementation; Narrowbandwidth;
High synchronization;
Very high efficiency; Power combiner;
Outphasing Easy implementation; High synchronization;
Narrowbandwidth;
Increases linearity; Digital implementations
Predistortion Increases efficiency increase complexity and costs;

Requires high bandwidth;

Degradation of the modulator

EER/Polar Very high efficiency efficiency for wideband signals;
with good linearity; Narrowbandwidth;
High synchronization;
Very high efficiency
RF-based-PA with good linearity; Narrowbandwidth;

No modulator used;

Low Synchronization;
ET Lower modulator bandwidth Less efficient (Linear PAs);
needed compared to EER;
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2.2.7 Comparison of Published PAs

A vast number of works have been published in the last years using different technologies
and targeting several applications. Most of these works have been collected, examined
and can be found in the survey presented in [33]. So as to have a better understanding of
how the PA’s performance varies according to the technology, some of these works were

extracted from this survey and are presented in this section.

Saturated Output Power vs Frequency
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Figure 2.23: Saturated Output Power and Frequency of the SoA Power amplifiers.
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Figure 2.24: Peak Power Added Efficiency and Saturated Output Power of the SoA sub-
2.5GHz Power amplifiers.

Fig. 2.23 shows the saturated output power of the PA as a function of the frequency for
CMOS, Gallium Arsenide (GaAs), GaN, Laterally Diffused Metal Oxide Semiconductor
(LDMOS) and Silicon Germanium (SiGe) technologies. Fig. 2.24 depicts the peak PAE
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as a function of the saturated output power for the same abovementioned technologies,
when the frequency application is below 2.5GHz.

From Fig.2.23 it is possible to observe that, regardless of the technology used, increas-
ing the frequency application limits the maximum output power. Besides this, it is also
possible to conclude that CMOS and SiGe technologies present the worst performance
among all. This result is also clear when looking into the data presented in Fig.2.24. This
suggests that there is a limitation in the design of PAs when implemented with CMOS
technology (marked in the figures with a blue line). These limitations are mainly due
to the limited voltage supply (that can go up to 2Vpp), along with breakdown phenom-
ena (oxide breakdown) and hot carrier degradation, that arise when the technology is
scaled down and the electrical field in the oxide layer increases. Moreover, the limited
voltage swing due to the threshold voltage, the losses of integrated inductors and trans-
formers and the losses of the transistors also play an important role in the CMOS poor

performance [39].
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3

DEsIGN AND IMPLEMENTATION IN CMOS

TECHNOLOGY

3.1 Switched Capacitor RF Power Amplifier

Broadly speaking, a SCPA consists of an array of capacitors that are connected to the
load through a matching network, as represented in figure 3.1. The array of capacitors is

driven by a square wave generated by the local oscillator at the RF carrier frequency.
Vbp i G
VenD
Vbp i G
VGND
Vpp i G
VenD

Matching
Network

Figure 3.1: Ideal model of a single-ended SCPA.

In such architecture, the bottom plate of the capacitors can be either dynamically
switched between the supply voltage and ground or simply connected to ground, depend-
ing on the digital input code, proportional to the envelope of the input signal. Assuming
N as the total number of capacitors in the SCPA, the array can be divided between the n
on capacitors, which are switched, and the N —n off capacitors, which are connected to
ground. Typically, all the capacitors in the array have the same capacitance value. Note
that, because the top plates are never switched, the total capacitance connected to the
matching network is always constant, regardless of the number of capacitors which are

effectively switched. Furthermore, by using a lossless inductor connected between the
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array of capacitors and the matching network, one can create a simple filter that will
tune the output voltage at the fundamental frequency. Similarly, the matching network
acts as a second filter and has the additional role of transforming the load resistance into
the optimum resistance (this topic will be discussed in more detail in section 3.3.4). The

described behaviour is depicted in figure 3.2.

VDD@ il Con=nC
VGND * COFF = (N-n) Cg

*

.

n VDDi Cn |
VGND |

Cn+1

Il

Figure 3.2: Example of the SCPA operation mode when n capacitors are switched between
Vpp and ground and (N-n) capacitors are connected to ground.

As a result, the output voltage of the SCPA will be proportional to the number of

switched on capacitors, V, o (ZCCON ) Vpp, and its maximum value is achieved when all

the capacitors are on, as expressed in the following equation:

e s = () Voo, (3.1)

Vv _E(ZCON)VDD: 2(£

where Vpp corresponds to the maximum voltage applied at the bottom plates of the
capacitors. Note that, the maximum voltage is multiplied by a factor of 2/m. This factor,
that will be analysed in more detail in chapter 3.4.1, corresponds to the first coefficient
of the fourier series and is the result of the filtering of the square waveform. In this way,
a sinusoidal waveform is obtained at the desired frequency. The output power on the

optimum resistance will increase with the output voltage according to the equation 3.2.

P, = -
Ropr m?

2
Vo _ i( " )2 Vb (3.2)
N/ Ropr
Let us now calculate, for this ideal analysis, the efficiency of the SCPA. Assuming that
the switching action at the bottom plate of the capacitors is modelled by ideal switches,

then no resistive nor capacitive losses occur. In view of this, the only loss mechanism
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is related to the power required to charge and discharge the capacitor array. In order to

calculate this power loss, let us take a look at figure 3.3.

iCO Cin n

PAVAY 4|
v
Lo © —> @_o
(N-n)

Figure 3.3: Ideal simplified model of the SCPA and equivalent circuit use to calculate the
Psc.

Looking at figure 3.3, it is possible to perceive that all the n switched and N —n
non-switched capacitors can be reassembled into two capacitors whose capacitance is
multiplied by n and N—n, respectively. If one assumes that the switching square waveform
that drives the on capacitors has sufficiently sharp edges (fast switching transitions), then
it is possible to approximate the inductor as a constant current source. In these conditions,
the inductor can be seen as an open circuit and the effective input capacitance C;, driven

by the selected switches can be calculated as the series of the two capacitances:

n(N —n)
Cin=—7Co (3.3)
where Cj is the capacitance value of each individual capacitor of the array. Thus, the
power needed to charge and discharge the array Ps- can be calculated according to equa-

tion 3.4:

Psc = Ci,Vipf- (3.4)

Considering this, one can then obtain the ideal power added efficiency of the SCPA
given by equation 3.5:

P,

PAEijeq = ﬁ
0

(3.5)

It can also be useful to look at efficiency as a function of the quality factor of the
network. This parameter evaluates the efficiency of the ideal SCPA by measuring the
quality of the resonant circuit formed by the LC filter and it can be estimated using the

equation described in 3.6.

2T(fLO _ 1
Ropr  2mfCoRopr
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Combining equations 3.6 and 3.3 and rewriting 3.4, one can obtain the efficiency

given by equation 3.7:

4n?

nn(N-n)’
Qloaded

So as to have a better understanding of how the Q4.4 and the number of switched-
on capacitors affect the efficiency of the SCPA, let us analyse figure 3.4. In this figure, one
can see the ideal PAE of an SCPA for Qjuded = 1, Qioaded = 3 and Qjoudeq4 = 10, along with
the ideal PAE of a conventional current mode DPA and of a classic class-A PA studied in

PAEideal =
4n? +

(3.7)

the previous chapter.
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Figure 3.4: Comparison of the PAE efficiency versus the normalized output power for an
SCPA with different Qloaded, a current-mode DPA and a classic class-A power amplifier
- obtained using equation 3.5, equation 2.4 and the equation presented in [25].

By inspection, it is possible to observe that the quality factor of the network has a
significant impact on the efficiency of the SCPA. This means that, by assuring a high
Qioaded, ONe can guarantee a higher efficiency. However, the value of this parameter is
highly limited by the quality factor of the reactive components on chip (in particular the
inductor), which also limits the efficiency. What is more, the ideal efficiency of 100% is
achieved when all the capacitors are switched on (for higher output power) and its value
degrades when the number of switched-on capacitors decrease (for lower output power).

Another important aspect to note is that the ideal efficiency of the SCPA is always
better than the one obtained using a current mode DPA or a class-A PA, regardless of the
Qioadeq Value of the network and the number of switched on capacitors. This difference
increases when a higher Qj,,4.4 is ensured.

Nevertheless, in a practical implementation, there are several sources of power loss
that must be taken into account and that will strongly degrade the maximum efficiency.

In order to study this matter, let us first analyse the selected architecture.
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3.2 Proposed Architecture

The proposed architecture of the PA is presented in figure 3.5 and it follows the structure
of the first SCPA presented in reference [47]. This architecture includes a modulation
stage (represented at the bottom of the figure) that is responsible for controlling the N
parallel unit cells that are connected to the antenna through the matching network.
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16 QAM processor
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Non overlap clock

Figure 3.5: Proposed architecture of the SCPA.

The modulation stage, designed for a 16 QAM modulation, is composed by four blocks:
the symbol source generator, the 16 QAM processor, the decoder and the non-overlap
clock. Together, the blocks are responsible for deciding the number of PAs and the phase
clocks that need to be propagated to the different N parallel unit cells (through the signals
Bit<N-1:0>, @, and ®,), according to the symbol that is being transmitted. Although in
this figure two non-overlap clocks are being represented, in reality, a single clock will be
employed. This topic will be further analysed in this chapter.
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The output signals of the modulation stage are then sent to the N parallel unit PA cells
and used as an input in the two different selection logic blocks (one, that will feed the
PMOS of the class-D cascoded switch and the other that will feed the NMOS of the same
block). Depending on the value of the Bits signal, each unit PA cell is either dynamically
switched according to the phase clock or tied to ground. In this work, two selection blocks
will be studied: the AND gate and the transmission gate. Besides this, an additional block,
the level shifter, needs to be added in the PMOS path of the cascoded class-D in order
to shift the phase clock by 1.2V. After the selection logic and the level shifter blocks,
a driver needs to be added in the architecture in order to drive the capacitances of the
cascoded class-D PA. This block consists of a stage of inverters connected in a cascade
configuration. In this work, the impact of the number of inverters on the performance of
the architecture will be carefully analysed. Finally, following the driver, the main switches
of the architecture, made of cascoded class-D PAs, are implemented. The resulting signal
at the output of the filter of the N unit PA cells will then be transformed by the matching

network and sent to the antenna.

3.3 Matching Network

In order to obtain the desired output power, it is necessary to define an optimal working
impedance, which does not correspond to the typical impedance value of 50 () of the
on-chip load. In fact, since the aim of a RF PA is to deliver the maximum output power,
it is desirable to have a very small resistive impedance when compared to the resistive
impedance of the antenna. Bearing this in mind, it is of the utmost importance to guaran-
tee that the load impedance is transformed into the optimal impedance. This means that,
when looking into the antenna direction from the optimal impedance perspective, the
characteristic impedance seen has to be the optimal impedance and, when looking into
the circuit direction from the load impedance perspective, the characteristic impedance
seen has to be the load impedance. This impedance-matching process is done by using a

matching network.

3.3.1 Impedance Matching Concept

The idea of impedance matching is more complex than simply transforming the load
impedance into the desired optimum impedance. In fact, for some applications where the
impedance matching is fundamental, the circuit is not even designed to have a specific
optimum impedance. For this reason, before presenting the chosen matching network,
let us first analyse in more detail the concept of impedance matching.

For circuits operating at very high frequencies, the period time of a sinusoidal signal
or the period time of a digital square wave becomes smaller in such a manner that it is
comparable to the propagation time of the circuit. When this happens, the signal varies
inside the conductor itself and the analysis of the circuit must take into consideration
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distributed parameters. In this analysis, the conductor is seen as a transmission line where
the propagated waves represent the input signal. Note that, these waves are a function
of time and space, which means that, at a certain instant of time, the voltage across the
line varies according to the distance to the source. In transmission lines, there are always
two waves being propagated at the same time, the incident wave and the reflected wave,
regardless of how the line is terminated. For instance, if the line is terminated in an open
circuit, there will be always an incident wave as a result of the size of the line and, because
there is no load to absorb the power of the transmitted wave, all the energy has to return
to the source, creating a reflected wave.

So as to have a better understanding, let us consider V; as the amplitude of the incident
wave, V, as the amplitude of the reflected wave and p as the reflection factor, defined
as the ratio between the two waves, p = V,/V;. As V, is the reflected wave, it is fair to
assume that |V,| < |V;|. What is more, considering that the reflected wave can present
the same phase or the opposite phase of the incident wave, p can vary in the following
way —1 < p < 1. For a reflection factor of -1 (opposite phase) the line is terminated in
a short circuit and for a reflection factor of 1 (same phase) the line is terminated in an
open circuit. Ideally, the load should absorb the maximum power possible, which means
that no reflected wave should be propagated and p = 0. The point at which this condition
is verified depends not only on the load, but also on the impedance characteristic of the
line. This impedance is a parameter of the line and can be measured, at any point, as the
ratio of the voltage and current. When p = 0, the load impedance and the characteristic
impedance of the line are matched. However, the impedance of the load that represents
the circuit not always equals the characteristic impedance of the line. For this reason, it

is necessary to find a way to adapt the circuit by using a matching network.

3.3.2 Cascaded L-Shape Matching Network

There are different types of matching networks, as they can be implemented using either
lumped elements, which involve passive components as capacitors and inductors, or
distributed elements, that employ lines and stubs. Typically, the former is mainly used for
circuits operating at a few GHz, whereas the latter is preferred when the circuits operate
at very high frequencies. Regardless of the elements used, a matching network can be
designed to maximize the power transfer, to maximize the gain or to minimize the noise
and it can be projected to be narrowband or wideband, depending on the application
purpose. For this project, a lumped-element narrowband network will be designed to
maximize the power transfer. Let us now discuss some aspects to consider in its design.
Firstly, the switching action of the SCPA generates a lot of higher harmonics at the
output that need to be attenuated to an acceptable level or filtered out. To achieve this,
an ideal bandpass matching network or low pass matching network must be employed
in order to eliminate all the spurious content. From this perspective, it is desirable to

select a network with inductors connected in series with the output in order to block
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the harmonics. Note that, this suppression or attenuation is intrinsically related to the
quality factor of the matching network, which is limited by the losses of its reactive
components, in particular, the inductor (this topic will be further addressed in chapter
3.3.3). Naturally, a higher quality factor implies better filtering. Secondly, and in line
with what was mentioned in the first point, it is imperative that the components’ sizes
are significantly small, in order to ensure its intrinsic resistive losses are reduced. In this
way, the power losses are minimized and more power is transferred to the load. Moreover,
smaller components mean less area occupied, which makes the integration of the whole

RF PA on chip easier.

Figure 3.7: Equivalent simplified circuit of the cascaded L-shape matching network.

As shown in figure 3.6, the adopted matching network consists in a cascaded L-shape
matching network, that can be seen as the sum of two L-shape matching networks con-
nected through a virtual resistance, as depicted in figure 3.7. In this configuration, the
circuit can be analysed as two simple L-shape matching networks, where Rpopr < Ry and
Ry < Ry (Ry being the virtual resistance, Rppr being the optimal resistance and R being
the load resistance). Let us now understand how to dimension the reactive components
of the network.

Looking into the figure 3.7, it is possible to see that the quality factor of each simple
L-shape matching network can be estimated as a function of the input and the output

impedance, as expressed by equations 3.8 and 3.9:

Ry
= -1, 3.8
Qa =4/ Ropr (3.8)
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Qp=[-2-1. (3.9)

By assuming that both halves have the same quality factor (| Q4 |=| Qp | ), one can
easily obtain the virtual resistance expression Ry = v/RoprR. Considering the previous
results, it is now possible to obtain the expressions that allow estimating the components’

values of the matching network in 3.10:

R
LA:%QA, (3.10a)
0
Qa
Cy= ) 3.10b
A= BoRy ( )
R
LB:Z}—QB, (3.10¢)
0
Qp
Cp = ) 3.10d
5= ook (3.10d)

where w is the angular frequency (rad/s).

3.3.3 Impact of Non Idealities

All the analyses done so far assumed that the reactive components are ideal. However,
in a real implementation, the non-idealities of these components strongly impact the
impedance matching, especially when considering that the circuit will operate at a con-
siderably high frequency. Figure 3.8 shows a generic model that represents the circuit of
a real inductor and a real capacitor. Note that, these generic models do not represent the

components usually integrated on-chip. However, they describe a similar behaviour.

L Rg

Lg Rg
C

|
||CS Gp

Figure 3.8: Model of a real inductor (left) and a real capacitor (right). Adapted from [31].

As shown in figure 3.8, a real inductor is essentially the parallel of a parasitic capac-
itance and the series of the inductor and its intrinsic parasitic resistance. On the other
hand, a real capacitor can be seen as the series of a parasitic inductor, a parasitic resistance
and the parallel of the capacitor and the parasitic conductance.

The impedance curves of a real inductor and a real capacitor as a function of the
frequency can be found in figure 3.9. In an ideal case, the inductor impedance varies lin-

early with the frequency. However, when considering the real model, the impedance value
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starts increasing exponentially until it reaches its maximum value at the self-resonant
frequency. Starting from this point, the inductor starts behaving as a capacitor and its
value continually decreases in a exponential manner. In the same way, in an ideal case,
the capacitor impedance is inversely proportional to the frequency. Nonetheless, when
considering losses, its impedance value starts decreasing almost exponentially until it
reaches its minimum value at the self-resonant frequency, the value at which it starts

behaving as an inductor.

Fr - resonant frequency Fr - resonant frequency , Fr
~\Fr | ,
: Inductive
) i C iti
2 i apact “,’e S Capacitive
< | =
= : <
] Jt e 7]
E‘ Inductive Pt =9 ANV
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Ideal inductance ' P—x \ .
! Ideal capacitor
Frequency Frequency

Figure 3.9: Impedance as a function of the frequency for a real inductor (left) and for a
real capacitor (right). Adapted from [31].

In brief, the self-resonant frequency is the frequency at which the ideal component
resonates with its intrinsic parasitics. At this frequency, the impedance value of the
reactive component is strongly affected, resulting in an extremely high impedance in
the inductor and in an extremely low impedance in the capacitor. So as to avoid the
self-resonant of the component, the operating frequency should be considerably lower
when comparing to the self-resonant frequency of the reactive elements. Note that it
can be very difficult to control the self-resonant frequency of the reactive components
as it is technology dependent. All things considered, it is possible to perceive that this
effect strongly impacts the impedance matching, where a slight change in the reactive

components affects the quality factor of the impedance matching.

For simplicity, in the sizing of the matching network the real inductor is modelled as
an ideal inductor in series with a parasitic resistance and the real capacitance is simply
modelled as an ideal capacitance. The parasitic resistance of the inductor can be obtained

using equation 3.11:

_ wOL

R, = =, 3.11
or (3.11)

where wy is the angular frequency of the circuit (rad/s), L is the inductor value and Q; is

the quality factor of the inductor.
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3.3.4 Modelling

The first step towards the implementation of the SCPA is the design of the matching
network discussed in section 3.3.2. Considering the impact of its non-idealities in the
impedance matching, it is worth analysing a more realistic model of the SCPA and its
matching network, as depicted in figure 3.10. The model includes the losses of the
inductors previously studied, as well as the non-idealities of the switches and it follows a

similar approach to the one referenced in [34].

LO

Ron/(N-n)

Figure 3.10: Simplified equivalent model of an SCPA with an L shaping matching network
with resistive losses.

In a real implementation, the switches of the array of capacitors are made with cas-
coded class-D PAs. These PAs are implemented using MOSFETs, that have a linear con-
duction resistance and parasitic capacitances, that lead to power losses. Minimizing the
conduction resistance implies having bigger transistors, while minimizing the parasitic
capacitances implies having smaller transistors. Considering this trade-off, the transistors
are typically optimized to have an optimum resistance that allows to achieve the desired
output power, while assuring the losses of the parasitic capacitances are minimized. This
topic will be addressed in more detail in chapter 3.4. For now, let us simply introduce
in the model the impact of the on-resistance R,,, of the non-ideal switches. In this way,
the n on switched capacitors can be grouped into one branch, with the total R,,/n on-
resistance in series with the total nC, capacitance, whereas the N —n off capacitors can be
grouped into another branch, with the total R,,/(N — 1) on-resistance in series with the
total (N —n)C, capacitors tied to ground. These two branches are then connected to the
load through the matching network, where each inductor is modelled with its intrinsic
parasitic resistance (as discussed in chapter 3.3.3).

Let us now estimate the most important expressions of the model. In order to do
this, let us first extract all the impedances of the circuit, starting from the one in the
far right (Z;) all the way to the one in the far left (Z,), as presented in figure 3.10. The
expressions of the impedances Z;, Z,, Z;,, Z., Z; and Z, are described in equations 3.12

to 3.17, respectively:
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1

1R,

z =2 - (3.12)
fwc; T RL

Za:ij3+RL3 +ZL, (313)

1

1 .z

z, =45 (3.14)
_ij1+Zﬂ

ZC = ]Q)Lz + RLZ +Zb, (315)
R 1

Z;=—2"L , 3.16

17 N-n jw(N —n)Cy ( )
Z.-Zy

Z,= =< . 3.17

¢ Zc+Zd ( )

Bearing in mind the impedance expressions previously obtained, one can easily esti-
mate the voltage across the intrinsic parasitics of the inductors L, (which is given by
the losses of inductor Ly used in the filter and the losses of the inductor L; used in the
matching network) and L3. The voltages are obtained by applying a voltage divider in R,
and Rj3, as presented in 3.18 and 3.19:

VR2 = . C = (318)

Vg3 = 2Viad . Ze é& (3.19)
B Ry 1 ’ ’
T Ze+7+ijC0 Z. Z,

Using the same approach, the voltage across the on-resistance of the on capacitors

VRon,1 and the off capacitors Vg,, » can be estimated in 3.20 and 3.21.

R
2Viq "
= . 2
VRan,l - &4_ 1 L7 (3 0)
n jwnCy e
R
2V, Z ~Non
VRonp = —22- ‘ s (3.21)
’ TC Z +Ron+_ 1 Ron + - 1
e n jonCy N-n ' jw(N-n)Cy

Thus, the power losses of the inductors and the on-resistances of the switches can be
obtained by using equations 3.22, 3.23 and 3.24. Note that, because the expressions of

the voltages are complex, it is necessary to use the module in the calculations.
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1 1
Prir = = | Vors |2 — 3.22
RL2 ) | RL2 | RLZ ( )

1 1
Prrs = = | Vers > — 3.23
RL3 ) | RL3 | RL3 ( )

1 n 1 (N —n)

PRon = E | VRon,l |2 R_on + E | VRon,Z |2 Ron (3-24)

In the same way, the output voltage V, and the output power P, can also be derived by

using expressions 3.25 and 3.26:

V—zvdd. Ze é& (3.25)
o Roy 1 ’ ’
T Ze+ S+ ougy Ze Za
1 1
P==|V, > —. 3.26
v=3 1Vl & (3.26)

The Power Added Efficiency, in its turn, is now given by the ratio of the output power
P, and the sum of the output power, the power needed to charge and discharge the array
of capacitors Psc (already estimated in 3.4) and all the additional power losses of the
conduction resistance of the switches Pg,,, and of the inductors Py, and Pg;3, as shown
in 3.27.

b,
Py + Pron + Prr2 + Pris + Psc

PAEmodel,l = (3-27)

3.3.4.1 Initial Sizing

In this project, an optimal resistance of 5() was estimated in order to guarantee an ideal
output power of 23dBm. Considering that the optimal resistance is given by the losses of
both the switches and the inductors that integrate the filter and the matching network,
each switch was sized with an on-resistance of 2.2(), giving a margin for the losses of
the inductors. Since 8 PAs are used, the total on-resistance R,, of 17.6Q) is estimated.
Besides, in order to dimension the filter, an arbitrary capacitance value of 6.8fF was
chosen for Cy. Consequently, L was sized with an inductance value of 0.58nH. Based
on the losses of the on-resistance and the inductor that integrate the filter, the matching
network was determined in order to transform the 50() into 2.50). The dimensions of the
above-mentioned components are presented in table 3.1.

Bearing in mind the components’ dimensions, one can now obtain both the ideal
and the modelled curves of the SCPA, for both the output power and the efficiency as
a function of the number of cells, as depicted in Fig.3.11. Looking into the curves and

considering the situation where 4 unit PAs are used, it is possible to see that output power
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Table 3.1: Components’ dimensions of the simplified equivalent model of an SCPA.

Inductors  Size [nH]
Lo 0.58
L1 0.83
L2 1.40
L3 3.69
Capacitors  Size [pF]
Co 6.80
C1 29.30
Cc2 6.57
Resistors  Size [Q)]
Ry 17.6
Rioad 50.0
Ry 0.33
R 0.47
Ry» 2.09

drops almost 4.6dBm and the efficiency is around 76% lower, when compared to the ideal
case. Besides this, for a maximum number of 8 unit PA cells, the maximum output power
is around 19dBm for a maximum PAE of 36.43%. Although these results may still look

promising, it is important to remember that some non-idealities, not covered in this

model, will lead to inevitable degradation in the results.
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Figure 3.11: Modelled and ideal values of the output power and efficiency per unit cell,
considering the resistive losses of the components.
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3.3.5 Simulation Results

The section herein presents the results of the real SCPA model illustrated in figure 3.10.
The main goal is to present the study conducted to optimize the sizing of the matching
network when using real components. As an initial step, all the components used are

ideal with the resistive losses modelled. The values used are presented in the table 3.1.
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Figure 3.12: modelled and simulated values of the output power and efficiency per unit
cell when using an ideal matching network with modelled losses.

The output power and the power added efficiency per unit PA cell simulated and
modelled are presented in figure 3.12. By inspection, it is possible to observe that both
graphics present approximately the same behaviour. This is an important result, as it

validates the model.

Figure 3.13 illustrates the simulated results of both the output voltage per unit cell
as a function of time (the higher the number of active PAs, the higher the amplitude of
the output voltage) and the spectrum of the output power. As shown in figure 3.13(a),
the output voltage is perfectly filtered, regardless of the number of cells used, without
significant distortion. The spectrum of the output power, shown in figure 3.13(b) shows
that the harmonics close to fundamental frequency are well attenuated, as reflected in
the value of the THD.

All the results presented at this point were considering ideal inductors and capacitors
with modelled losses. However, as discussed in chapter 3.3, real inductors and capacitors
will be used in the final architecture. Bearing this in mind, a second analysis was per-
formed to evaluate the impact on both efficiency and output power when real components
are used. For this case, the results show a drop in the efficiency of 17.22% (from 36.43%
to 19.21%) and in the output power of 4.48 dBm (from 19.05 dBm to 14.57 dBm). As
already discussed in section 3.4.2, these results can be easily explained when thinking
about the real model of the inductor and the capacitor. Since the matching network was
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designed for ideal components, every mismatch in the impedance of the network will

lead to inevitable losses.
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Figure 3.13: Simulated Output Voltage per unit cell and Output Spectrum when using
an ideal matching network.
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Figure 3.14: Matching network optimization: current and voltage as function of the fre-
quency for the ideal matching network, the real matching network and the real matching
network optimized. Note: The current and voltage curves are overlapped.

In order to surpass this issue and boost the efficiency of the SCPA, an optimization of
the real matching network is performed. In this analysis, the output voltage and current
are measured for a range of frequencies and the components of the matching network
are swept. By comparing the maximum output current and voltage of both the ideal and
real implementations as a function of the frequencyj, it is possible to improve the results.
Fig.3.14 presents the values of current and voltage for the ideal matching network, the
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real matching network and the real matching network optimized. Looking at the figure,
it is possible to see that there is an improvement in the values of both current and voltage
for fundamental frequency, after the optimization.

The simulated Output Power and Efficiency per number of active PA cells for the 3
above-mentioned cases are presented in Fig.3.15.
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Figure 3.15: Comparison of the simulated output power and efficiency per unit cell of the
SCPA model when using ideal components, real components and real components after
optimization.

From inspection, it is possible to see that the curve of the output power obtained
when using a real matching network (either with the initial values or with the optimized
values) presents a similar behaviour to the one obtained in the ideal case, apart from a
gain factor. However, the efficiency curve presents a slightly different behaviour. The non-
idealities of the real inductors and real capacitors of the matching network may justify
the difference between the curves. Since it is not possible to estimate their equivalent
impedance properly, the modelled efficiency cannot represent exactly what happens in
the real case. Note that this difference is also visible between the real matching network
and the real matching network optimized curves.

Figure 3.16(a) presents the spectrum of the SCPA output power when using the opti-
mized real matching network in full configuration (all eight unit PA cells on). It achieves
a maximum output power of 15.7dBm and a THD of 0.45%. Note that for this opti-
mized case, the second harmonic is below -70dBm. Figure 3.16(b) shows the THD of
the optimized case per number of active cells. Analysing the figure, one can see that the
lower the number of selected PAs, the higher the distortion. This result suggests that
this architecture should switch between five to eight PA unit cells in order to guarantee
sufficient linearity. Since NB-IoT applications employ a BPSK/QPSK modulation scheme,
this topology can simply be used in full configuration or switch between seven and eight
PAs.
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The simulated output voltage at the load per number of active PA cells is presented
in figure 3.17. In this figure, it is possible to see that the signal is perfectly filtered for all
the eight cases.
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Figure 3.16: Output power spectrum of the SCPA model when using real optimized
components (all PA cells on) and THD per number of PA cells.
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Figure 3.17: Output Voltage per number of active PA cells when using real optimized
components.

Table 3.2 presents the results of output power, total harmonic distortion, output
voltage, output current and efficiency obtained by the model and obtained in simulation,
when all the PA cells are on. The results obtained show that the model provides a good
approximation of the behaviour of the circuit when ideal components are used. However,
when using real components the non-linear effects impact the estimated output power
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and efficiency. The final optimization of the real matching network allows achieving
a maximum output power of 15.66dBm with a THD below than 0.45% and maximum
efficiency of 32.5%.

Table 3.2: Estimated and simulated results of an ideal SCPA model with modelled losses, a
real matching network SCPA model and a real matching network SCPA optimized, when
all PA cells are on.

Output Power THD Voltage Current Efficiency

[dBm] [%] [Vrms]  [Irms] [%]
Estimated 19.05 - 2.84 40.10 36.43
Simulated (ideal) 19.05 0.32 2.01 40.09 36.43
Simulated (real) 14.57 0.39 1.20 23.92 19.21
Simulated (real opt.) 15.66 0.45 1.36 27.14 32.50

The initial and final components dimensions of the matching network are presented
in table 3.3. Note that these values will be further adjusted when replacing the ideal

components of the circuit with the real ones.

Table 3.3: Components’ dimensions of the matching network when using real components
after optimization.

Inductors Initial Size [nH] Final Size [nH]

LO 0.58 0.58
L1 0.83 1.01
L2 1.41 1.58
L3 3.69 3.69
Capacitors Initial Size [pF]  Final Size [pF]
Co 6.80 7.40
C1 29.30 16.35
Cc2 6.57 5.40

3.4 Cascoded Class-D Power Amplifier

A cascoded Class-D PA consists of a class-D PA with two NMOS and two PMOS transistors
connected in a cascoded configuration, as represented in figure 3.18. Such architecture
helps to increase the output power by taking leverage of the cascoded structure to achieve
a higher supply voltage. This block (that along this project will also be referred to as unit
PA cell) is used as a switch in each branch of the SCPA architecture and is designed to

have an on-resistance of 17.6Q).
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Figure 3.18: Architecture of cascoded Class-D PA connected to a resistive load through a
matching network in series with a L(C filter.

3.4.1 Class-D Ideal Operation

Before proceeding to the analysis and design of the cascoded class-D PA, it is worth first
comprehending its ideal behaviour. To simplify the analysis, let us study the case of a
simple class-D PA, as depicted in figure 2.12. The input of a class-D stage is a square
waveform that switches between the high voltage Vpp and ground during its period time,

as described in equation 3.28.

(3.28)

v(a)t): VDD! fOI'OS(UtSTZ
0, fort <wt<2m

Since a square wave is a sum of infinite sinusoidal waves, the previous equation can

also be rewritten as the trigonometric fourier series expressed in 3.29.

[ee)

1 2 & sin((2n-1)wt)
t V -+ —
v(wt) = Vpp nZ P

n=1

1 2 2
=Vbp (E + ;sin(wt) + 3 sin(3wt) + - ) (3.29)

As already discussed, when the input voltage of the stage is high, the PMOS transistor
switches on and the supply voltage is directly connected to the output. For a low input
voltage, the NMOS transistor switches on and the output node is tied to ground. In this
way, an inverted square waveform is obtained. The LyC, filter will tune the resulting
signal at the resonant frequency, transforming the square wave into a sinusoidal wave, as

described in equation 3.30,

v,(wt) = Vsin(wt) = %VDD sin(wt). (3.30)
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Note that, this previous result was already used in this work to design the matching
network. The output current can now be obtained by simply applying the Ohm law at
the load, as expressed in equation 3.31,

Vbp
L

ip(wt) =Isin(wt) = % sin(wt). (3.31)

The maximum output power, presented in 3.32, is given by the product of the maxi-

mum current to the power of two and the load impedance, divided by 2:

Pp=—=—5—7=. 3.32
o R (.32

Let us now estimate the ideal power consumption of the topology. By applying an

2
I’R 2 V5
2

integral during the whole period of the input signal, one can easily obtain the DC current

presented in 3.33, which corresponds to the total current that is delivered to the load,

. 1 (", I 2V,
Idc = zl(wt) = ZJ‘ zl(a)t)dwt = ; = FRLLD (333)
0

The DC output power can be estimated as the product of the current previously

obtained and the supply voltage, as shown in 3.34,

2 (Vop)?
Pijc = Vpplpc = — DL (3.34)
Tt RL
As a result, an ideal efficiency of 100% is obtained in 3.35,
P
7 ====100%. (3.35)
Pyc

3.4.2 Impact of Non Idealities

As previously mentioned, the actual MOSFETs used in the cascoded class-D PA have an
intrinsic on-resistance and parasitic capacitances. In order to have a better understanding
of how these non-idealities affect both the output power and the efficiency of the SCPA,

let us first analyse in more detail their nature.

Cas Ccp

0B

Figure 3.19: Example of the capacitance model of MOSFET.
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A generic capacitance model of a MOSFET is illustrated in figure 3.19. Broadly speak-
ing, each MOSFET contains five parasitic capacitances that can be grouped into two
different groups: the gate-to-channel capacitances and the junction capacitances. In the
first group, composed by the gate-to-source capacitance Cgcg, the gate-to-drain capaci-
tance Cgcp and the gate-to-bulk capacitance Cgcp, the value of each parasitic capacitance
varies according to the operation region of the transistor. Typically, these channel capaci-
tances are summed up with a MOS structural capacitance, forming the final capacitances
Cgs, Cgp and Cgp presented in the figure. Let us first understand the origin of the former
capacitances. Figure 3.20 shows the physical structure of the transistor and the respective
gate-to-channel capacitances for three operation regions: cut-off, linear/triode and satu-
ration. By inspection, if the V55 voltage is lower than a certain threshold, the transistor
is cut off and no channel is created between the source and the drain terminals. Hence,
only the capacitance Cgcp exists between the gate and the bulk terminals (as shown in
the first case). If the Vg voltage is higher than the threshold voltage and the Vg voltage
is such that the transistor is operating between the linear and triode regions, an inversion
layer is formed, creating a conductive channel between the source and the drain termi-
nals. As a result, the capacitance Cgcp disappears and the capacitances Cgcg and Cgep
appear (as shown in the second case). If the Vg voltage increases to a point where the
channel is pinched-off, the transistor will start operating in saturation mode and only the

capacitance Cgcg remains (as shown in the third case).

G G G
_I_ CGCB CGCS CGCD CGCS
s b g b

Figure 3.20: Gate-to-channel capacitances depending on the operation mode: 1) transistor
in cut-off mode; 2) transistor in linear/triode mode; 3) transistor in saturation mode.
Adapted from [35].

Now that the origin of these capacitances was examined, let us understand better how
their value changes with the operation mode. Looking into figure 3.21, one can see that
the value of these parasitic capacitances changes in a very non-linear way between regions.
However, since the transistors operate in a particular region, it is possible to estimate
their parasitic capacitance for that region of interest. In this work, because the MOSFETs
are used as switches, their operation region will vary between the cut-off (when off) and
the linear (when on) regions. In order to evaluate the efficiency of the architecture, only
the parasitic capacitances of the linear region (Cgcp and Cgcs) will be considered. Their

values are given by equation 3.36,

Cox WL

> (3.36)

Cgep = Cges =
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Figure 3.21: Channel-to-gate capacitances Cgcp, Cges and Cgep as function of gate-to-
source voltage Vg of a NMOS transistor. The same reasoning can be applied to a PMOS
transistor.

where C,, is the the gate oxide capacitance per unit area, W is the width of the transistor
and L is the length of the transitor. To properly estimate the gate-to-drain and the gate-
to-source capacitances, it is important to add the effect of the structural capacitance
previously mentioned. In the physical model of the transistor, both the drain and the
source extend their length under the gate oxide for a certain amount x;, named lateral
diffusion. As a result, the effective length of the transistor becomes smaller than the
expected length and an overlap capacitance appears. The overlap capacitance can be

estimated according to equation 3.37,

Cepo = Cgso = CoxxgW = C,W. (3.37)

where the technology dependent lateral diffusion x; is usually combined with the oxide
capacitance C,, into C,. In this way, the final gate-to-drain Cgp and gate-to-source Cgg
can then be derived for the linear region in 3.38. From the formula, one can see that these
capacitances are proportional to the area of the transistor. Meaning, the bigger the area
of the transistor, the bigger C;p and Cgg capacitances.
Cop =Cgs =Cges + Cgso = % +C,W. (3.38)
Finally, the second group of parasitic capacitances, composed of the junction capaci-
tances Cgsp and Cpp, are a consequence of the reverse-biased source-body and drain-body
pn junctions. A detailed explanation of these capacitances can be found in [35]. Due to
the complexity in deriving their expressions, the study of these capacitances will not be
presented or considered in this work.
Now, let us study the on-resistance of the MOSFET. This resistance represents the
connection between the source and the drain and, similarly to what was studied for the
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gate-to-channel capacitances, its value varies according to the operation region of the
transistor. For the desired linear region, the conduction resistance can be seen as a linear

resistance with its approximated value given by equation 3.39.

1 L
Sas  WpCox(Vgs — Vry)'

where gy, refers to the drain-to-source conductance, y to the mobility in the channel, Vg

Ry =

(3.39)

the gate-to-source voltage, V7 the threshold voltage and Vg the drain-to-source voltage.
Usually, when MOSFETs operate as a switch (or when they are used for digital signals)
the length L of the transistor is set to the minimum value allowed by the technology
process (typically to guarantee speed, as v oc 1/L?). This means that, only the width W is
tuned. From the formula of the parasitic capacitances, a smaller W results in a smaller
parasitic capacitance. At the same time, from the formula of the on-resistance, a smaller
W implies a bigger resistance. This suggests that, in order to have a smaller on-resistance
the parasitic capacitances will be bigger, leading to power losses and to a lower efficiency.

Bearing this in mind, one can now identify the main parasitics connected at the output
of the class-D PA when the transistors work in the linear region. Considering that this
topology is essentially an inverter connected to a filter, let us simply analyze the case of
an inverter. Figure 3.22 illustrates the main parasitic capacitances of this block when
the PMOS (on the left) and the NMOS (on the right) are selected. Let us assume for now
that the transistors are never conducting at the same time. As shown in picture, only the
gate-to-drain capacitances Cgp; and Cgp; and the overlap capacitances Cpp, and Cpp;
are connected to the output of the stage. For the reasons previously mentioned, only

capacitances Cgp1, are considered in the model.

Low ‘ ‘
Vin

Cgp2 Cap1 . —

4{[ Ml@\ CDBl

M

Figure 3.22: Main parasitic capacitances connected to the output node of a simple in-
verter stage: on the left, when PMOS transistor is conducting; on the right, when NMOS
transistor is conducting.

In order to facilitate the analysis, it is helpful to move the parasitic capacitance Csp;
and Cgp, between the gate and the drain terminals and place it between the output node
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and ground. This can be done by applying Miller’s effect. Thus, the approximated output

capacitance of a simple class-D PA is obtained in 3.40.
C,=2Cgp1 =2Cgpr =CoyWL+2C,W < C,, WL (340)

3.4.3 Cascoded Class-D Losses

The non-idealities of a cascoded structure can be analysed by looking at its non-ideal

model presented in Fig. 3.23.
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Figure 3.23: Simplification of the cascoded class-D PA non-idealities (the output filter is
omitted).

In such model, the parasitic capacitances connected at the internal nodes n4 (Cgpg,
Cpps and Cgs3), n3 (Cgps and Cpps), n2 (Cgpa and Cpps) and nl (Cgpi, Cppy and Cgs»)
are identified. Since either the two PMOS or the two NMOS transistors are conducting at
the time, only the parasitic capacitances connected at the nodes n4 and n3 or the nodes
n2 and nl will be charged and discharged every clock cycle, respectively. For this reason,
let us simply analyse the case where the two PMOS are conducting. To better estimate
the impact of these capacitances in the efficiency, it is desirable to group together all
the capacitances connected to the nodes n4 (let us call it Cpy) and n3 (let us call it Cpj3),

so their effect can be the sum in a single parasitic capacitance that it is charged (Cp).
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To simplify the analysis and similarly to what was done in the previous section, let us
ignore the effect of the parasitic capacitances Cpgy and Cpps. By doing this, only the
capacitances Cgpy and Cggs and the capacitance Cpj are connected to the nodes n4 and
n3, respectively. To simplify the analysis and similarly to what was done in the previous
section, let us ignore the effect of the parasitic capacitances Cppy and Cpps. By doing
this, only the capacitances C;pg and Cgg3 and the capacitance Cgpjs are connected to the
nodes n4 and n3, respectively. In order to have a single capacitance Cp4 placed between
the node n4 and ground and a single capacitance Cp3 placed between the node n3 and
ground, the miller’s effect can be applied to these capacitances. Capacitances Cp, and
Cpy can be obtained by applying the same reasoning to the nodes n2 and n1 when the
two NMOS are conducting. In this way, the new capacitances Cpy and Cp; are obtained
in 3.41 and 3.42.

Cps = Cpy =Cgp42 | Cgs3,1 = 2Co WL +4C,W o 2C,, WL (3.41)

Cp3 = Cp1 = CGD3,1 = COXWL-l- ZCOW o COXWL (342)

The total parasitic capacitance can then be obtained, by summing the capacitances
that are charged as shown in Eq.3.43. Note that this expression is only valid to calculate

the total power losses due to the capacitances.

Cp = Cp4,2 + Cp3,1 oC 3C0xWL (343)

On the other hand, the total on-resistance can now be estimated as the sum of the
on-resistance of the two PMOS or the two NMOS, as described in the equation 3.44,

2L
WuCox(Vos — Vru)

Ron = Rona + Ronz = Ronz + Ron1 = (3.44)

It is important to note that the on-resistance of the two PMOS and the two NMOS
transistors must be the same. This means that, the width W, and the width Wg must
be choosen in order to guarantee the same resistive value. In pratical implementations,
Wy is usually two to three times bigger than Wp, depending on the technology and node
used.

3.4.4 Modelling

Let us now understand better what is the impact of replacing the ideal switch with a
cascoded class-D PA in the model of the SCPA studied in section 3.3.4.

As mentioned in the previous section, a cascoded class-D PA can be simply seen as
switch in series with an on-resistance and the parallel of the parasitic capacitances and
the series of the filter and the load. In the SCPA model, the resistive losses of the cascoded
structure were already considered in order to properly estimate the output power and the
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efficiency. However, the losses due to the intrinsic parasitic capacitances of the cascoded
structure were not taken into account. Note that, these losses do not affect the output
power directly. They affect the power consumption only. For this reason, it is important
to estimate their impact on the efficiency.

In this way, the power needed to charge and discharge the parasitic capacitances can
be estimated by using expression 3.45,

1 2
Fep = 5nCp(Vpp)“f, (3.45)

where Cp can be estimated using Eq.3.43. As a result, the efficiency of the SCPA will now
be affected by the power needed to charge and discharge the array, as shown in 3.46.

P,
P, + Proy + Prio + Pris + Psc + Pep’

PAEyodel,2 = (3.46)

Let us now evaluate the impact of considering these losses in the PAE model. Figure
3.24 presents the curves of the ideal SCPA, the PAE,,,4.;1 and the PAE,,,;.1,. Looking
into the pictures is possible to see that the efficiency dropped considerably when adding

the parasitic capacitances of the cascoded class D.
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Figure 3.24: Impact of adding the losses of the parasitic capacitances of the cascoded
class-D in the PAE.

3.4.5 Simulation Results

Now that the cascoded class-D and its intrinsic parasitic losses were already presented,
let us analyse the simulation results of the SCPA architecture when a real switch and a
real matching network are implemented. In order to have a better understanding of how

the circuit behaves when operating at RF frequencies, two cases are presented: the first,
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where the switch uses “Normal” Transistors and, the second, where it uses RF Transistors.

Before looking into the simulations, let us understand how to size the block.

As mentioned in section 3.4, each cascoded class-D unit cell is designed for a 17.6€)
on-resistance (corresponding to an 8.8() on-resistance per transistor) in order to ensure
a total resistance of 2.2Q) in full configuration (all 8 PA cells on). Table 3.4 presents the
optimization of each cell for both the RF and normal standard transistors that guarantee
the desired resistance. Since the cascoded class-D receives two clock phases (one for the
PMOS and the other for the NMOS), the time guard between the clocks is set to 15ps and

the rising and falling times are set to 10ps.

Table 3.4: Components’ dimensions and respective on-resistance for both normal and RF
transistors (P_12_RF and N_BPW_12_RF transistors).

Normal Transistors Size [pu] Number of Fingers Ron [Q]
M; 48.7/0.120 10 8.79
M3 4 209.2/0.120 10 8.80

RF Transistors Size [pu] Number of Fingers Ron [Q]
M » 6.92/0.120 7 8.81
M3 4 9.58/0.120 21 8.80

When RF transistors are used, an additional optimization in the matching network is
performed in order to improve the results. Considering that the matching network was
initially designed to convert the load resistance into the optimal resistance, the intrinsic
parasitic capacitances of the cascoded class D lead to inevitable mismatches that impact
the performance of the PA. Table 3.5 presents the dimensions of the components for both
cases, where the initial sizes refer to the components values of the matching network
when the cascoded topology uses normal transistors and RF transistors and the final sizes
correspond to the optimized values of the matching network when the cascoded uses RF

transistors.

Table 3.5: Components’ dimensions of the matching network before and after the opti-
mization.

Inductors Initial Size [nH] Final Size [nH]

LO 0.58 0.58
L1 1.0 1.50
L2 1.58 2.08
L3 3.69 3.69
Capacitors Initial Size [pF] Final Size [pF]
Co 7.40 10.0
C1 16.35 10.9
C2 5.40 5.0
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Figure 3.25 presents the simulated efficiency and output power of the SCPA, per
number of active PAs, when the cascoded class-D PA is added using normal transistors,
RF transistors and RF transistors with the optimized matching network. The three curves
are compared to the curve of the SCPA using an ideal switch and to the modelled curve.

As expected, both the output power and the efficiency drop when adding the real class
D PA. This difference increases when RF transistors are used instead of normal transistors.
Since RF transistors are better modelled for RF simulations, these losses are more close to
what would happen in layout simulations. After the optimization, it is possible to observe

that both output power and efficiency are increased when 6, 7 or 8 unit PA cells are used.
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Figure 3.25: Efficiency and Output power of the SCPA when: using the model; using an
ideal switch; using a cascoded class-D with normal transistors; using a cascoded class-D
with RF transistors; using a cascoded class-D with RF transistors and optimized matching
network.

Figure 3.26 presents the simulated THD of the SCPA when the cascoded class-D PA
is added using normal transistors, RF transistors and RF transistors with the optimized
matching network. Similarly to what is observed for the efficiency and output power
simulations, the THD increases when using RF transistors. In the optimized case, the
SCPA show better results when using 6 up to 8 active PA cells. In general, the values of
THD are acceptable for all the configurations of the PA, being the highest value 2.68%

when 3 active PA cells are used, in the optimized case.
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Figure 3.26: Total Harmonic Distortion of the SCPA when adding: a cascoded class-D
with normal transistors; a cascoded class-D with RF transistors and a cascoded class-D
with RF transistors and optimized matching network.

The simulated voltage at the top plate of the capacitors and at the load per number of

active PAs are presented in Fig. 3.27.
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Figure 3.27: Voltage at the top plate of the capacitors and Output voltage per number of
active cells.

Although the time guard, rising time and falling time parameters of the phase clock
were chosen in order to guarantee satisfactory results, it is important to emphasize that
a small variation in these parameters will harm PA’s performance. Figures 3.28 and 3.29
present the impact of the different clock parameters in the efficiency, output power and
total harmonic distortion.
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Figure 3.28: Impact of the time guard and rising time, the falling time between clocks in
the efficiency and output power of the SCPA architecture (all PA cells on).
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Figure 3.29: Impact of the time guard, rising time and falling time between clocks in the
THD (all PA cells on).

Looking into the figures, it is possible to conclude that increasing the time guard
leads to a lower efficiency, a lower output power and a higher THD. These results suggest
that it is better to have a small interval in time where the two PMOS and two NMOS
are conducting at the same time (thus, consuming more), than having two non-overlap
clocks. Furthermore, it is also possible to observe that small rising and falling times are
crucial to guarantee a lower THD and a higher output power.

The output spectrum of the architecture in full configuration when adding the opti-
mized RF cascoded class-D PA is presented in Figure 3.30. It achieves a maximum ampli-
tude of 14.75dBm at the carrier frequency, an HD2 of -41.58dBc, an HD3 of -42.56dBc
and a THD of 1.12%.
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Figure 3.30: Output spectrum of the SCPA architecture when adding a RF cascoded
class-D PA with matching network optimization (all unit PA cells on).

Table 3.6 presents the main results of the SCPA for the 3 cases analysed when all
PA cells are on. For the architecture, the solution that uses the RF transistors with the

optimized matching network is employed.

Table 3.6: Simulated results of the SCPA when using the cascoded class D PA made of:
Normal Transistors, RF Transistors, RF Transistors optimized, when all cells are on

Output Power THD Voltage Current Efficiency

[dBm] [%] [Vrms] [Irms] [%]
Normal Transistors 14.50 0.96 1.19 23.73 22.50
RF Transistors 14.22 0.98 1.15 22.99 21.48
RF Transistors (opt.) 14.76 1.12 1.22 24.47 28.91

3.5 Switch Driver

A direct consequence of sizing up the transistors to obtain the desired optimum resistance
is the increase of the input capacitance of the Cascoded Class-D Power Amplifier. This
means that an additional circuit is usually needed at the input of the PA in order to
provide enough current to charge its large input load and guarantee a minimum delay
response. The drive of the input capacitance is usually done by adding a chain of N
inverters, as represented in figure 3.31, where C; corresponds to the load capacitance
seen by the last stage of the inverter chain and Cg; corresponds to the input capacitance
of the first stage.

The idea behind the chain of inverters is to have an optimum number of stages sized

in such a way that every stage is strong enough to drive the previous stage and the last one
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Figure 3.31: Chain of N Inverters.

can drive the main PA, assuring that the delay through the inverter chain is minimized.
Let us now analyse in more detail how the optimum number can be obtained and what is
the best way of sizing these stages.

Reference [35] shows that each stage has to be sized up by the same factor f with
respect to the previous stage, in order to guarantee the same effective fanout f; ! and

hence the same delay between stages. The size factor is given by the following equation:

f= CL_ W, (3.47)
Cal

where F corresponds to the overall effective fanout of the circuit (given by C;/Cg;) and
N corresponds to the number of stages. Considering this, the minimum delay through

the chain can be obtained as a function of the size factor, as expressed by equation 3.48:

W) (3.48)

ty :tho(l +§):th0(1 +7

where t,) corresponds to the intrinsic delay of each inverter of the chain and y corre-

sponds to the proportionality factor between the input gate capacitance and the intrinsic
output capacitance of each stage.

By analysing equation 3.48, one can see that the optimum number of stages that

minimize the delay through the chain of inverters can be estimated by differentiating the

minimum delay expression by the number of stages and equal the result to zero, as shown

in expression 3.49.

y+ Vs VEIE

N =0 (3.49)

By solving the above equation, one can conclude that the optimum number of stages is
obtained when N = In(F) and the effective fanout of each stage is given by f =2.71829 =
e [35]. Considering this result, the chosen number of stages for the project was 3, as well

as the size factor between each stage, being the last stage the bigger stage of the chain.

IThe effective fanout corresponds to the ratio between the external load capacitance and the input
capacitance of a stage.
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Figure 3.32 illustrates the architecture of the driver stage connected to the PMOS
transistor (at the top) and the NMOS transistor (at the bottom) of the Cascoded Class-D
PA.

VDD VDD VbD

PN,p _ Vour

— o M ] M5

Figure 3.32: Driver stage architecture: Cascaded inverters.

3.5.1 Simulation Results

Let us now analyse the results of the SCPA when the driver stage is added to the archi-
tecture. Following the study done in the previous section, the 3 driver stages should be
sized with a factor of 3 between them. However, due to the sizing limitations imposed
by the technology (meaning, the minimum size for the specified number of fingers was
reached), this rule cannot be applied. For this reason, a different ratio between invert-
ers is used: the last inverter is 3 times smaller than the cascoded topology, the second
inverter is 2 times smaller than the last one, and the first inverter has the same size as
the second inverter. Table 3.7 presents the components dimensions of the driver. Note:
Although a smaller number of fingers in the PMOS would not allow reaching the ratio of
3 between the inverters, it could potentially lead to better results. This solution will be
further analysed in the section 3.8. For now, let us look into the results when using these

dimensions.

Table 3.7: Components’ dimensions of the driver stages.

Transistor Size [um] Number of Fingers

M, 1.15/0.12 7
M, 1.6/0.12 21
M; 1.15/0.12 7
M, 1.6/0.12 21
M; 2.3/0.12 7
Mg 3.2/0.12 21

Figure 3.33 presents the simulated curves of the efficiency and output power per

number of active PA cells, before and after adding the RF Driver.
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Looking first at the simulated curves of the efficiency, it is possible to see that the
efficiency of the SCPA is better when the RF driver is added, in the cases where 7 or less
active PAs are selected. On the other hand, in full configuration the efficiency is relatively
lower, dropping from 28.91% (when no RF Driver is used) to 25.07% (when the RF Driver
is used). Regarding the simulated curves of the output power, one can observe that the
output power is slightly higher when the RF driver is introduced. Despite this, in full
configuration the produced power is very similar between the two cases, being 14.76dBm
(when no RF Driver is used) and 14.78dBm (when the RF Driver is used). The small
improvements in the efficiency and output power are expected since the driver is indeed
driving the gate capacitances of the cascoded RF class D PA, as analysed in the previous

section.
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Figure 3.33: Efficiency and Output power of the SCPA when the RF driver is implemented
(per number of active PA cells).

Let us now understand what happens to the THD of the circuit. Figure 3.34 shows
the simulated curves of the THD before and after adding the RF Driver in the SCPA
architecture. Looking at the figure, it is possible to see that the total harmonic distortion
increases significantly when the RF Driver is added to the architecture for almost all the
configurations. In fact, only when the maximum number of active PAs is used the THD
is smaller, dropping from 1.118% (when no RF Driver is used) and 1.057 % (when the
RF Driver is used). In the remaining cases, the THD is higher, being above 3% when less
than 7 unit PA cells are selected.

For this reason, unlike the output power and efficiency metrics, the THD exhibits very
poor results. However, since other important blocks need to be added to the architecture,
it is still early to take final conclusions regarding this block. Although the THD is high,
let us keep this block unchanged and understand later the impact of it on the whole
architecture.
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Figure 3.34: Total Harmonic Distortion of the SCPA when the RF driver is implemented
(per number of active PA cells).

The main signals of the RF driver stages can be found in Figure 3.35. In the figure,
one can identify four main signals: the input and output voltages of the NMOS RF driver
(at the bottom of the figure), where the dash signal corresponds to the input signal; and
the input and output voltages of the PMOS RF Driver (at the top of the figure), where the
dash signal corresponds to the input signal.
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Figure 3.35: Input and output voltages of the driver stages. At the top, the output and

input voltages that drive the PMOS of the cascoded topology. The NMOS counterparts
are at the bottom.

From the figure, one can confirm the proper behaviour of the driver stages. Since 3
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inverters are used in cascade configuration, the output voltage corresponds to the inverse
of the input signal. It is also possible to observe that the circuit is slower when driving
the PMOS than the NMOS. This is related to the fact the PMOS has bigger parasitic
capacitances than the NMOS.

The simulated voltage at the load, for all the SCPA configurations, is presented in
Figure 3.36. It is possible to see that the output voltage is perfectly filtered for all the
cases. However, unlike the previous cases, it is possible to see some misalignment between
the curves when a lower number of unit PA cells is used. In full configuration, the output

voltage reaches a maximum of 1.23 Vrms.
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Figure 3.36: SCPA output voltage when adding the RF driver, per number of active PAs.
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Figure 3.37: Output spectrum of the SCPA architecture when adding a RF driver (all unit
PA cells on.)
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The output spectrum of the architecture when used in full configuration is depicted
in Fig.3.37. As already discussed, the output power achieves the maximum value of
14.78dBm (previously 14.75dBm) at the carrier frequency. The HD2 and HD3 correspond
to -42.48dBc (previously -42.58dBc) and -42.58dBc (previously -42.56dBc), respectively,
and the THD is given by 1.06% (previously 1.12%).

Similarly to what was done in other blocks within the architecture, let us understand
better the impact of the phase clock parameters in the efficiency, output power and THD
of the SCPA. Figure 3.38 presents the simulated curves of the efficiency and output power,
whereas figure 3.39 presents the simulated curves of the THD. All the abovementioned

metrics were analysed for different rising/falling and time guard times.
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Figure 3.38: Impact of the time guard, rising time and falling time between clocks in the
efficiency and output power of the SCPA architecture (all PA cells on).
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Figure 3.39: Impact of the time guard, rising time and falling time between clocks in the
THD of the SCPA architecture (all PA cells on).
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Looking into the efficiency curves, it is possible to see that the lower the time guard
and the rising/falling times, the better the efficiency. Regarding the output power and
the THD distortion, better results are achieved when a lower time guard is applied, along
with a rising/falling around 10ps. This means that rising and falling times of 10 ps are
preferable to obtain better results. All the remaining combinations will lead to worse
results.

Finally, table 3.8 presents the main results of the architecture when the RF Driver is
designed in full configuration. In full configuration, the architecture produces an output
power of 14.78dBm with an efficiency of 25% and a THD of 1.06%.

Table 3.8: Simulated results of the SCPA when adding the RF driver, when all PA unit
cells are on.

Output Power THD Voltage Current Efficiency
[dBm] [%]  [Vrms]  [Irms] [%]

RF Transistors 14.78 1.06 1.23 24.52 25.07

3.6 Level Shifter

The proposed architecture for the level shifter circuit consists of two branches of cascoded
transistors that are differentially switched [40]. Such topology is depicted in figure 3.40,
where the first branch is composed by transistors M; 4, M4, M3, My and the second
branch is composed by transistors Mg, Mg, M3g, Myg. In this scheme, two capacitors
Cyp1 and Cyp; are used to couple the gates of the transistors M; 4 and M; g with the gates
of the transistors My, and Myp, respectively, and an inverter is connected between the
gates of the transistors My and Myy.

The working principle is the following: when the input voltage is high, the transistor
M, 4 switches on and the source voltage of transistor M, 4 is pulled down to ground. At
the same time, the inverter used at the input of M, forces the transistor to be in the
“off” state and the source voltage of the transistor M,p is charged until Vpp. Since the
gate voltage of transistors M,4 and M,p are connected to Vpp, then both transistors are
switched to the “on” and to the “off” state, respectively. As a result, the source voltage of
transistors M3, and M;3p are pulled down to ground and pulled up to a voltage of 2Vpp,
accordingly. Note that, both Myp and the My, drain voltages will never drop below Vpp
as both gates of transistors M3, and Mj3p of are set to Vpp. Hence, considering that My,
and My are cross coupled, the drain voltage at My, switches on the transistor Mg that
will charge the output until 2Vp and, ultimately, switch off the transistor My,.

In this way, when the input voltage is set to high voltage, the output voltage Voyr
will be 2Vpp. The same reasoning can be applied when the input voltage is set to the low

voltage, in which case the output voltage Voyr will be Vpp.
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Figure 3.40: Level shifter architecture. Note: The PMOS and NMOS transistors with
undefined bulk have their bulks connected to 2Vpp (Mga, Mg, M34, M3p and Mg), Vpp
(Mg and M) and ground (M4, M1, M4, M,p and Ms).

This particular topology has two main advantages. First, it uses coupling capacitances,
Cyp1 and Cyyp,, that guarantee that the switching transitions in the cross couple pair are
faster. Second, it uses an inverter between the gate of the transistors M4 and My, that
not only helps charge and discharge the output capacitance C; (that corresponds to the
gate capacitance of the driver) but also improves the function of Cyp;.

3.6.1 Simulation Results

Now that the level shifter was carefully studied, let us analyse which component values
are the best fit for the architecture. In order to guarantee the maximum speed, and
similarly to what has been done in other blocks, the length of the transistors is kept with
the minimum value allowed by the technology. The width, on the other hand, is sized
with the same value as the first inverter of the driver. Besides the transistors, also the
capacitance values of C,,; and C,,» need to be decided. Figures 3.41 and 3.42 present the
simulated curves of efficiency, output power and THD when C,,,; are swept between 1pF
and 14pF and C,, are swept between 1pF and 25pF. Note that, this analysis is performed
when the SCPA architecture is operating in full configuration, meaning all the 8 unit PA

cells are on.
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Figure 3.41: Impact of Cupl and Cup2 capacitances in the efficiency and output power
of the SCPA architecture (all PA cells on).
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Figure 3.42: Impact of Cupl and Cup2 capacitances in the total harmonic distortion of
the SCPA architecture (all PA cells on).
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Looking into figure 3.41, one can see that better results of efficiency and output power
are achieved when C,;; assumes higher capacitance values and C,; assumes lower ca-
pacitance values. The same behaviour can be observed when looking into the THD curves
presented in figure 3.42. Since the results do not improve much for capacitance values
of C,,1 higher than 10pF, the adopted value at this stage is 10pF. The C, 5, on the other
hand, is set to 1pFE. It is important to bear in mind that these results may vary when
other blocks are added to the architecture. For this reason, these parameters will be re-
viewed when all the blocks are integrated within the SCPA architecture. The components’

dimensions of the level shifter are presented in table 3.9.

Table 3.9: Components’ dimensions of the level shifter.

Transistor Size [pum] Number of Fingers

Mg 1.15/0.12 7
Msuos  1.15/0.12 7
Msusp  1.6/0.12 21
Myass  1.6/0.12 21
Ms;  1.15/0.12 7
Mg 1.6/0.12 21

Capacitor Size [pF]
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Figure 3.43: Output and input waveforms of the level shifter in a unit PA cell.

Now that the values of capacitances C,; and C,,, were decided, let us take a look
into the input and output voltages of the level shifter. Figure 3.43 presents the two above-

mentioned curves of the level shifter for one active PA cell branch. From the figure, one
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can clearly see that the level shifter is operating properly: the output voltage corresponds
to the input phase clock shifted 1.2V.

Considering the results obtained so far, let us now evaluate the SCPA performance,
across all the number of PA cells, when the RF level shifter is implemented. In order to
understand better the impact of adding the RF level shifter in the architecture, the results
will be compared to the ones obtained before adding the RF level shifter. Figure 3.44
presents the simulated curves of the efficiency and output power per number of active PA
cells, before and after adding the RF level shifter.
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Figure 3.44: Efficiency and Output Power of the SCPA when adding the RF Driver, per
number of active PA cells.
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Figure 3.45: THD of the SCPA when adding the RF Driver, per number of active cells.
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From the simulated curves, it is possible to conclude that adding the RF level shifter
does not impact the value of the output power. In fact, this result is expected since the
level shifter it is only used to obtain the correct phase clock amplitudes to be used by the
PMOS transistor within the cascoded structure. However, adding this additional block
slightly impacts the efficiency of the architecture, as shown in the figure. This result is
also expected since adding the level shifter implies a higher number of components that
consume power, but the produced output power remains the same. Naturally, a higher
consumption for the same output power means lower efficiency. In full configuration,
the efficiency drops from 25.07% (before adding the RF level shifter) to 22.55% (when
adding the RF level shifter).

Figure 3.45 presents the simulated curves of the THD before and after adding the RF
driver, per number of active PA cells. Looking into the figure, one can see that the THD
does not change after adding the level shifter block. Although the THD assumes high
values when 6 or less active PAs are selected, no improvements will be done at this stage.

The output voltage at the load per number of active cells is presented in figure 3.46.
From the figure, one can observe that the output voltage is the same as the one obtained
when the RF driver was added in the architecture, where the output voltage is perfectly
filtered for all the cases, but some dis-alignment is happening when less number of PAs

are selected.
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Figure 3.46: Output voltage of the SCPA architecture when adding the level shifter per
number of PA cells.

The simulated output spectrum of the architecture when used in full configuration
is depicted in figure 3.47. The output power achieves a maximum value of 14.78dBm
(same as before). The HD2 and HD3 correspond to -42.32dBc (previously, -42.48dBc) and
-42.59dBc (previously, -42.58dBc), respectively, and the THD is around 1.07% (previously,
1.06%).
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Figure 3.47: Output spectrum of the SCPA architecture when adding an RF level shifter
(all unit PA cells on).

Table 3.10 presents the main results of the architecture when the RF shifter is designed.
For full configuration, the architecture produces an output power of 14.78dBm with an
efficiency of 22.55% and a THD of 1.07%.

Table 3.10: Simulated results of the SCPA when adding the RF level shifter, when all PA
unit cells are on.

Output Power THD Voltage Current Efficiency
[dBm] [%] [Vrms]  [Irms] [%]

RF Transistors 14.78 1.07 1.23 24.52 22.55

3.7 Selection Logic

The number of unit PA cells selected to produce the desired output power is determined

by using a selection logic.
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Figure 3.48: Selection logic used to obtain the waveform in each unit PA cell.
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Figure 3.48, illustrates the logic used in each unit PA cell branch, where the selection
logic block is used to either drive a square waveform or produce a low output voltage,
depending on the applied input code. The result output waveform will then be used
to drive the unit PA cell branch (“on” cell) or connected to ground (“off” cell). In this
work, two implementations of this selection logic are studied: the AND gate and the
transmission gate.

Figure 3.49 shows the implemented architecture of the AND gate, which can be seen
as a NAND gate stage followed by an inverter stage. Figure 3.50 shows the implemented

architecture of the transmission gate.
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Figure 3.49: AND gate architecture. Note: The PMOS and NMOS transistors with unde-
fined bulk have their bulks connected to Vpp and ground.
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Figure 3.50: Transmission gate architecture. Note: The PMOS and NMOS transistors with
undefined bulk have their bulks connected to Vp and ground.

3.7.1 Simulation Results

Before adding the components’ dimensions of the selection logic blocks, some additional
adjustments were performed in the previous blocks. The main changes are related to
the number of fingers used and the dimensions of the cascoded class-D transistors. For
simplicity and considering that a final optimization will be performed after choosing the
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selection logic that will integrate the architecture, these adjustments are not going to be
presented here. Bearing this in mind, the components’ dimensions of the AND block and
the transmission gate block are presented in table 3.11 and table 3.12.

Table 3.11: Components” dimensions of the AND gate.

Transistor Size [um] Number of Fingers

M, 5/0.12 7
M, 5/0.12 7
M; 7/0.12 15
M, 7/0.12 15
M; 7/0.12 15
Mg 5/0.12 7

Table 3.12: Components’ dimensions of the transmission gate.

Transistor Size [um] Number of Fingers

M, 5/0.12 8
M, 7/0.120 30
M; 7/0.120 8
M, 5/0.120 30

In order to understand which selection block is more appropriate for the architecture,
let us first take a look at the main waveforms of the blocks. Figure 3.51 presents the
output voltages of both the RF Transmission gate and the AND gate. From inspection, it
is possible to observe that the transmission gate block is slightly faster than the AND gate.
Besides, since this block uses less components than the AND gate, using the transmission

gate may be a better option in order to consume less power.
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Figure 3.51: Output voltage of the transmission and AND gates in a single PA cell.
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Figure 3.52 presents the simulated curves of efficiency and output power for both the

AND and transmission gates. The two curves are compared to the efficiency and output

power simulated curves obtained before adding the selection logic.
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Figure 3.52: Efficiency and Output Power of the SCPA when adding the RF AND gate and
the RF transmission gate (per number of active PA cells).

Looking into the simulated curves, one can see that adding the selection logic block
improves both the efficiency and output power of the SCPA. These improvements are
more clear when looking into the output power values. Comparing the curves obtained
using the AND gate and the transmission gate, it is possible to see that the results are
very similar: both the output power and the efficiency barely change from one case to

another.

6
5 [ // ST \ 7
/ \
% \
7 \
4+ Pl \ 1
— - \
9\_0/ - - \\
a3 \ 7
T AN
= \
2 L
\k e
1 H— — —SCPA Simulation (Before selection logic)
—o— SCPA Simulation (AND gate RF) 3
—<— SCPA Simulation (Transmission gate RF)
0 1 1 1 1 1 I
1 2 3 4 5 6 7 8
N unit cells

Figure 3.53: Total Harmonic Distortion when adding: the RF AND gate; the RF transmis-
sion gate.
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Figure 3.53 shows the THD simulated curves of the SCPA for the same abovemen-
tioned cases. Results show a big improvement in the THD when the selection logic is
introduced, dropping from a maximum of 5.27% when 4 unit PA cells are selected (and
no selection gate is implemented) to a maximum of 2.16% when 5 unit PA cells are se-
lected, for the transmission gate implementation, and a maximum of 1.95% when 5 unit
PA cells are selected, for the AND gate implementation. Although the THD increases
when using the transmission gate, the faster response and the reduced area of this circuit
make it a better option for the architecture. For this reason, the transmission gate is the
adopted block for the architecture.

Let us now analyse the output voltage when the final block of the SCPA is added in
the architecture. Figure 3.54 presents the simulated voltage at the load, per different

number of active PA cells.
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Figure 3.54: Output voltage of the SCPA architecture when adding the RF transmission
gate, per number of PA cells.

From the figure, one can see that the output voltage is perfectly filtered for all the
number of selected PAs. However, adding the transmission gate means a slower response
of the architecture that it becomes even more slower when a lower number of unit PA
cells is selected.

The output spectrum of the final architecture when used in full configuration is de-
picted in figure 3.55. In the final configuration the output power achieves a maximum
value of 15.7dBm. The HD2 and HD3 correspond to -51.55dBc and -43.39dBc, respec-
tively, and the THD is around 0.84%. It is important to note that, unlike what one would
expect, the second harmonic is actually lower than the third harmonic. In fact, when
adding the selection logic, the second harmonic dropped more than the third harmonic,
giving the idea of an increase in the third harmonic. However, both the two harmonics

are lower when the block is added.
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Figure 3.55: Output spectrum of the SCPA architecture when adding an RF transmission
gate (all unit PA cells on.)

Finally, table 3.13 presents the main values of the SCPA for both the AND gate and
the transmission gate. The adopted architecture uses the transmission gate. In this final
configuration, the SCPA produces an output power of 15.66dBm with a PAE of 24.15%
and a THD of 0.84%.

Table 3.13: SCPA architecture simulation results when adding selection logic (all PA cells
on).

Output Power THD Voltage Current PAE

[dBm] [%] [Vrms] [Irms] [%]
AND gate 15.66 0.73 1.36 27.13  23.50
Transmission gate 15.66 0.84 1.36 27.13  24.16

3.8 Final Optimization

In order to boost the SCPA performance, a final optimization is performed. This opti-
mization process is done in two steps: the first step, where the components dimensions
of the different blocks are reviewed and, the second step, where the impact of varying the

number of inverters of the driver block is analysed.

3.8.1 Final Sizing

In the following tables 3.14, 3.15, 3.16, 3.17 and 3.18, the final dimensions of the match-
ing network, cascoded class-D PA, driver stage, level shifter and transmission gate, re-
spectively.
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Note: All the components are real, namely, the inductors (L_C20K_RF), the capacitors
(MIMCAPS_RF) and the transistors (P_12_RF and N_BPW_12_RF).

A. Matching network and Filter

Table 3.14: Final components’ dimensions of the matching network.

Inductors  Final Size [nH]
Lo 0.57

L1 1.50

L2 2.07

L3 3.69
Capacitors  Final Size [pF]
Co 10.05

C1 10.75

C2 5.0

B. Cascoded Class-D PA - Per unit

Table 3.15: Final components’ dimensions of the cascoded RF class D.

Transistor

Final Size [pm]

Number of Fingers

M »
M3 4

C. Driver Stage - Per unit

15.6/0.12
15/0.12

7
15

Table 3.16: Final components’ dimensions of the RF driver stage.

Transistor Size [um] Number of Fingers
M, 1.15/0.12 6
M, 1.6/0.12 8
M; 1.15/0.12 6
M, 1.6/0.12 8
Ms 2.3/0.12 6
M, 3.2/0.12 8

D. Transmission gate - Per unit

Table 3.17: Final components’ dimensions of the RF transmission gate.

Transistor Size [um] Number of Fingers
M, 5/0.12 8
M, 7/0.12 30
Ms; 7/0.12 8
M, 5/0.12 30
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E. Level shifter - Per unit

Table 3.18: Final components’ dimensions of the RF level shifter.

Transistor Initial Size [um] Number of Fingers

M5 1.15/0.12 7
Moy 25 1.15/0.12 7
M;y 35 1.6/0.12 10
Ms; 1.15/0.12 7
Mg 1.6/0.12 10

Capacitor Final Size [pF]

Cup1 17
CUP2 0.9

3.8.2 Driver stage impact

Another way of improving the SCPA performance is by analysing more closely the impact
of the driver stage within the architecture. As discussed in section 3.5, the optimum
number of inverters and the sizing factor between each inverter is of 3. This means that,
in order to optimally drive a big capacitance (that for this project corresponds to the gate
capacitance of the cascoded class-D PA), an optimum number of 3 inverters should be
implemented and each inverter should be 3 times bigger than the previous one (being
the one closer to the driven capacitance the bigger). However, since for this project the
dimensions of the cascoded class-D transistors are not typically big, the sizing factor
between the inverters cannot be met. This suggests that a lower number of inverters
stages should be used. For this reason, three additional simulations are performed and
compared: the first, where the driver is removed from the architecture; the second, where
the driver presents only 1 inverter; and the third, where the 3 inverters are used.

Figure 3.56 presents the simulated curves of the efficiency and output power for all
three abovementioned cases. Looking into the results, one can easily see that both the
efficiency and the output power curves are very similar when a driver with one inverter
and a driver with three inverters are used. When the driver is removed from the architec-
ture, both the measured output power and efficiency slightly improve when compared to
the remaining cases.

Figure 3.57 shows the results of the simulated THD. From the figure, one can see that
although removing the driver from the architecture increases the efficiency and output
power, the THD also increases. On the other hand, results show that using a driver with
one inverter or three inverters leads to very similar values of THD, which are significantly

better when compared to the results obtained when no driver is used.
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Figure 3.56: Efficiency and Output Power of the SCPA after final optimization when: no
driver is used; a driver with one inverter is used; a driver with three inverters is used.
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Figure 3.57: THD of the SCPA after final optimization when: no driver is used; the driver
with one inverter is used; the driver with three inverters is used (per number of active PA
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Considering these results, the final implementation is modified in order to include
a driver with only 1 inverter, instead of the 3 inverters initially designed. Figure 3.58
presents the simulated voltage at the load for the optimized configuration, per different

number of active PA cells.

2.04
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S
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Figure 3.58: Output voltage after the final optimization, per number of PA cells.

The output spectrum of the optimized architecture when used in full configuration
is depicted in figure 3.59. In this configuration, the output power achieves a maximum
value of 15.61dBm (previously 15.66dBm). The HD2 and HD3 correspond to -70.23dBc
(previously -51.55dBc) and -43.41dBc (previously -43.39dBc), respectively, and the THD
is around 0.68% (previously 0.84%).
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Figure 3.59: Output spectrum of the SCPA architecture after the final optimization (all
unit PA cells on.).
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Lastly, table 3.19 presents the main values of the SCPA for the optimized architecture.
In this final configuration, the SCPA produces an output power of 15.61dBm with a PAE
of 26.52% and a THD of 0.68%.

Table 3.19: Final SCPA architecture simulation results (all PA cells on).

Output Power THD Voltage Current PAE
[dBm] [%] [Vrms] [Irms] [%]

15.61 0.68 1.35 26.98  26.52

3.8.3 Performance Across PVT Corners

All the simulations presented so far were performed under particular PVT conditions
(TT at 27°C and 1.2V/2.4V supply voltage). However, in practical cases, variations in
the process, temperature and voltage must be taken into account, as they will impact
the overall performance of the projected circuit. For this reason, let us analyse the SCPA
performance for different processes (FF, SS, TT) when the temperature varies from -40°C
to 150°C. Figure 3.60 presents the simulated results of output power and efficiency for the

most relevant PVT corners. (Note: Variations in the supply voltage are not considered.)
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Figure 3.60: Efficiency and Output Power simulated values across the most relevant PVT
corners (for different numbers of active PA cells).

Looking at the figure, one can easily see that the worst results are obtained for a SS
process at 150°C. In this corner, the efficiency drops to 19.2% and the output power
reaches its maximum value of 13.75dBm (when the PA is used in a full configuration).
Note that, this particular corner (along with FF at -40°C) corresponds to a very extreme
case, that hardly would happen in reality. The best results are obtained for a FF corner at
-40°C, conditions at which the efficiency reaches 32.18% and the output power 16.71dBm.
These results suggest that the PA operates better for lower temperatures and faster corners,
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as expected. In fact, since one of the main constraints of the PA is the power dissipation,
higher temperatures will lead to bigger losses. Besides, a faster process means having
faster transistors and hence a faster charge and discharge of the output nodes.

Figure 3.61 presents the simulated results of the THD for the same PVT corners
previously shown. Unlike the previous cases, the FF corner at -40°C seems to have a
higher range of THD values and the SS at 150°C seems to have a lower range. The bigger
the number of unit PA cells used, the better the results when using FF process at -40°C.
However, the lower the number of unit PA cells used, the worse the results are using the

same corner. The opposite happens in the slow corner at 150°C.

2.5

—=—FF @ -40°C
——TT @ 27°C
——SS @ 150°C

0.5
N unit cells

Figure 3.61: THD simulated values across the most relevant PVT corners (for different
numbers of active PA cells)

Table 3.20: Final SCPA architecture simulation results across some PVT corners (all PA
cells on).

Output Power Voltage Current PAE THD

[dBm] [Vrms]  [Irms] [%] [%]
TT -40°C 16.52 1.50 29.96 31.41 0.62
TT 27°C 15.61 1.35 26.99  26.52 0.68
TT 150°C 14.16 1.14 22.83  20.08 0.77
FF -40°C 16.71 1.53 30.63 32.18 0.61
FF 27°C 15.83 1.38 27.66  27.27 0.67
FF 150°C 14.39 1.17 23.45 20.70 0.76
SS -40°C 16.19 1.44 28.83 30.32 0.64
SS 27°C 15.24 1.29 25.85 2547 0.69
SS 150°C 13.75 1.09 21.79 19.16 0.78
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Table 3.20 presents the main results of the three corners when operating at different
temperatures, when all the PA cells are on.

The above-mentioned results provide a clear idea of how the architecture behaves
when operating in extreme conditions (meaning, all the NMOS and PMOS are identically
slow, fast or typical). Although it can happen to fall within one of those cases, it is
unlikely that it would happen. In reality, it may occur that after the fabrication process
some transistors will be slower and others faster.

A simple way of evaluating the impact of different processes and mismatches is by
performing a Monte Carlo simulation. In this work, a Monte-Carlo corner is analysed.
This simulation uses as a starting point all PMOS and NMOS in typical conditions and,
every run, introduces both process variations and mismatches across different transistors.
Additionally, this model also introduces process variations and mismatches in the capac-
itors. In this way, a Monte Carlo simulation is performed for 30 iterations (referred to
in the documentation of the technology as the iteration number necessary to prove the
proper behaviour of the circuit, meaning that over 80% of all possible component values
operate correctly), a sigma of 3 (parameter that dictates the standard deviation of the
mean value, covering 99.7% of the possible cases) and at 27°C.

Figures 3.62, 3.63 and 3.64 present the Monte Carlo simulation results for the PAE,
output power and THD, respectively.

PAE
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Mean = 26.5788

Std Dev 5 552.912m

6.0
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2.0 1 o o ° B ° ‘4 .
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Figure 3.62: Monte Carlo Simulation for the Efficiency (all PA cells on).
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Figure 3.63: Monte Carlo Simulation for the Output Power (all PA cells on).
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Figure 3.64: Monte Carlo Simulation for the THD (all PA cells on).

Table 3.21 presents the main values extracted from the aforementioned simulations,

where y corresponds to the mean value and o refers to the standard deviation.

Table 3.21: Monte Carlo Simulation Results (all PA cells on).

Pout PAE THD

[dBm] [%]  [%]
2 15.6 26.58 0.7
o 0.08 0.55 0.09
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3.9 Modulation Stage

In order to understand how the SCPA behaves when integrated into the transmission
architecture, an additional modulation stage is implemented.

Although for NB-IoT applications the modulation employed is typically QPSK, in
this project the 16-QAM modulation is presented. The main reason behind this choice
is related to the fact that in QPSK modulation only one amplitude is used, which means
that the SCPA would be always operating with a fixed number of unit PA cells and only
the phase clock would change. On the other hand, in the 16 QAM modulation, 3 different
amplitudes are used combined with 12 different phases, allowing to study better the
behaviour of the PA. The adopted modulation stage is presented in Figure 3.65.

nPAs (mV)
> Decoder e Bits<N-1:0>
Symbol
Source » 16 QAM processor
Generator symbol ID (mV)
6 — %

Y

Non overlap clock

Figure 3.65: Proposed modulation stage of the SCPA.

Broadly speaking, the idea of the modulation stage is to have a symbol source genera-
tor (that in this project is done using an analogue component) that generates a random
symbol from the 16-QAM constellation. This symbol is then sent to the 16QAM processor,
that will generate a number (nPAs) that represent the PAs that have to be selected and a
phase clock (®). From here, the number of PAs signal is consumed by the decoder block
that, according to the number received (that can go from 1 up to 8), will select the respec-
tive unit PA cells. The phase clock, on the other hand, will be consumed by a non-overlap
clock block in order to generate the phase to be used by the PMOS and by the NMOS of
the cascoded topology. However, since in this project it was verified that using only one
clock to feed both the PMOS and the NMOS is preferable, the non-overlap clock block
is not used. Notwithstanding, the reasoning behind this block will be discussed. All the

blocks in this section were designed using VerilogA.

3.9.1 16 QAM Processor

Let us now analyse how the 16QAM processor is implemented. As already discussed, this
block is responsible for translating the symbol ID into a phase clock and a number of PAs.
The adopted modulation scheme is presented in table 3.22, where either 8, 6 or 3 unit
PA cells are selected. Note that the choice of PAs to be selected was arbitrary. Eventually,

using 8, 7 or 6 unit PA cells would allow us to achieve better results.
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Table 3.22: 16 QAM Processor.

Symbol ID  Generated phase Number of PAs selected (mV)

2.36
2.82
-2.36
-2.82
1.89
2.36
-1.89
-2.36
0.79
0.32
-0.79
-0.32
-1.25
0.79
-1.25
-0.79
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Depending on the generated phase (P) and on the number of PAs selected (A) a carrier

waveform is obtained, according to the equation presented in 3.50:

carrier = Acos (2 f.t + @), (3.50)

where the f, corresponds to the carrier frequency, that for this project is given by 0.9G.
This equation allows to obtain the phase clock by using the following reasoning: when
the amplitude of the carrier signal is higher than 0, the clock is set to Vpp, when the
amplitude of the carrier signal is below than 0, the clock is set to ground. In this way,
the information of both the frequency and the phase are automatically transferred to the
phase clock. The number of selected PAs is sent directly to the following block.

3.9.2 Non Overlapping Clocks

The non-overlapping clocks can be obtained by applying the reasoning illustrated in
figure 3.66. As mentioned before, this block receives as an input the phase clock of the
symbol to be transmitted. Let us represent this signal in the figure as the initial phase.
Let us now obtain a delayed version of this signal, where the delay corresponds to the
desired time guard between the two clocks. These two signals are now going to be used
to obtain both the NMOS and the PMOS phases.

From inspection, it is possible to see that the PMOS phase can be set to Vpp when the
amplitude of the initial phase is higher than half of Vpp (marked in the figure as Vtrans)
and set to 0 when the delayed phase is below Vtrans. In the same manner, the NMOS
phase can be set to Vpp when the amplitude of the delayed phase is higher than half of
Vpp and set to 0 when the initial phase is below Vtrans.
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Figure 3.66: Illustration of how the PMOS and NMOS phases are generated.

By doing this, two non-overlapping clocks can be obtained. Note that, as already

mentioned, a single-phase clock is used in this project.

3.9.3 Decoder

The truth table behind the decoder is very straightforward and it is presented in table
3.23. As already discussed, albeit the table presents all the possible cases for the 16 QAM
modulation, only 3 cases are used (3, 6 and 8 unit PAs). In such configuration, each

output of the decoder is connected directly to a unit PA cell.

Table 3.23: 16 QAM Decoder.

Number of selected PAs (mV) B0 B1 B2 B3 B4 B5 B6 B7

1 Vop 0 O 0 0O 0 0 0
2 Vop Vop O 0 0 0 0 0
3 Voo Vop Vop O 0O 0 0 0
4 Voo Vop Vop Vop O 0 0 0
5 Vobp Vop Vpp Vop Vpp O 0 0
6 Vobp Vpop Vpop Vpop Vpop Vpp 0 0
7 Vobp Voo Vop Vop Vpop Vpbp Vpp 0
8 Vob Vpop Vpop Vop Vbop Vbp Vpbp Vpbp
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3.9.4 Simulation Results

Figure 3.67 presents the simulation of the overall system when 4 random symbols from
the 16-QAM modulation are transmitted. A complete simulation of all the symbols was
also performed and it is presented in section C.1 of Appendix B. For now, let us consider

this simple case.
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Figure 3.67: Example of the modulation scheme for 4 symbols.
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Figure 3.68: Eye diagram of the output voltage for the different 16 symbols.
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Looking at figure 3.67, one can see the 4 main signals in the architecture. The first
signal, Symbol, identifies the symbol that is being transmitted. In this case, the symbols
being transmitted are 1, 5, 16 and 12. The second signal, Phase, corresponds to the clock
phase of each of the signals being transmitted. Although it is not clear in the figure,
the clock phase is changing when every time a new symbol is transmitted. Recalling the
values presented in the table 3.22, one can confirm that all the symbols present a different
phase, meaning the clock is changing between the 4 symbols. The third signal, nPA,
corresponds to the number of unit PA cells that are selected for each transmitted symbol.
In the simulation, they correspond to 8, 6, 3 and 8, respectively. Finally, the signals Vout
and Iout, correspond to the simulated output voltage and output current obtained for the
different symbols. These values are very similar to the final values obtained in section
3.8. Note that, the second symbol (symbol 5) and the last symbol (symbol 12) present the
same amplitude value, but different phases. The same behaviour could be obtained by
looking into the current signal.

In order to have a better understanding of the different phases, let us use the eye
diagram tool to plot the different symbols being transmitted. Using the symbol time
duration, it is possible to superimpose the different symbols, each one at the top of the
other, giving a clear perception of the different phases and amplitudes. Figure 3.68
presents the output voltages for all 16 symbols.

93






4

CoNCLUSIONS AND FUTURE WORK

4.1 Conclusions

In Chapter 2, the concept behind the main transmitter architectures was analysed, along
with the role of the main blocks involved in the process of the signal being transmitted.
Furthermore, the metrics used to evaluate the non-idealities of the Power Amplifier and
to properly measure its efficiency and linearity were carefully studied. In addition, the
different classes of PAs and the common efficiency and linearization architectures used

to overcome their limitations were presented.

In Chapter 3, the theoretical analysis and implementation methodology of each block
within the SCPA is presented. The SCPA is first implemented with ideal components in
order to validate the model. The real blocks are then added, one by one, and the impact of
each block in the architecture is carefully analysed. A final modulation stage is designed
for a 16-QAM modulation in order to analyse the performance of the architecture when

different symbols are transmitted.

In the ideal configuration with modelled losses, the SCPA is able to produce the de-
sired output power of 19.05dBm with the expected PAE of 36.43%, in full configuration.
When replacing the ideal components of the matching network with the real components,
the output power and efficiency drop considerably. An additional optimization is per-
formed to improve the results, allowing to reach a maximum output power of 15.66dBm,
a maximum PAE of 32.50% and a maximum THD of 0.45%.

After sizing the matching network, the cascoded class-D PA switch was introduced in
the architecture. In order to have a better understanding of the impact of using normal
transistors and RF transistors in the switch cell, the two abovementioned cases were com-
pared. In the first case, the simulated maximum output power and PAE are of 14.50dBm
and 23.73% and, in the second case, of 14.22dBm and 21.48%. Since the architecture is
designed with better-modelled RF transistors, the matching network was readjusted for
this case in order to boost the results, leading to a maximum output of 14.76dBm, PAE
of 28.91% and THD of 1.18% in full configuration. It was also observed that using the
same clock in both the NMOS and PMOS branches is preferable to using a non-overlap

95



CHAPTER 4. CONCLUSIONS AND FUTURE WORK

clock, since increasing the time guard leads to worst results. The same is observed when
looking into the rising and falling time of the phase clock: the lower the time, the better
the results.

Having added the cascoded class-D PA, the next block being implemented was the
switch driver, consisting of 3 inverters connected in a cascade configuration. The simula-
tions show that adding this block leads to an output power of 14.78dBm, a PAE of 25.07%
and a THD of 1.057%, in full configuration. Unlike the previous cases, introducing this
block increases significantly the total harmonic distortion when the SCPA is used in other
configurations, achieving a maximum value higher than 5%.

The next block being designed was the level shifter, used to shift the phase clock of
the PMOS by 1.2V. The circuit was analysed for different combinations of C,,; and C,,.
As expected, adding this block impacted the efficiency of the system, which dropped to
22.50%. The remaining metrics showed similar results.

Finally, the selection logic was introduced in the architecture and a final optimization
was performed. At this point the study of the optimum number of inverters was con-
ducted, showing that using 1 inverter is sufficient to obtain good results. This solution
not only decreases the area of the whole system, but also reduces the THD. The complete
architecture can produce 15.61dBm of output power with a PAE of 26.52% and a THD
of 0.68%, when in full configuration. In all configurations, the THD is always below
than 2.5%. Considering these results, an additional study was conducted to evaluate the
performance of the SCPA across PVT corners and an additional Monte Carlo analysis was
carried out. Results show the SCPA is robust when operating in different conditions.

The final overall system is implemented after adding the modulation stage. This
modulation stage allows to give a context on how the PA is inserted in the transmission
architecture. A final simulation was performed where the PA had to transmit the 16
symbols of the constellation.

Table 4.1 presents a comparison of this work with some published works. Note that, all
the works presented in this table were chosen in order to be used by NB-IoT applications,

where the maximum output power cannot exceed 23 dBm.

Table 4.1: Comparison of published RF PAs and this work.

Reference Process Frequency Supply Voltage Output Power PAE

[nm] [GHz] [V] [dBm] [%]
[51] 16 0.9 0.85/0.3 11.5 51
7] 40 0.750-0.930 1 8 45
[42] 130 0.8 1.2 19 18
[54] 180 0.750-0.930 1.7 13.6 25.25
[14] 180 0.9 3.3/2.8 23 44
[19] 600 0.9 3 20 30
This work 130 0.9 1.2/2.4 15.61 26.52
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4.2 Future Work

Following the work presented in this document, future improvements can be further
investigated. Firstly, a global optimization of the matching network should be performed
in order to guarantee a better impedance matching between the SCPA architecture and
the load. This would allow not only to achieve better efficiency and higher output power,
but also to reduce the total harmonic distortion of the topology. The optimization could be
extended to the remaining blocks of the architecture, in order to improve their area while
maintaining efficiency. Genetic algorithms or similar optimization techniques could be a
helpful and powerful tool in the design of the PA. The optimization could be performed
aiming for a higher output power that could be comparable with more projects.

Secondly, a differential implementation of the SCPA should be considered in order to
achieve better linearity (typically by reducing the second harmonic of the output spec-
trum) and higher output power.

Another interesting improvement that could be analysed is the implementation of the
architecture in a more advanced technology node. Since the SCPA employs a switching
capacitor technique, the CMOS scaling can help achieve better results by reducing the
parasitic losses. This would allow to achieve faster transitions, reduce power dissipation
and increase efficiency.

Moreover, a further examination of the transmitted constellation points could be
performed in order to understand the impact of the previous symbols in the current
transmission. By transforming the output signals into symbols and by comparing them
with the initial symbols, one could analyse the non-idealities added by topology, namely
the impact on the linearity and the memory effect.

Finally, the layout of the different blocks that integrate the SCPA should be performed

in order to evaluate more accurately the PAs performance.
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A

SCHEMATIC

A.1 SCPA Schematic

........

o
,,,,,,,,,,,,,,,

Modulation Stage

Figure A.1: Schematic of the top level SCPA and Modulation Stage. Note: The driver
blocks present 2 views (using 3 inverters and using 1 inverter), along with the selection
logic block (using the AND gate and using the transmission gate).
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B.1 Modulation Stage VerilogA

B.1.1 16 QAM Processor

B

VERILOGA

// VerilogA for Tese, Processor, veriloga

“include "constants.vams"
“include "disciplines.vams"

module processor16QAM_cell(symbol_id, phi, nPAs);

input symbol_id;

electrical symbol_id;

output phi;

output nPAs;

electrical phi, nPAs;

parameter real carrier_frequency = 0.9G;
parameter real avcc = 1.2;
parameter real avss = 0;
real phase = 0;

real envelope = 1;

real carrier_wave;

analog begin
case (floor(V(symbol_id)))
1: begin phase=2.3562; V(nPAs)<+0.008; end
2: begin phase=2.8198; V(nPAs)<+0.006; end
3: begin phase=-2.3562; V(nPAs)<+0.008; end
4: begin phase=-2.8198; V(nPAs)<+0.006; end
5: begin phase=1.8925; V(nPAs)<+0.006; end
6: begin phase=2.3562; V(nPAs)<+0.003; end
7: begin phase=-1.8925; V(nPAs)<+0.006; end
8: begin phase=-2.3562; V(nPAs)<+0.003; end
9: begin phase=0.7854; V(nPAs)<+0.008; end
10: begin phase=0.3218; V(nPAs)<+0.006; end
11: begin phase=-0.7854; V(nPAs)<+0.008; end
12: begin phase=-0.3218; V(nPAs)<+0.006; end
13: begin phase=1.2490; V(nPAs)<+0.006; end
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14: begin phase=0.7854; V(nPAs)<+0.003; end
15: begin phase=-1.2490; V(nPAs)<+0.006; end
16: begin phase=-0.7854; V(nPAs)<+0.003; end

default: begin phase=999; V(nPAs)<+0.999; end

endcase

carrier_wav

e =

if (carrier_wave > 0)

V(p
else

V(p

hi) <+ avcc;

hi) <+ avss;

$bound_step(0.8/(carrier_frequency=40));

end
endmodule

cos(2+ M_PIxcarrier_frequencyx$abstime + phase);

B.1.2 Decoder

// VerilogA for Tese, Decoder, veriloga

“include "constants

“include "disciplin
module decoder_cell

input nPAs;
electrical nPAs;
output [7:0] Bit;
electrical [7:0] Bi

parameter real avcc
analog begin

case(floor(
1:

: begin

: begin

: begin

: begin

: begin

: begin

.vams"
es.vams"

(nPAs, Bit);

t;

=1.2;

V(nPAs)=*1000))
begin V(Bit[0])
V(Bit[3])
V(Bit[6])
V(Bit[0])
V(Bit[3])
V(Bit[6])
V(Bit[0])
V(Bit[3])
V(Bit[6])
V(Bit[0])
V(Bit[3])
V(Bit[6])
V(Bit[0])
V(Bit[3])
V(Bit[6])
V(Bit[0])
V(Bit[3])
V(Bit[6])
V(Bit[0])

<+
<+
<+
<+
<+
<+
<+
<+
<+
<+
<+
<+
<+
<+
<+
<+
<+
<+

<+

avcc; V(Bit[1])
0; V(Bit[4]) <+
0; V(Bit[7]) <+
avcc; V(Bit[1])
0; V(Bit[4]) <+
0; V(Bit[7]) <+
avcc; V(Bit[1])
0; V(Bit[4]) <+
0; V(Bit[7]) <+
avce; V(Bit[1])
avcc; V(Bit[4])
0; V(Bit[7]) <+
avcc; V(Bit[1])
avcc; V(Bit[4])
0; V(Bit[7]) <+
avce; V(Bit[1])
avcc; V(Bit[4])
0; V(Bit[7]) <+
avce; V(Bit[1])
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0; V(Bit[2]) <+

; V(Bit[5]) <+ 0;
; end

avcc; V(Bit[2])

; V(Bit[5]) <+ 0;
; end

avce; V(Bit[2])

; V(Bit[5]) <+ 0;

; end

avce; V(Bit[2])

0; V(Bit[5]) <+
; end

avcc; V(Bit[2])

avcc; V(Bit[5])
; end

avce; V(Bit[2])

avcc; V(Bit[5])
; end

avce; V(Bit[2])

<+

<+

<+

<+

<+

<+

<+

<+

avcce;

avcce;

avcce;

avcce;

avcce;

avcce;
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V(Bit[3]
V(Bit[6]
8: begin V(Bit[O0]
V(Bit[3]
V(Bit[6])

~—~ — — —

<+

<+

A

+

<+

A

+

avce; V(Bit[4])
avcc; V(Bit[7])
avcc; V(Bit[1])
avcc; V(Bit[4])

avce; V(Bit[7])

avce; V(Bit[5]) <+ avcc;
0; end

avcc; V(Bit[2]) <+ avcc;
avcc; V(Bit[5]) <+ avcc;
avcc; end

default: begin V(Bit[0]) <+ 0; V(Bit[1]) <+ 0; V(Bit[2]) <+ O;
V(Bit[3]) <+ 0; V(Bit[4]) <+ 0; V(Bit[5]) <+ 0;
V(Bit[7]) <+ 0; end

V(Bit[6]) <+ 0;

endcase
end

endmodule

B.1.3 Non Overlapping Clocks

// VerilogA for Tese, NonOverlapPhase, veriloga

“include "constants.vams"
“include "disciplines.vams"

(*ignore_hidden_statex) module non_overlap_phase_cell(phi, phi_n, phi_p);

electrical phi, phi_n, phi_p;
input phi;

output phi_n;

output phi_p;

parameter real Vhigh = 1.2;
parameter real Vlow = 0;
parameter real Vtrans = 0.6;
parameter time_guard = 100f; //5p

real outN = Vlow;
real outP = Vlow;

real delayed_phi = 0;

analog begin

delayed_phi = transition( V(phi), time_guard );

@( cross( V(phi) -Vtrans, +1)) begin

outP = Vhigh;
end

@( cross( V(phi) -Vtrans, -1)) begin

outN = Vlow;
end

@( cross( delayed_phi -Vtrans, +1)) begin

outN = Vhigh;
end

@( cross( delayed_phi -Vtrans, -1)) begin

outP = Vlow;
end
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APPENDIX B. VERILOGA

V(phi_n) <+ transition( outN, 0, 2.5p ); //2.7778p
V(phi_p) <+ transition( outP, 0, 2.5p );

end

endmodule
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C

SYSTEM SIMULATION

C.1 Final Simulation Of The Overall System

Iout(mA) Vout(V) nPA(mV) Phase(V) Symbol(V)

0.0 02 0.4 0.6 0.8 1.0 12 1.4 1.6
Time(ns)

Figure C.1: Example of the transmission of the 16 QAM symbols.
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